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PREFACE 


This book is written for those peoplo in industry who are responsible for organiza^ 
tion, design, conainietion, operation, and maintenance. 

Kxpprienoe over the years has shown the need for a book that could be used to solve 
the day-to-day problems of industry. This book is a compendium of industrial know- 
hovi and presents in compact form material that appears in greater detail in specialised 
reference works. It is not intended to replace the usual type of engineering handbook; 
it is to supplr*meiit and extend. 

The book deals with industry's consumption and conservation of basic resemrees, 
with management engineering, with industrial eonatruction, hre protection, main* 
tentmee, with industrial powf^r and its uses, with air handling, materials handling, and 
the handling of services. It deals with the more specialized subjects of instrumenta¬ 
tion, bearuigs and lu})rication, engineering materials, and mechanical power. It 
covers many other subjects vital to eifirient industrial and institutional operations. 

The book was written by men with broad training and experience, selected from 
forty-six of the leading imhistrial organizations and five of the foremost educational 
institutions in the Unitcd li^talcs. Those men have had complete freedom of expression. 

WiLUAM Staniab 

WiLMiNtjTON, Del. 

May^ 1950 
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BASIC INDUSTRIAL COSTS AND COST REDUCTION* 

BY SVDNKY StKKLE, B.A., M.A., Pll.D. (C/ANTAB.) 

Saks Proviotion Manager^ Fischer A Porter Co. 

BASIC INDUSTMAL COSTS 

When you figure your costs, do you think only in terms of dollars, pounds sterling, 
pesos, cruzeiros, francs, or other national currencies? Is money the only criterion 
used in making the prolit-aiid-loss statement for your industry, or your plant, or 
your business? Have you considered basic coste, and do you make a man-power, 
materials, and utilities balance sheet for your ent^'rprise? The real success of a 
business depends primarily on the efficient use of those basic-cost elements, which are 
actually any country’s fuiulainental resourc'es. 

In this section l)asiG costs, not dollar costs, have been determined for many United 
States industries and have been put in tabular form. By basic costs arc meant the 
man-hours of labor, kilowatt-hours of electric energy, weights of raw uiaterial, etc,, 
per unit of production of goods or servi(‘es. For tlie most part, these costs are shown 
for the calendar years 1929, 1933, and 1939, (yoinplete data were not available for 
all the years, however, and figurt‘s for other years are userl for some iiulustriefl. The 
coats were calculated from (/(*nsus of Manufactures and Bureau of La})or Statistics 
data, supplemented by information from siweral trade associations, the Minerals 
Yearbook, and other sources. The Bureau of the Census 1939 classitieation of 
industries was used as a guide in asaembling the tables of basic eosts for nianufae- 
turing industries, and data for some lionmanufacturing industries arc* also ineluded. 
It is regrettable that no census of manufactures for the Uiiiti*d States has biTii made 
since 1939 and that data on man-hours of labor are sketchy prior to 1033. Reasonably 
complete figures should eventually be available for tlic calendar year 1947 and for 
subsequent years. 

Since almost every enterprise depends to .some extent upon the efforts of the 
engineer, he has a continuing respcmsibihiy for the (H*oaomical production, distribu¬ 
tion, and use of goods and servicers. Xu less important and closc'ly relat^ed are his 
responsibilities in the personnel (idd- to iiromote and mairitaiii liannonious relations 
with those to whom he reports and With those who work with ami for him. In the 
broader view", he should also bend his (‘fforts toward improving his eompany’s stand¬ 
ing in the community, flood personnel and public relations form a favorable ehmate 
in which the engineer ean make his greatest contributions to industrial advancement, 
and the engineer himself can do much to create the climate in which his efforts nan 
flourish. 

Unless the engineer know’s tlie liasir costs of the operations under his charge, he is 
severely handicapped. Without comparable national-average data ho may have 
difficulty in setting realistic goals of improvement towarrl which to work. And with¬ 
out data covering a wide span of years, there is no reliable criterion of industrial 
progress. In the long run, no enterprise can sueeci'd if it.s basic costs arc excessive. 

In order to measure industrial performance and to make possible comparisons 

•The author'B thankH are due HkIiucI S. Wilincypr, of the dii I out (::oinpau>, for coiuudeiwhle 
aaeifltaane in prepariiiK and rhorkinn; the tablea o( basir coats- The autimi ir aleo indebted to 
l^mond K. Lincoln, dn Pont foinpuny eronoinwil, for helpful nuiients and suaj^tions and to G. M. 
Keadrdu Pont Oompanv ehief pn«im*rr, foi ]>eiiniNHion to irpiod km* Fig. 1-3. 

Information on work brini; done on interinduativ relntionB by Profeanoi I^ontief at Harvard and 
in the Bureau of Labor SlatiBlica under Mai viu llnfleuberg wan obtained tJiiouph the office of Senator C. 
Douglaas Burk. 

The author alno acknowlodgon with thanl- b the no«'pcratiun of officeiB of many trade aaeociationn in 
fumishing pertinent information or helpful euggebtions in connection aith data nhpwn in the tables of 
baric fosta 



BASIC INDUSTRIAL COSTS [Sbc. 1 

between industriei, ntandards of reference must be set up which are adequate for the 
purpose and for which a reasonable amount of data is availalble. 

The national currency is frequently used in this kind of work, hut the practice 
has some defects, notably the following: 

1. Changes in the intrinsic worth of a national currency make comparisona 
between different (calendar years misleading, if not meaningless. As anyone who has 
(‘xperieiiced 20 years of economic life can testify, even the comparatively stable 
dollar has fluctuated considerably in intrinsic worth. Roughly twice as many dollars, 
for examph*, must be given in exchange for automobiles and radios in 1947 as in 1940 
and almost three times as many for Somp basic food prmlucts. 

2. If it IS difficult to make comparisons between different calendar years in terms 
of one national currency, the problem of translating from one national currency to 
another over a period of years is well-nigh insurmountable. 

3. Even within national boundaries, the unit cost of similar items entering into a 
given industry, measured in terms of the national currency, may vary with the geo¬ 
graphical location. An example of this is the lower unit cost of man-hours which, 
some years ago, was a factor in the migration of textile and other industries to the 
southern Unitt'd States which still continues. 

Also used in measuring various asjiocta of industrial activity are a great many 
indexes. Usually some year, or period of years, is selected as a base, or 100, and 
data for other years arc shown as p<*rcentagcs of the base period. Not all indexes 
have the same base period, and th(‘ base periods are changed from time to time 
Furthermore, the items taken into consideration in setting up the indexes sometimes 
vary. This necessitatc's a recalculation of data and rccorrclation of data between 
indexes 

In measuring industrial performance, the engineer thinks first in terms of man¬ 
hours of lal>or, kilowattr-hours of eleetrie energy, tons of coal, cubic feet of gas, gallons 
of water, weights of raw materials used, etc. His measures of production are equally 
concrete: number of articles produced, 'weight of products made, ton-niilcs of freight 
handled, etc. These are the true criteria of industrial performance, and they are 
indepciid(‘nt of currency variations. They enable direct and meaningful coniimrisons 
to be made between any number of years for which adt*quaie data are available 
Moreover, th lae basic costs translate directly into the units used by other countries, 
and the conversion factors do not vary from year to year. 

Most indufltri()s may be considered as separate entities, drawing on nnd consuming 
the resources of tlie country ami producing in return gimds and services. .4mong the 
resources consumed are man power; electric eni*rgy, fuels, and water; minerals, 
agricultural products, output from other industries; t'lc. The figures presented later 
in this siH'tion were prepared with this jxiint of view in mind, 

Ih'termining consumption of resources, or basic costs of those industries which 
turn out a single product, such as flour, cement, or cigarettes, pre.sented little difficulty. 
For others with a variety of products the following general procedure was adopted. 
The primary purpose of the industry was considered. For example, the w^holesale 
ineat-packiiig industry produces edible animal products for sale in the grocery stores, 
the supermarkels, the delicatessens, and for export. The tcflal weight of these items 
alone is taken as the industry's production. From the over-all point of view no di&- 
tinction is made between steaks, lard, lamb chops, sausage, and canned meats and 
this induslry's other products for human consumption. Along with these items are 
manufactured by-products such as dog and cat food, livestock feeds and fertilizer, 
oils, hides, etc., which testify to the efficiency of the industry in its use of raw materials. 
These are not included in the production figures for the industry. 

A different type of analysis is u«'d in the transportation field. ITnited Statw 
class I railroads and air-transport data arc based on thousands of 'traffic units/’ a 
traffic unit being defined as ton-miles of revenue freight plus three times revenue 
passenger-miles. 

Use of the Tables 

Hie tables of basic costs (pages 6 to 21) may be used in several ways, smong 
which are the following* 



Sac. 1 ] BASIC INDUSTRIAL COSTS AND COST REDUCTION 


1 Thry present United States national-average basic-eost data for selected 
industries to servo as a yardstick in measuring performance of individual producing 
units and for setting goals of improvement 

2 By multiplying the basic costs giien in the tables by the price of man-hour«k, 
utUitieSf and raw matenals at any geogriphicil heationj an cstimitc of these costs 
in terms of any currency can be obtained 



lia. 1-1 Bamr indubtnal costs per unit oi pTt)durtiou fox lelctted mdustneb 

3 Tor those planning lo broaden tluir busuMbs inliicbta the tables pro\nlc 
information that can be used to estimate the mijor rLSourccs winch will be n^qiiired 
in setting up a new cult rjinse 

4 Technological changes over the 3 ears ai shown by altered consumption or 
substitution of basK resonrees anti by tha? ges in utility n quircriicnts 

5 Changes in man-hours per unit of produrlion reflect changes in productivity of 
labor bxought about by workei cfliciei *y changes in management, equipment> and 
proceduie per cent utilization e f qu'pment, and other i irtors 

It IS clear from the above that the tables reflect technological changes and vari¬ 
ations m labor requirements * Tliese are the on]> two f n tois that affeet basic costs 

* when more complete data aie a^al) l>Je for all iiia jr indu tiits iahUs of Uuh Mirt run 1 e naul in 
Btiidiea of mteiiiiduatry relationw ‘itt Irmimf Dr Wanwh 4 Now Appjoach to the Pi obit m if 
Maiket AjirIubb, Ameman Mauancmim AsavHiati n MarkutiaK Schph No fi> 1.S45 and f ornfitltl 
Jerome W Dtiane mi< 1 Margin HoffenbeiR full Employment PntteinB 1S60, Bmeau of 

Labor (^tatutus Serial No R ibG8 1B47 
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Hi any mdustry, and they are difficult, if not impoflatble, to follow m temui of uneon'*- 
stant, though mdiapensable, currencies 

In Figs 1-1 and 1-2, roan-houra, kilowatt-hours, and other basic costa per unit 
of productirn in Hf vtral inrlnstnea are plotted on a calendar-year base to demonstrate 
irf nds (The complete data are gmn in the tables that follow Fig 1-2 ) In spite 
of the fad that data for so few years were diUble, distinct trends can bt observed 



In general, man-hours per unit irc decreasing while kilowatt-hours per unit tend to 
remain constant or increase It will Ik noticed that the *‘joungest ’ mdnstries for 
which data aio plotted, the iir-tr insport and the rayon and allied products mdustrits, 
show the most m trkc d rates of c haiige * 

I ollowing the tables is a brief discussion of basic-cost reduction and of the methods 
that c an be used to ue hie ve this end 

“•* IhiA ma\ int(Brt«itinR vtiloflophital nnibrationA The reader is iifencHl to 1:* H DenrOA and 
1 1 DaLiu C>c1(>'s Il^nl^ Ilcilt and C oiujam Inroii>or\C(Hi NewYoik 1917 and m paitsculai to 
I 49 {life S where vanooa 4men( an induatrlps are located with appioximate actui acv on a bauc indub 
(rial etowih cur\e 







SBC 1] BASIC /ADl/STRIAl COSTS AND COST REDUCTION 


BASIC mDUSTRUL COSTS 
LIST OF TABLES 


Manolutuniix iQdustnes 


Table 

U 

S Bureau of thp reniiis (1931) GioiiiJ 

Industries or Products for Which Data 

Page 


No and Title 

Are Presented 

1 1 

1 

Food and Kindred Products 

Bakers Prodtiits 

CandV and Othci Confectioners Produits 
( am sugar Refining 

Cieameiy Butter 

7 9 




1 lour and Other Gram Mills 

Ice Cieam and Ices 

Meat Parking Wholesale 


1 2 

2 

Tobacco Manufactures 

Cii.-i>rtttBs 

C igars 

9 

1 3 

3 

lestile null Producls and Other ]iber 

Cotton Broad woven Goods 

10 



Manufaittn «. 

Rivon Broad woven Goods 


1 4 

4 

Aiifiaipl and Other Iinishpil Pio lucts* 

None 


1 5 

5 

Xumbtr and Timbci Basic Products* 

None 


1 0 

0 

Furniture and Fiiuslied Lumber Pi oil 
ucte“ 

Nom 


1 7 

7 

PapOT and Allied Piodiirts 

Paper and Fapeil oard Mills 

Pull MiUs 

10 H 

1 6 

8 

Printing Publishing And \llipdTrades* 

None 


i-g 

6 

Chemicals and Allied Iroducts 

1 ertilircr 

Industiial Chcmirals Not Elsesihere 

11 13 




Classified 

Ammonia \nhvdiouB 

Caustic Soda 
diiKhloru. Acid 

Nitric And 

Soda Vsh 
‘‘lulfuiH 4lld 





Ra^an and Allied Piodurts 


1 10 

10 

Products of Petroleum and Coal 

Beehn e C okt 

Petroleum Refining 

14 

1 11 

11 

Kulbei Piodurts 

Automotive lires and Inner Tubes 

14 

1 12 

12 

1 eathpi and Leather Piodiu ts 

Foot Hear I xc luding Rubber 

16 

1 13 

H 

btone Cla> and Glass Piodurts 

Tint Glass 

Glass Contaiuer 

Portland Cement 

15 16 


1 14 

14 

Iron and Steel and Thiir ProJuits 
except Mailunciy 

rmisbed Steel Produotn 

16 

1 1^ 

I** 

Nonferious Metals and Thar Products* 

None 


1 la 

IG 

Lleitncal Maihineij* 

None 


1 17 

17 

Machiiier> rxrnpt Flcilnial 

Tini loi 

17 

1 16 

18 

Automobilfs and Automobile Fquip 
mint 

Paestngei Car 

17 

1 10 

m 

Transi riiation hijuipment except 
Automobiles 

( are ami C ar J quipment 

Loi uinoti'i u 

18 

1 20 

20 

Miseellaneous Industries* 

None 



Bonmanufactunns Indu^tnes 


Table 

Classificatjon 

Induslnes for Which Data Are Presented 

Page 

121 ^ 

21 Transportation 

Air Iran port 

Class 1 '^leam Railroads 

10 

1 22 

22 Coal Mining 

Anthracite Coal Mining 

Bitununous Coal - Mining and Markets 

19 

1 23 

23 ITtilities 

Electric Powr i and Light 

20. 21 


1 Manufactured Gas | 


^ Tables onuttfid fiatiafartor^ data i i (UiientU available 

Gbmsrat Noira The inan> f{Rlx» tbo tables ^birb follow fruRgpsi that an ixlposioa ludiistnal 
and governnieutal ihinkinff along baaii cohI lines ma\ Ik* timeh it in lefcrpttable that id the weltei of 
Btatutiral mforinatjon gaUiered and disseminaUd (at hiich man hour ost) tlietf ut i 'imparatuely little 
that can be used to deterimnp the ratr at ahuh v,t aie deilUmg t ii basic rpsot ow The folloning 
symbols are used tliroufthout the tal les 

* To indicate that data are una'v adable from soun es Ju eked 
t To indicate author s estimate 
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BASIC INDnSTBIAL COSTS 


Table 1-1. Pood and Kindred Prodneti 


Induati-v 

Baaio unit 

BAKERY PRODUClb 

Pound 

If ear 

11)20 

1033 

lUdO 

Unite produced X10> 

Labor man-far/unit 

Fleftiic enorg\ kwh/imit 

Funnpal raw mattnaU Ib/lli 

Flour (all kinds) 

Sugar 

Eggs 

Slinrtomnga 

Milk 

Yeaal 

Salt 

n 154* 

* 

0 029 

0 031 

0 073 
* 

0 042 

0 037 

0 OOS 
* 

10 279* 

* 

* 

Ml 

a 

e 

* 

* 

a 

* 

14 242* 

0 035 

0 038 

0 047 

0 088 
e 

0 054 

0 033 

0 010 

0 013 

Total Boroiinted for 

0 7S1 

* 

0 845 

1 Foun«lfi of brr ad (and rtthi i m ar t laiBf d produi ts) ( 

lock*IS pnlztj 

s soft cakes pies and pastnea. 

Indueti V 

Basie unit 

( ANDY AVD OTHER CONI'LCTIONERY 
PRODUCTS 

Pound 

Yrar 

1929 

10)3 

IHO 

Units produced yiO* 

1 902 2* 

1 639 3* 

2 060* 

Labor man hi/unit 

4c 

0 060 

0 048 

Lleitru energi kwh/imit 

Principal raw matciialB Ib/lh 

0 oiet 

* 

0 053 

Sugar 

0 ^7 


0 37 

Dairy pru ''ui ts 

0 042 

4- 

0 0023 

Cornetanl end gelatin 

* 

* 

0 0121 

Chocolate 

0 094 

* 

0 11 

Coooanut 

0 011 

* 

0 015 

Cocoa produrts 

U 0002 

♦ 

0 0108 

Corn siiup 

0 21 

* 

0 25 

Nuts (hide and fruits 

n 120 

* 

0 13 

Total aei ouiilc d for 

0 S822 

¥ 

0 9002 


* Data fiom N ilMinil ( onfic tinnf in \fl^OLlatloa 

* Data unavBila^ le from Bounea rhecked 
t Author 8 estimate 
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Snr 1] BAHIC INDUSTRIAL COSTS AND COST REDUCTION 


BASIC IRDUSTBIAL COSTS 
LIST Oi TABliKS 


Mftnufacturuif InduBtriesi 


Table 

1 U ^ Bureau of the Census (1939) Group 

Indiist tea or Produita for Which Data 

Page 


No and Title 

Are Presented 

1 1 

1 

h ood and Kindred Producta 

Bakoiv Products 

r andy and Othi r Cunfci tionery Products 

7 9 




C ane sugar Refining 

Creamtrv Butter 





Flour and Othej Gram Mdls 

Ice C icam and Ires 

Meal Parking Wholesale 


1 J 

2 

Tobacco Manufactuiea 

Citarctl es 

Cigaie 

9 

1 3 

i 

Textile null Piodiiiis and Other liber 

Colt on Broad n u\ en Goods 

10 



Manufactui s 

R’).^on Broad noven Goods 


1 4 

4 

Aiifarel and Other 1 inishid Pioducls* 

None 


1 5 

I 

Lumber and limbei Basic Products^ 

None 


1 6 

r 

Furniture an! Finished I umbel Ptod 
ucte-^ 

None 


1 7 

7 

Paper and Allied Piodiats 

Paler and Papcihoard Mills 

Pulp Mills 

in 11 

1 8 

8 

Printing Pul lisluni, and AlliedIradra* 

None 


1>9 

9 

Chemicals and Allied Products 

ttrtiliEpr 

Indusiual Cbemirals Not Elsewhere 

11 13 




( W-iSified 

Animonia Anhvdioua 

Caustic Soils 

Hydrochloric Acid 

Nitnc And 

Soda Ash 

Bulfuiic Acid 





Rnicn and Allied Products 


1 10 

10 

Produita of Petroleum and Coal 

Beehii e Coke 

Pcti oleum Refining 

14 

1 11 

ll 

Kullei PrcMhicts 

Autamoti\c lirca and Inner Tubes 

14 

1 12 

12 

I eather and Leathf r Piodurtn 

Footnear Lxfluding Rubber 

15 

1 H 

n 

Stone Clay and Glass Produrtr 

Flat Glass 

Glass Container 

Portland Cement 

lA lb 

1 14 

14 

lion and Steel and Tbeir Piotlucts 
(xcept Maihinoi} 

1 imshed Steel Pi odut is 

16 

1 

15 

Nonfeiious Metals and Their Producte* 

None 


1 16 

10 

Flectncal Machinery* 

None 


1 17 

17 

Machinery except Hit tiical 

Ti actor 

17 

1 18 

18 

Automobiles and Automobile Equip 
ment 

Passingcr Car 

17 

1 19 

19 

rran'41 oitation Equipment exetpt 
Aiilomobilca 

C are and ( ar P quif ment 

1 Of omotivee 

18 

1 20 

20 

Miscellaneous JnclustnesB 

None 



NonmanuCacturlag Industnes 


Table 


Claasificatinn 

Industries for Which Data Art Presented 

Page 

1 21 

21 

Tianaporbation 

Air Transpor 

Class 1 Hteam Railroads 

19 

1 22 

22 

Coal Mining 

Anthruite Coal Mining 

Biti mmous Coal— Mining and Markets 

19 

1 28 

23 

TTtditiea 

Elf '^nc Power and I ight 

Manufactuied Gas 

20 21 


* Tables omilied Satiefatiory data not ruiuntU available (19tB) 

OfiNrsAi Noti<b The many gaiis in tlic tables wluth hllow suRgest that an cxtonnon of induatna] 
and governnienlal thinking along hasir (ost linen ma> 1 1 timely It m Kgrettabla that in tht weltei (f 
alatietical information gathered and diHHtramaif u (at high man houi ro () then la (omi)iHatave‘>v little 
that tan be naed to determine the rate at which wo aie dcidttmg our liLiric lesources ihe follov^mg 
RvmbolB are used throughout the tabh s 

t- Tf> indii ate that data ai e unavailal le from urc es checked 
t To indicate author b estims <■ 






BASIC INDUSTRIAL COSTS (Sjsc. I 

BASIC mDTJSniAt COSTS 


Table 1-1 Food and Kindred Prodacta 


InduBirv 

Basil unit 

BAKJSHY PRODUCJfe 

Pound 

Irear 

11)2*) 

1923 

1930 

Units produced X10” 

n 854* 

10 275* 

14 242* 

Labor man hr/unit 

• 

* 

0 08fi 

rifcciru en<rs3 kwh/uniL 

Piincipal raa matcualB Ib/'b 

0 029 

* 

0 088 

Flour (all kinds) 



0 647 

Suear 


* 

0 088 

Fb^s 

* 

* 

e 

SborteningB 

0 042 

« 

0 054 

Milk 

0 027 


0 038 

Yeast 




Salt 

1 * j 

* 


Total accounted for 

1 0 781 

* 

0 845 


Pounds of bn oil (and otlu i \* rwt luiherl pro liit bi) craik( tK prctriln .iuft cakea pies and peetnea. 


1 

Industry 

Bamo unit 

( ANDY AND OTHER CONI LCl lONERY 
PRODUCTR 

1 Pound 

Year 

1029 

1911 

1030 

Units produced XIO* 

] 002 2» 

1 610 1* 

2 050» 

Labor man hr/unit 

+ 

0 060 

0 048 

Llntnc eneiff\ kwh/umt 

Principal ran matfuals lb/11 

0 O-ibl 

* 

0 0S3 

Bunar 

0 

* 

0 17 

Dairy prodticls 

0 042 

* 

0 0023 

Cornstai ch and y( latin 

* 

* 

0 0121 

Choc olale 

0 004 

« 

0 11 

Cocoanut 

0 UI4 

* 

0 015 

Co< oa pi oducts 

0 0002 

* 

0 0108 

Corn simp 

0 2) 

* 

0 25 

Nuts chub and friiitu 

0 120 

1_^ 

0 IS 

Total ar (uunlt d for 

1 8S22 

1 

0 0009 


■ Dale from N itionil < oob r liroetK \sHO<ia(iun 
* Data unavailable frnui ajiinra rbecked 
t Author 8 eBtiinate 
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8ec. 1] BASIC INDUSTRIAL COSTS AND COST REDUCTION 


BASIC INDUSTRIAL COSTS 

Table 1-1. Food and Kindred Products (Coni,) 


Industry. 

Basie unit. 

CANE SUGAR REFINING 

Short I’on 

Year. 

1920 

1 

10.33 

in.S7 

1030 

Uoita produced. 

.i, 115,307 

3,038.000 

e 

4,51.5.562 

6.1 

4,l2fi,,50R 
6 7 

Labor, man-hr/unit. 

*' 

Elertrio eneriry, kwh/unit. 

Principal raw matpiiala, Hhoii tuiirt/Hliuit ion 

17.2 

* 

* 

48 9 

Raw BURBr trculetl. . . 

1.04 

* 

w 

* 


Industry. 

. 1 CREAMERY BUTTER 


Basie unit. 

i 

Piumd 


Year. 

102.0 

1033 

1939 

Units produced, X 10< . 

1,0.501 

I.70;l« 

1,782* 

Labor, man-hr/unii. 

* 

0 0231 

0 024 

Electric enerRy, ku'h/unit 

Principal mw umteriab, Ih/lb 

0.0801^ 


0 103 

Milk*. 

20 


20 

Refined ranc surui. 



0 008 

* Data fjom U.S. Depa-ifnient of ARiieulture, 

“ Apiipiiltural StalislirH.” 




Industry.. .. 

FLOUR AND OTHER GRAIN MILLS 

Basic unit... 

lluiidii dwei^l 

iG fd >lfmr, Mr 

‘al, I'Vi’d, J'ltc. 

Year. 

1929 

1933 

1939 

Units produced.. 

404*3637090 

307'9k',770 

'3247^19. (IsiT 

Labor, man-hr/unit. . 

* 

0 17 

0 17 

Eleetrie enetgy, kwh/unit . 

1 151 

* 

2 09 

Piincipal ran niuteriuLs, Ib/ewt 




Wheat. 

81 0.5 

86 0.5 

93 85 

Corn . 

12 98 

8 20 

11 .50 

Oats. . 

4 .31 

1 17 

1 G.1 

Rye . .. . 

1 43 

1 46 

1 42 

Barley. 

1 41 

0 86 

1 04 

Buckwheat, riee, elr . 

0 30* 

0 fW* 

0 58 

Sugais, shortcninR, cnriehmeiit, etc . ^ 

* 

* 

0 65 

Other and niixixl Riains . 1 

1 0 29 

0 21 


Total accounted for . ^ 

' 101 77 

' 04* 

iu) 67* 


^ Buckwli eat onl.v. 


Industry. 

Basic unit. 

ICE CREAM AND fCEK 

Gallon 

Year. 

1929 

1933 

1937 

193!) 

Units producwl, XIO*. 

279 8 

160 4 

300 0 

278 0 

Labor, roan-hi/unit. 

* 

0 22 

0 1.5 

0 14 

Electric enerRy, kwh/unit. 

0 94t 

* 

0 B8t 

1 07 

Principal raw materials, llt/gai 

1 




Milk. 

].'( 6 

1.3 4 

14.0 

16 3 

Refined oano suruj. 

• 

a 

* 

0.47 


* Data luiavailabje from unurcea checked. t Author'a e<9liiriuto. 





































BASIC INDUSTRIAL COSTS |Su 1 

BASIC INDUSTRIAL COSTS 


Table 1-1. Food and Kindred Produeti {Coni ) 


Xndii8ir> 

MEAT PACKING WIIOLF.SALK 

Basic unit 

Pounds foi Human Consumption* 

Year 

1920 

1943 

loao 

Umt^ produred yiO" 

To 832 

la 221 

17 046 

Labor man hr/unit 

0 010 

0 017 

0 015 

ilertnc cneiirv kwh/unit 

0 i)36t 

* 

0 047 

Piintipal raw mat* rials lb (in tlu luxif/lh 

Catllo 

0 53 

0 56 

0 64 

Calves 

0 05 

0 06 

0 07 

bheep and land '» 

0 08 

0 10 

0 10 

Hog*i 

0 73_ 

0 75 

0 63 

1 ntal fic< uuntcd foi 

1 

1 47b 

1 44b 


■ T ubh currrl and ranncrl Huai's cannrd and othtr Raa'^aifc and Raimise lamn^a lard 
b Fart of the excess rtpiiaent'i do£ and cat food. ll^eBiock feed and fertiluer ammol bkinn, wool, 
huir ct( 


Table 1-2 Tobacco Manufactures 


Industry 

Basil unit 

fi&4RrrTrs 

[ 1 111 UHin Is of ( K nttliH ^nirhinK Less Thin 3 1 b^l 000 

'll 1 UI 

19J9 

1 1911 

11) J7 

1019 

1044 

Hints plod icoii* 

122 19- 181 

111 874 2i7| 

100 96«rd20 

li 

^6^ 888 

labor man hr/umt 

♦ 

4 I 

0 JO 

0 28 

« 

riiitiw tiiirtrv kwh/uiijt 

0 lit 

4> 

* 

0 30 

e 

Piinajial raw atniiils 11 /I 000 

ClKUUtllS 

1 taf lobai 10*1 ns|r mnud r»iui\ 
ab n11 

2 81 

2 81 

2 82 

2 81 

2 84 

Su#mr 

♦ 

♦ 

* 

0 15 


Ll( OIK 1 


* 

* 

0 0(i 


Inial an on nied foj 

2 W 

~2 84 

~ 2 82 

1 02 

_ __ _ 


^Datafiuinl ^ lirasun Dti«Hilni(nt unuii j1 h ^ oils of ih» C uninuhHioiui of Internal K(\eDm 
b st( luuud Uaf and s( rai a (tc t on\tifid to iin^ti mined f qiin uUnt on the biuus of 3 IbstcmniPd to 
4 lb unHtoinnud 


Industry 

Basic unit 

IhniisandR of C iKflis 

f I04RS 

iiabiiiK More Than 3 Lb/t 000 

\ear 

1929 

mii 

1037 

1910 

1044 

1 'nita firodui ed^ 

0 518 ill 

4 100 04 1 

5 201 lOO” 

5‘l97”627” 

6 198 670 

T/flboi man hr/unil 

* 

* 

19 5 

18 1 

* 

Klettiw cneiKV knb/iinit 

2 bt 

* 

* 

5 b 

* 

Pnnripal lax niauiials lb/1 000 

ti«aiB 

Leaf tnbnn o * unstiniriud iqiin 
alenib 

23 15 

24 18 

24 11 

23 49 

24 89 

Sujtai 

i 

« 1 

* 

0 025 

* 

1 iioiii e 


* 


0 01_ 

* 

Total at 1 ounted foi 

2115 

“ ”24 18 “ 

”24 li 

”21 625 

24 89 


* Data fiom IT S Ircasun Di i uitinint annual n poitH of llu ( omiiu«»noner *>f IntPinal Revenue 
b Stemmed leaf and ei rap'i et< , c uiitcittd. to iinbtt mmid njin> alcnt on the baw of 3 lb etemmorl lo 

4 lb iinMemineil 

* Data unavailable fiom aourPCH ilurkui i Authoi’a ipliinatc 
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Slc 1] BASIC INDUSTRIAL COSTS AND COST REDUCTION 


BASIC INDUSTRIAL COSTS 


Table 1-S. TextUe-mill Prodncte end Other Fiber Menufactures 


Industry 

1 t 01 TON BROAD WOVEN GOODS 

Basic unit 

Yards of Material 3b In Wids 

\ear 

1923 

1333 

1039 

Unite produced X 10* 

8 512 

8 080 

9 045 

J abor man-hr/unit 

0 lot 

0 077t 

0 066 

Elcctnc enerfrv kwh/unit 

0 32t 

* 

0 38 

Pnmipal raw matenals lb/\d 




Raw cotton short staple 

* 

* 

0 27 

Long staple 

1 

* 

0 032 

Rayon staple 

* 

* 

0 0036 

Rhom and pulled wool si oured w t 

* 

* 

0 0004 

Mim nmls and null waste 


« 

0 0002 

Total accounted for 

<¥ 

« 

0 3122 

Aiirage wt/iard 36 m wide lb 

0 277 

0 263 

0 274 

Industry 

RATON BROAD W0\EN GOODS 

Basic umt 

Limar Yards of Material over 12 In Wide 

'^eai 


1313* 


Units produced XIO* 


] 341 


I abor man hr/umt 


0 090 


J Ipttm emrirv kwh/umt 


0 32 


Pnncipal raw materials (11 /i d) 




Raw cotton sltoit staple 


0 028 


Long staph 


0 012 


Rail on staple 


0 0)0 


bhoru and pulled wool itc icouiid wt 


0 00020 


Cotton noilfi and mill waste 


0 0017 


Raw Bilk other fiber pt< 


0 00037 


Total above it mis 


0 072)1 


Total yarn eunsunipd 


0 2)45 


Average wt/lin \d lb 


0 2194 



e Data lompaiRl le 'Willi i')30 not availabir fir m soiiirm r 1 1 knd fr i -> laia l')29 to IQIi 


Table 1-7 Paper and Allied l^oducts 


Induatrj 
Basic unit 
Year 

Units produced 
Labor man hr/umt 
Llertnr enera^ k^h'iimt 
Principal law materials short tons/short ton 
Wof^ pulp 
Manila stock 
Hates 

Waste paper 
Htraw 

Other fiber (< otton etc ) 

Casein 

Clav 

Hoain 

Ream sising 

Other nonfihtoils matenuln alum staiih otr 
lotol a«< oimteil for___ 


lArrit AND PAPLRBOARD MILLS 
Short Tons of P^ier and Papei board* 


1923 

1333 

1333 

11 140 2)> 

3 130 017 

13 509 612 

* 

20 0 

17 2 

610)1 

iS 

Or Ob 

0 56 J 

* 

0 04 

0 0116 

* 

0 0047 

0 Ohh 

* 

0 035 

0 14 1 


0 32 

n ni2 

* 

0 018 

0 004 > 

* 

0 008b 

0 0017 

* 

0 0013 

0 042 

* 

0 032 

0 00)4 

* 

0 0(*27 

, 0 009 

* 

0 007 

0 022 _ 

* 

_0 04^ 

1 1 1222 

* 

1 1312 


• New^piiiU tn-ouii Uoocl book <o\(r text wntma vtiappmg lissui abHiOfiit buihlmg am) 
oiha papfis and boaiUM 

b A r onsideralile amount of iioMer in used direct from bbe prime mover aithout putting it into the 
form of energy t g grindois lonneded diiertl> to waUt wheels 

* Data unavail'ibU fiom somces i becked i Author s estimate 
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BASW INDUSTRIAJj COSTS [Skc 1 


BASIC mBUSTRIAL COSTS 

Table Paper bud Albed Prodocta iCoM ) 


Industry 

Basic* unit 

PULP M1LL8 

Bhoit Ton<i nf Wood Pulp 

Year 

1D2U 

19dJ 

1939 

Units produc ed 

4,862 885 

4 27b 204 

6,908,384 

Labor, man hr/umt 

* 

9 7 

7 0 

Electric energy, kwh/unit 

s 

a 

a 

Principal raw materials rd of wcxid/shoit ton 

Yellow pine nouihmi 

0 21 

0 37 

0 35 

Spruce domestic and iiiipoi Led 

0 (>4 

0 48 

0 35 

Hr»mlock domestic and imported 

0 27 

0 26 

0 32 

Other woods slabs and mill waste 

__ 0 45 

0 43 

0 33 

Total accounted for 

1 57 

1 54 

1 55 


^ No eleotnc-energy data avuilaUe for puli) lodla as diatinKUiahed fiom papor and ])aperboard nnUa. 


Table 1-9 Chefflicals and Allied Producta 


luduatrv 
Bajiic iinit 

Year 

UmtB produced 
liabur man lii/umt 
Eleciiu entiles kah/uml 
iVjndpal law nialenalH Hhnit ton 

bupoj ph u><pht« tea 
Pho^pliate Tock 
hiilfuiii aud 
Sulfate of juiinoms 
Muiiate of potash 

OiKamc nitrui;eii-f onlaimiiR matenuU 
InoiRamc niiroRin-t ontainiiiR matrnuK 
Inorgamr potaah i oiitaininR nuteuaU 
Boiieti 
Othpi 

Phoephoiic acid 
Total accounted for 


f LRTILIZER 

Shoil Ton w of Icit iliati £\11 T^pea) 


1929 

1933 

1939 

9 120 000 ” 

5T9ir00O“ 

nio^m edc” 

Sc 

5 23 

d 43 

11 Ot 

e 

12 9 

0 32 

* 

0 26a 

0 25 

* 

0 20 

0 25 

♦ 

0 185b 

0 049 

e 

0 033 

0 024 

e 

0 049>- 

0 053 

« 

0 05 

0 019 

m 

0 030 

0 069 

* 

0 017 

0 005 

« 

0 002 

0 15 

Sr 

0 026 

Si 

e 

0 012d 



0 890 


• UasiH 16 pi I ((nt \V\ l* '>0 Hr Husis d) jki i int Iv (' *1 Hnsin pet cent HjPOi 


fhennral 
HaiiK unit 


\MM0N1\ 4NH\imOUS» 
Short Ton 


Year 191944 h 

Umta produced 113 610 

Labui, man-hr/umt * 4boiit2) S 

niectrto enerR\ kwh/unit 

Other haaic coats pei umt of pioductiou 

Watei, gal 81 000 

Coke^ tons 1 78 

Coal, steam and power 2 8 


• Piodiiction ftguies from 1939 govnument census Baim-cost data from '*Cbemioal and MatalluN 
giaal Flowsheets " 1941 4 th ed 

b Basic I oats nor ton liquefied NH» fiom Nitrogen Engineering Curporatioa System. 

* Data unavailable from sources i becked f Authoi s estiinate 
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Sbc. u basic industrial costs and cost reduction 


BASIC INDUSTRIAL COSTS 


Table Chemicals and Allied Products ) 


Chenuoal 


CWbVir SODA 

a 

Baao unit 


Shill t Ton 


Year 

1939b 

19iqt 

1944(1 

1944* 

Units produced 

426 250 

52? 907 

e 

* 

Labor, man-hi/unit 

* 

* 

18 0 

0 9 

Eleitno energy kah/umt 

* 

* 

2 500 

18 

Other basic costH ^lei unit of produi tinn 

* 

* 



Steani, lb 



20 (KHJ 

2 700 

Water, lb 



« 

18 000 

Refrigeration tons 

Rebunung futi, Btu 



0 9 

13 000 000 

Soda ash (56 tier icnl) lb 



50 

2 900 

Salt, tons 

lame make>up as 90 poi cent (VO Ih 



1 f) 

lOU 

Sulfimc and (OO** B() lb | 



200 



■ Produr tiun fiauiLs fiom 103'J auMinjuLiit ctiisu-> liasii ( ust rlula fi uiii ( 1u inif al and Metnllui 
gical Flowshoeta " 1944 4th id 
b ElectrolvUi pi mess 
0 Lime-soda pi oc nss 

4 Basic costb pi r ton 79 pei c int NaOH phw 1 7'i0 Ih t lilniitii nnd 8 750 i u ft h>drogi n lb h\ rlro- 
gen) CelPctnilvtic proipss) 

* Basic rQ<its pn ton NuOlT lu 11 [hi icnt solution piinlurid in plant of 1(K) tons pci da\ i ipauti 
flime-soda proressl 


Chemical inDUOt 111 f)UIi Af ID* 

Basic unit fehoit Ions of 100 Hri ( uit And (IK 1) 




1 

. ... 

Year 

I'Jnb 

1 1914b 

1944 c 

Units produced 

140 ?18 


s 

Labor man-hr/unit 

* 

lb 5 

9 9 

Electric energy kvrh/unit 


2K0 

5 6 

Other basic costs jier unit nf pitidui lum 

* 



Water, gal 


9 012 

1 550 5 100 

Salt, lb 


i 201 


Sulfuric acid, 100 j>pi rent lb 


2 9)7'’ 


OI 




Niter csicc, lb 


8 I7i«' 


Goal, lb 

Chlorine, Ih 


2 300 

1 920 

Hydrogen 

1 

\ 


69 


* ProduLiion figuies finni 19)9 gnACmtniiit iinsus llaHii i iMit datHfiom ( he niiral and MitaHiii 
glial Flowsht^is ' 1941 4ih i rl 

b Salt piot«*ss ^ ^l^nthotlc inocnss '* Phmish also pioilucps i,91 j lb Hall ruke 

• Process also piuducp^ 8 Si*! lb salt iski 


Chemical NITRIC ACIIia 

Basie unit ‘slioit Toiu« of lOU Vi 

(’int Acid (FfNO.) 


Year 

19i9 

i')4 4 

Units produced 

107 7'(> 


Labor man-hr/unit 


) 0 

Electric onei gy, kwh/unit 

Olhei basil costs pei unit of piudu hon 


270 

Anhydrous nmmoma 11) 


575 

FLatinum-caiahst loss (some plants) i 


0 012 


■ Fi oduL tion hguicH from 19 )0 govi iinnent 11 nbus, Basil-cost dsla from C he mieal and Mutulhii- 
gittal Jilowsheotb," 1944, 4th td 

* Data unavailable fiem simrecs rluikcil I* ^uthoi's CHtimalo. 
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BASIC INDUSTRIAL COSTS 


(Sec 1 


BASIC INDUSTRIAL COSTS 

Table 1-4 Chemicals sad Allied Producte (Con^) 


Cb Finical 


flOD4 ASH* 

Basic unit 


Short Tem 

IS 

Year 

lOSQb 


I944d 

Units produced 

2 012 804 

132 897 

e 

1 abor dll ect 

* 

e 

2 0 

Repair and mamteuanic 

• 

• 

2 6 

T<lectiir en(^|r^ ki^h/unit 

* 

* 

* 

Other baste costs pir unit uf pioiim iiun 

* 

* 


Coohnff aater ^al 



16 000-'18,000 

Salt tuns 



1 50-1 76 

LimeMtonL tons 



1 20-1 J5 

Coke tons 



0 095-0 11 

Coal boilers tons 



0 25-0 5 

Dr\c]s tons 



0 lG-0 26 

\nimonia loss J.H (NnO iSOe kn 



2-4 

C arbon dioxide ru ft 



1 000-1 200 

Sodium sulfide lb 

1 


2 1 


• Produrtion figuiPB frnm VMM f^ncrninoni cincUH Bmsu mst data ftoiri Cbtiunal and Mf-tallm 
IFi 111 HowHhfH-ts l'H4 41 li td 

h \mnioiua swlu profcsa * NaUiial and eUctiolitit 
bipnrtH pLi tun 58 iMi tf nl soda ash l>\ uiiunoma sfdi ptixtss 


( he mu 111 

Basic unit 

St ITT RIC ACID* 
Short 1 ons of 50"Hf And ((>2 ti Per C 

int H.SOi) 

\ cat 1 

1910b 

1030<* 

1044H» 

1014*^ 

1. nits pieKluecii 

4 fOO 480 

3 411 007 

4- 

* 

labor man hi/unit 

* 


0 4 

0 69 

1 lee trie c ne kah/uiiit 

« 

* 

i 1 

9 4 

Othci 1 asjr cost- ki umt of pioduciion 

Watei khI 

Steam lb 

Sulfur ll 

Niter (us anhydioiis amnioms) lb 

* 

* 

2 500 

12 5d 
431 

1 565 

424 

3 13 


* PiOiliirtion fi Dm 1^30 Kuitininciii Cl iihiis Hasu tust luia from C he iiiii al and MctalhiT- 

Kiral 1 icmMhclts 1044 1th ed 

h C oiita< 1 piop<»sH ( imtai t process 50 tuns i)er da> rapai itj plant 

^ ( hamhei pioress ^ ( hambei procesa 50 tons pci dav eapaiiU plant 

d Cunttut process also pmducih up to 1 25011 steam per short ton 60“ W and 


TndiiHtiA j 

RAYON AMJ ALIILD PRODUCr®! 

Basic unit ^ 

Pounds of Ha\ou and Rclati 

“ r ~ 1 

id Pjoduits* 

31 tar 1 

1929 

1933 

19 39 

Units pioduicd 

123 bfi OOOt 

245 522 700t 

416 874 129t 

labor mail hr/unit ' 

' 0 83 

0 39 

0 23 

Blcetnc eutri;^ kwh/iinit 
rnnciiial law mule iinls Ib/lb 

2 971 

* 

3 00 

Cotton hnleis 

0 19 

* 

0 26 

Wcxid pulp 

0 78 

* 

0 94 

Total accounted fui 

f 27 


1 20 


■Yam staple hhei tianaiiaient sluiis etc 

* Data unaiailal lo fioni souii es rheiked t \iithoi s OHitmaie 
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Sec 1] BASIC INDUSTRIAL COSTS AND COST REDUCTION 


BASIC INDI^TIUAL COSTS 


Tftbie 1-10 Prodttcts of Petroloiia and Coal 


Industry 


BfFHIVE COKE 

Baaio unit 


Not Ton 

Year 


19J7 

1920 

Units produced 


2 16T“72r” 

1 444 328 

Labor man hr/unit 


0 84 

0 07 

Electiio eoerg\ kwh/umt 


* 

3 29 

Industry 

PM ROI T UM RLt INING 

Basic unit 


Crsllon 


Year 

102') 

1033 

1930 

Uiuts produced X10* 

10 

34 278»“ 

51 

Labor man-hr/uuit 

* 

0 0040 

0 0026 

Electric energy kah/umi 

0 032t 

* 

0 054 

Principal raw matciiale gal/gal 




Crude petroleum 

1 11 

♦ 

1 02 

Partiall\ refined oils etc 

0 01 

« 

0 0t> 

Natural ga<iQline 

0 04 

* 

0 04 

Totalbl* 

1 2n 

* 

1 11 

(Lb/gal) 




Soda Bsh 

0 UOOd 

* 

0 00044 

Sulfuru acid 

0 073 

* 

0 010 

Caustie soda 

0 OObh 

« 

0 0038 

Fuller b earth 

* 

* 

0 0061 


* Gallons of gaHolinf and oUur li |t i 11 u Ifs oils t ir vv ix and Uquefitd pc tic Uum Raaia 

b Fart of the ezoLcia over 1 00 lei loseiit^ aapliHlt prtioleum ooke and other refinery produi te 


Table 1 11 Eobber Products 


Industrv 

AUIOMOIIVI TIRFS AND INNl R 

Basie unit 

TITBh S 

\u1omitnc Tin and lulo 

Yoai 

1929 

1933 

1919 

Units produced* 

~o8 73b (KM) 

43 304 230 

^37 61 i OUO 

Labor man hr/umt 

* 

1 92 

1 71 

Electne eneigv kwh/umt 

12 It 

* 

e 

PnnoiiHil raw luatinula 




Rubber Ib/avtiage tiie rasing* 

^ 47 

12 11 

It 71 

Average Ib/mnCT tiilie* 

1 97 

2 04 

2 64 

Lb/average tire and tube 




Carbon black 

2 20 

e 

e 

Zino oxide 

1 b2 

* 

e 

Sulfur 

0 hi 

* 

e 

Tire fabnos 

4 07 

* 

« 

Hose and bating duck 

3 20 

e 

« 

Otber ootton fabnos 

_ 0_28_ 

* 

e 

Total accounted for 

20 11 

14“ 16’ 

16“07“ 


»Data from The Rubbor Manufartuic rs Aiaociaium Inc 
* Data unavailable from eourc i a rhecked i \uthoi i eatiiuBte 
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BABW INDUSTRIAL COSTS 
BASIC IBDITSXRIAl COSTS 

Table 1^11 1/eather a«d Leathdr Produeti 


(Sbc. 1 


Induetry lOOlWlAR LXCIUDINC* RUBBLK* 

Ba.'nc unit PairK frf Foot^eui 



1 — ' 

— 

'* ■*" - 



^ear 

1029 

19^1 

1939 

1044 

1940 

Umts produced XIO* 

161 4 

350 4 

435 3 

467 9 

529 0 

Labor man hr/umt 

1 ^1 

1 n 

0 93 

0 78 

0 73 

Lloctiu cneif;> kwh/unil 

0 391 

a 

0 15 

a 

a 

Principal raw matenals 






Lrathii for uj j ns »q ft/paiib 1 

2 21 

2 1C 

1 90 

1 72 

1 50 

Jantliei foi soles ^ rattle hid»s/pair of loathci 






sol(b 

0 046 

0 027 

0 031 

0 038 

0 034 


> Ml 1 itft L\ (pi cltu lilt cnti^v fi im National ^hof Maiiufurtiir(*rn Anaoi lation 
b r aUiilaltd fiom fnlloainK ttiunalcnlb 1 avy (attle hidt yiildH 40 sq ft upper Itaihct 1 ax^teHokin 
utlda lOtMj ftu|ip(i leaihir 1 aikidekin vidds Isii ft upiicrleathur 

Bailed nn 7} pci tent of nhrt^ manufaituipci liaMnK leatlui Holes Approximate dieinbution ol 
fontaear 50 i er KDt womens 25 per tint mens 2 j fier tcnl infants and childien s Norniallv 
05 r^<r 4*cnt of all slioca manufarturod havi. leather upptrs but in 1944 and 1046 this figure droppeMl to 
85 per rent 1947 mill haie noiinal figuiee 


Table 1 18 Stoncp Clay, and Glass Products 


Industry 


FI 41 GLASS 


Babif unit 


Square 1 oot 


5 ear 

1129 

19i? 

1939 

ITnits prinliKed n 10* 

479 7 

26^3 

598 0 

1 abtJi man hr/uAi t 

1 * 

0 83 

0 51 

Ihctru piiirRi kah/umt 

Pnniipul laa iiiatfiinis 11 •«) ft 

0 1 r 

• 

0 43 

'^ilu a sand 

1 601 


1 412 

Soda asli 

0 4 >8 

* 

0 402 

Salt (ak( 

0 148 


0 093 

I jmesti m 

0 36] 

• 

0 219 

F (Idspar 

* 


0 0J3 

(inn dm A sand 

4 H08 


1 419 

I imt 

0 089 

* 

0 104 

tntal S)counted fut 

7 46) 


3 712 

1 

ln(lu*}tr3 

n 4e.S CONT41NIR 


Basic unit 

Grosh (411 Kindn) 



> eat 

1920 

193 ^ 

1939 

moa 

mi* 

1 mte produced XIO* 

i> 7 

J4 s' 

^51 5 

64 5 

70 8 

1 aF or man hr/unit 

« 

U 98 

0 91 

1 09 

0 96 

1 li c tnc eni rjev V wh/umt 

10 66t 

* 

7 05 

7 08 

6 71 

F*nii(npal ia\i mat riaN Ib/irtoHs 

Silica Hand 

74 )5t 

0 

57 78 

54 05 

55 98 

Hoda ash 

27 iBt 

o 

22 74 

4 

* 

Salt lakt 

0 oot 

* 

0 38 

0 13 

0 12 

LtiPf 

5 8lt 

* 

5 85 

10 li 

10 02 

I imestoni 

8 22t 

« 

4 36 

0 9fl 

1 89 

beldsptti 

1 * 

* 

_ 4 54 

4 68 

A 14 

Total aocounteil (or 

j 116 «51 


95 65 

69 97 

73 Ia' 


■ Data fiom (jlam C ontaitur Maniifai(uieii Instiluie Int 
* Data unav iil ihh from Hourien chef ked t Aiithoi s e^tiinate 
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SfiC. IJ BASIC INDUSTRIAL COSTS AND COST REDUCTION 


BASIC INDUSTRIAL COSTS 


Table 1-13. Stone, Clay, and Glaaa PriMiucts (Cen^.) 



POBTLAND CEMENT 

Bade unit. 

Barrels (376 Lb) Finished Cement 

Year. 

1929 

1933 

1039 


Unite produced. 

170,646,036 

0 58 

16.2t 

1.36 

63,473,189 

0.50 

* 

122.259,154 

iiabor, man-lir/unit. 

0.39 

22.7 

Principal raw materials, short tons/short ton 

1.35 

1.36t 
0.16t 
0.021t 
0.034t 

0 033t 

0 07t 


0.16 

0 041 

0. IS 

Blast-furnace slag... 

0.022 

Marl. 

0 045 

0.035 

Oypsum.. .... 

0 038 

0.035 

Other, including iron ore. 

0 049 

0 047 

Total accounted for... 

1.683 

1 069 

1 668t 


Fuels* 

Year. 

1929 

1933 

1940 


Coal. Ib/bbl. 

132.3 

130.1 

119^5 

Oil, gal/hbl. 

U.O 

9 4 

9 1 

Natural gas, cu ft/bbi. 

2,008 

1,655 

1,561 



* FiRUTos nhown are alternates, not ailditivc. 


Table 1«14. Iron and Steel and Their Producte, Except Machinery 


Industry. 

Basic unit. 

IRON AND STEEL* 

NpI Tons FinwliPfl Steel Produrteh 

Year. 

1933 

1939 

1943 

1046 

Unite produced for sale. 

21,553,046 

34,955,175 

62,210,261 

48,775,532 

Labor, man-hr/unii. 

24 0 

22.1 

19 5 

18 4 

Electric energy, kwh/unit. 

iK 

315t 

295 

360 

Principal raw materials, net tons/nct ton 





Scrap. ... 

1 02t 

0 82 

0.76 

0 72 

Iron ore. 

1 02 

1 70 

1.43 

1 58 

Limestone. 

0 22 

0.3,5 

0.32 

0 37 

Fluxes. 

* 

* 

0 11 

O.IU 

Coking coal. 

* 

* 

0 931 

o.oot 

Coal (not coking), bituminous and anthra- 





cite. . 

* 

* 

0.2,3 

0.22 

(Lb/net ton) 





Copper. .. 

e 

* 

e 

2,3 

Lead. 

* 

* 

* 

0.9 

Tin. 


* 

* 

1.5 

Zinc. 

* 

♦ 

* 

9.9 

Chromium . 

* 


* 

3.34 

Cobalt. 

* 

* 

* 

0 02 

Columbiura. 

e 

* 

* 

0 OX 

Molybdenum. 

* 

* 

* 

0.22 

Nickel. 

* 

* 

* 

1.40 

Titanium. 

e 

* 

e 

0.08 

Tungsten. 

* 

* 


0.09 

Vanadium. 

a 

* 


0.03 

Zirconium. 

* 

« 

* 

0.04 

(Gal/net ton) 





Tar and pitch. 

e 

« 

3.6 

3.6 

Fuel oil. 

m 

* 

34.0 

24.0 

(Cu it/nei ton) 





Natural gas. 

* 


5.R50 

4,000 


^ Data from “Anmial HtalisHral Ki*i»fuis," Tli» Anu'rie.uL Iron & Hlwd Tiiiititute, e.'rropi as nottul 


b Including all iteniN Hated in Talile m p. 58 of ubore report for 1H4(1, but not including iroD-foundry 
producte (see alao diegrann roproduoed on p. 5.'* of Stffl. Oct, 27. U»47). 

* Data \inavailAblt from noiircca clicr'kod. t Author’s 
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BASIC INDUSTRIAL COSTS (Sec. 1 


BASIC INDUSTRIAL COSTS 

Table i-lT. Mtchlnftry, except Electrical < 


Industry . 

Basic unit. 

TRACTOR 

Tractors (All Types) 


1937 

1939 


283,155 

219,288 

280 

Labor, man-hr/unit. 

aodf 

e 

Kleotric enerKy. ktrh/unit ... 

966 

Principal raw mat.erialh, Ih/trariur 

Pig iron. . 


1.061 

Scrap iron and steel. 


721 

Total accounted for... 


1,772 




“No data available prior lo 1037. 


Table 1-18. Automobilea and Automobile Equipment 


Industry. 



AUTOMOBILE 




Basic unit. 



Passenger far 




Ti ear. 

1920 

1933 

1939 

1941 

1942 

Units prtwluced. 

4,587,400 

1,573.5 

12 

2,8fiO,79C 

3,744,300 

220,814 

Laboi, inan-hr/unit. 

« 

m 


* 


550t 

Princijial raw mat^erials, Ib/lyp- 








icai pasNeufn'i car, 1942 








inoflol with acceasoricse. .. 

(Truss 

Net 




Cross 

Net 

Iron. 

606.60 

f>49.63 

Asbestos. 


3 45 

2 60 

Steel. 

3,.38o 88 

2,397.81 

Asphalt. 


30.51 

25 74 

Antimony. 

1 89 

1,32 

Glass in safely glass 

81 21 

46.57 

Aluminum. 

3,78 

3 21 

(ilass, other.. . 


24.75 

15.24 

Cadmium. 

0.047 

0.042 

Mica. 


0 110 

0.102 

('hromium . 

6 riO 

4.32 

Cork. 


0.929 

0,626 

Copper.. . . 

54 49 

4,5.57 



06.80 

63 13 

Learl. 

35 04 

83.88 

Hail. 


0.627 

0.58.3 

IVfagnAsiiint. ... . 

0.070 

0 009 



18 18 

16 70 

Molybdenum. 

0 117 

0 009 


2 664 

2 447 

Nickel. 

1.85 

1 50 

Paper products 


61.27 

,50.13 

Silx'or. . 

0.006 

0.005 

Rubber rninpound. 

170.58 

161.38 

Tin. 

2.88 

2 40 

Wood _ 


5 19 

3 94 

Tunicatsn . 

0 008 

O.OOB 


8.93 

8.26 

Vanadium. 

Q 0029 

0 0016 

Paint and thinner.. 

81.40 

26! 38 

Zinc. 

25.51 

23.28 

Plastics (inch fillers) 

6.75 

4.91 




Sulfuric acid., 


5.00 

5.00 




Total accounted for.. 

4,781.69 

3,406.85 


* Oridnal iiiodrle before KuliBtitutUm and eotiaervatinn of matorials took place. Fiffuren from 
Automnnile MaDiifarturprs Amoriation. 

* Data unavailable from flouroea chocked, f Author's estimate. 
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SiiC IJ BASIC INDUSTRIAL COSTS AND COST REDUCTION 

BASIC INDUSTEIAL COSTS 


Tmble 1-19 Transportation S^inipment, except Automobileg 


InduBtrv 

Boaic. unit 

C AND CAR EQUIPMENI 

Steam Uailinad EIkItk and Self propr lied 
and 1 rat kless Trollev Cara 

Year 

1929 

1933 

1919 

Units produced 


9 680 

2fl 777 

Labor man hr/unit 

* 

* 

1 715 

Uleotru cnciR^ k^h/unh 

1 'iOlt 


3 275 

Prinupai raw maltnalH hIioj t tune/r nr 




PiK 11 on 

0 54 


0 12 

Scrap 

3 01 

* 

4 67 

Iron and sterl bm 

* 

« 

1 ll 

AIlov steel 

* 

* 

0 18 

Stainlefls stiel 

« 

♦ 

0 05 

Strurtiiinl Rliapes 

* 

* 

1 99 

Sbeet'^ and 8tup 

* 

* 

1 11 

Plates 

* 

« 

4 86 

Castings ])urr based ae miicIj 

0 31 

* 

1 20 

Iron and si cel pii i and tubiiiR 

* 

* 

0 05 

Steel all foiius tol il 

14 'iU 

* 

* 

Copper briss > ronrt 

0 02 

* 

* 

(1,000 boaid frtt/rar) 




Harda ocmIa 

0 20 

* 

* 

Soft wooda 

2 Ifi 

* 

* 

Total account(>d for ("boi 1 tona/eai) 

18 38i^ 

* 

15 21 


‘ Phis h inl\v H ds and sofi w ■ 


IndustiY 

LOrOMOl 15 1 

Basic unit 

Railroad, Mining, ami 
Indufatnal Locoxnoti'v ea 

V car 

1929 

1939 

LimU j>rodured 

1 695 

8i4" 

Labor ninn hr unit 

* 

14 085 

fiheliK fneiK> kv-h/vinit 

Principal iiw mutciids abuit tons/locnrnotivc 

47 7001 

50 695 

Pip: It on 

14 14 

10 64 

Iron 'ind steel scrap 

3 98 

7 41 

Iron imd steel bars 

* 

10 99 

AUo\ Htccl 

• 

1 57 

StainlcHs ^trd 

• 

0 OJ 

Stiur till a 1 aUafics 

* 

2 or 

SheeiM and aitrip 


5 81 

Platen 

« 

20 11 

Caatines 

* 

10 80 

Caniings and lc»£,jnRb 

11 52 

V 

Iron and bled pi|H and tulung 

1 * 

2 60 

Iron and ntixl ill i ihn fmms 

179 90 

* 

Copper broHM brun/e 

1 93 

* 

Total arcounted for 

241 17 

82 24 


* unavailable from Boiiif ph cher kc (1 *1 Vulhni ^ i iimair 
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BASIC INDUSTBIAl COSTS 
BASIC IMDUSTEUL COSTS 

Table 1-Sl. TriUiS|iortalioii 


1 


IniUialry. AIR THANHPORT* 

Basic unit. Tlir>iiHand>f of “Traffic Units’* (Ton-milobb Plus Three Tunes 

Revenue Pf^enger-miles)_ _ 


Year. 

1B30 

1931 

1933 

1 

1935 

1939 

1945 

1946 

Units produced. 

219,379 

281,181 

4rm.80o 

843,334 

2,044,323 

10,447,141 

18,272,865 

s.ot 

Labor, man-hi/unit. 

Princiiial ruH materials, gal/ 
1,000 Liafhc units 

32. Ot 

38.0 

24 4 

18 Ot 

12. Ot 

10. Ot 

Gasoline . 

52 2 

57 0 

47,8 

32 1 

22 8 

13 0 

12.7 

Oil. 

1.69 

1.9S 

1.76 

0.8J 

0 36 

0.16 

0.15 


' Data fioiii Ail Trunapurt Ashueiation uf Aiuerina. 
*» Tim *■ 2,()0() lb floii-nilbss of ii-veniic friuKht)- 


ImJiistiy. 

Rasic unit. 

CLASS 1 STFiAM RAILROADS* 

Tbnuaandn of “Traffic ITnita" (Ton-inilee^ Plus Three Times 
Revenue Pasnenger-znilee) 

Year. 

1929 

1933 

1939 

1043 

1947 

UnitH produreil . 

MO, 543,966 

298.244,710 

401.302,414 

990,634,004 

792,490,032 

Labor, man-hr/unii. 

7.83 

7.10 

5.84 

3 01 

4 19 

Other performance data 






rrcight loco.-miles/loco.-day® . . 

91 2 

89.8 

104.0 

124.6 

120 0 

Pasa. loco.-iiiile^/loeu.^lay*' .. 

164 5 

IGU 9 

184 2 

220.9 

218.7 

FiBigHt car-iiulefr/car-ilaj’4 . 

34.4 

24 7 

36.4 

51 0 

48 8 

Net lon-miles/seiviceable frt. 






cai-day . 

582 

386 ; 

610 

1,092 

1,057 

Freight carH/tiain. 

47 6 

44.8 

48.5 

52 1 

52.9 

Gross tonn/fi t. train . .... 

1,8G5 

1,742 

1,984 

2,362 

2,432 

Net tiuin. 

804 

699 

813 

1,116 

1,146 

Net lonn/loaded frt. cai 

26 9 

25 G 

2G 9 

33 3 

32.6 

Freight train speivl, midi 

13 2 

15 7 

1G.7 

15 4 

16.0 

Gross ton“iuile6/rrt. train hour 

24,539 

27,344 

32,808 

35,970 

.38,462 

Fuel (Jonnumillion, Jb 






Freight (per 1,000 gions ton-milcp) 

125 

121 

112 

114 

lU 

Pass, fpoi pnHR.-train cai-mile). 

14 9 

15.2 

14 8 

15.0 

15 9 


^ Data fvDni Aaporiatlon of Aiueiirun Railroatla (see uIho 1'ablr 1—22). 

*> Ro\ emie ton-iuilee of freight. Active loROmutivea. Serviceable rara. 


Table 1-Sa. Coal Minins 


Incluetry . 

Basic unit. 

ANTHRACITE COAL MINING 

Net Ton 

Year . 

1933* 

1936 

1939 

1942 

1944 

Units pioduceil, XlO*. 

1 '»boi, inari-hi/unit. 

49.541 

3 45 

53.8 J 4 

3 02 

50,747 

2 G3 

58,994 

2 42 

62.181 

2 62 


Data for 1933 from “Mincralh Yearbook"; other yiora from Anthrftcitr Inatitutc. 


Industry... 

Basic unit . 

BITUMINOUS COAL—MINING AND MARKETS* 
Net Ton 

V'ear. 

1919 

1939 

1933 

1936 

1930 

1942 

1944 

I'nits t^ruduced, X 10>... 


534,989 

333,631 


394,855 

582,603 


Labui, man-hr/unit... 

Maikets 


1.67 


1.52 

1.34 

1.38 

1.39 


3.2 

1 7 

1 5 

1.4 

I 4 

1.3 

l 3 


164 

125 1 

121 

119 

112 

111 

114 


18.1 

H 9 

15 2 

15 3 

14.8 

15.1 

14 8 


3,428 

2,948 

2,876 


2.853 


2,618 


• Data from Natioiuvl Coal AfwoeiatJon. *• See also Table 1-21. * See also Table 1-14. 

* Data unavailable from sources checked, t Author's esUinate. 
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Sec. il BASIC INDUSTRIAL COSTS AND COST REDUCTION 


BASIC-COST KBPUCTION 

The Second World War forced belligerents and uouboUigeronts alike to use up the 
world’s basic resources at an unprecedented rate. We now face the problems created 
by depleted soil and drastically reduced reserves of oil^ iron, copper, and other com¬ 
modities on which our present civilization is based. There is also a marked, although 
possibly temporary, shortage of technically trained personnel, without whom it will 
be difficult to maintain, still less improve, standards of living in all countries. Basic- 
cost reduction is therefore an urgent necessity. 

The first basic-cost reduction should be the elimination of waste all along the line 
from source to ultimate consumption or use. The toll of basic resources taken as 
result of carelessness and indifference is particularly iuoxcusuble—soil erosion acceler¬ 
ated by poor soil management, pollution of streams, lakes, and rivers, forest fires 
started through carelessness, and the losses of food through spoilage and waste in 
the average home are typical examples. The same pattern of waste appears in 
many industries, in some to a lesser extent than in others. In general, unless there is 
(1) a continuing improvement in quality or (2) a reduction in the amount of raw 
materials consumed per constant umt of production, (3) a substitution of more plenti¬ 
ful for scarce raw materials or (4; an increase in the weight or number of useful 
by-products from the same weight of raw materials, the industry probably stands in 
neei of technological improvement. The pngino(*r can contribute to quality improve¬ 
ment and elimination of waste m industry and should cooperate in curtailmg losses 
in other ii(dds. 

Not only ai'C materials wasted, but counileas man-hours are lost for a variety of 
reasons. Among these are jioor jiersonnel relations and failuri* to make the inobt 
of the individual employee’s talents, training, and iiichnalioii; inefficient manage¬ 
ment, featherbedding, and dispuU*a between lalior and management; accidents iind 
illness; failure to plan and execute the job properly the first time; and bureaucracy 
and pressure groups. In these luatWrs the engineer is frequently out of liis depth, 
although his responsibilities are no lees marked here than in the field of raw-mat(»nal 
conservation. 

If only part of these losses in raw materials and man-hours were eliminat/Cd, much 
higher material standards of living would be achieved. 

In addition to raw-material and man-hour losses, excessive use of utilities (electric 
energy, steam, water, etc.) frequently oceurs. In fact, it is exceptional to find nn 
industrial plant where a reduction of utilities consumed per unit of production caimot 
l>e made. Of course, it should not be forgotten that increases in utility consumption 
are sometimes juslified, e.y., an increase in electric energy to reduce physical effort 
and to make possible a higher output per man-hour. 

The many ways in which industrial-engineering know-how and procedures cun 
be applied to basic-cost reduction were presented by G. M. Head* in a paper read 
before the American Management Association in 1940. Read’s tabulation is repro¬ 
duced in Fig. 1-3 and needs no elaboration. 

No discussion of cost reduction would be complete if hmited to engineeiing 
methods. Among others which have proved successful are the follow'ing:t 

1. Quantity output, which permits overhead (‘xpeiises and th(* various hxed charges 
to be distribut''d over a very large number of units so that a low selling price can still 
allow' for a reasonable profit margin. 

2. Specialization in the manufacture of a commodity or commodities for which 
a plant is best fitted. Closely related is standardization of both opc^rations and types 
of goods produced, the first le^iding to methods siinplification and the second to 
elimination of unprofitable lines. 

3. Utilization of by-products is one of the most eff« tive means by which costs can 
lie reduced. It sometimes leads to a new industry or industriec and frequently 
permits the main product to be sold at a lower price. 

* Now I'hief eninni^r, B. I. dti Pont dp NpmrtuTs A: Co., Inr., WUminzton. Dnlnwaro (see American 
Maniuemsnt Asaoctiation, Production SeiieB No. 122, 1940). 

t For a more detailed diacuaRion of the Bubjeet, aee Edmond E. Lincoln, “Applied Biuineas Finanoe." 
5th ed., MoOraw-Hill Buolt Company, Inc., New York, 1B41. 
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PLANT 

REARRANGEMENT 


MATERIALS COST 
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CONSERVATION 
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WASTE MATERIAL 
RECOVERY 


WATER 
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TRADE WASfE 
DISPOSAL 
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improvement 
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PROCESS CONTROL 
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INVESTMENT 
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Fig, 1-^, InduRtnal enginoeriug applied to basic-cost roductiozu 
























































Skc. 1] BASIC INDt^STRIAL COSTS AND COST REDUCTION 

4. Integration of industrial processes under one management can reduce produc¬ 
tion costs through control of raw matenalSf and selling costs through ehmination of 
middlemen, (l^e benefits are not always passed along to the customer.) Inte¬ 
gration is not an unmixed blessing, and, to name but one possibility, the increased 
capital* required may constitute a hazard. 

5. If stock turnover can be increased, less working capital will be required, and 
unit costs can bo reduced. 

6. Output per man-hour is perhaps the most important single' item in cost reduction 
and one in which labor’s and management’s interests should l»c parallel. Higher 
output per man-hour is a sound basis for increaHing wages and should lead to lower 
costs and broader markets (see Figs. 1-1 and 1-2). 

7. Closely related to (6) are output per unit of equipment and elimination of hoUle- 
necks. The output of many a plant has been increased without additional facilities 
or man power, sometimes even with a reduction in tlu'se items, by bringing all units 
into production balance and by increasing the outjml per unit. 

8. Equipment utilization has a direct bearing on unit costs. Taxes, depreciatJon, 
interest on investment, and many general and administrative exjienses continue 
whether the equipment is fully utilized or not. The ideal is 100 per cent equipment 
utilization, although this cannot be attained in practice except for limited periods of 
time. 

9. Control of inventories of raw materials, semifinished, and finishc'd products is 
essential in a well-ordered business. Purchasing should be governed by business 
conditions and anticipated manufacturing requirements and iiiveiitonch held at levels 
determined by current market demands. Speculation in inventory appreciation is 
hazardous and has no place in manufacturing. 

Basic-cost reduction is the responsibility of nil who profit from the use of the 
world’s basic resources—oonsumer, labor, management, and government, ^^’orkiiig 
in harmony, these four groups can raise material .standards of living to new and higher 
levels. Working at cross purposes, it will be difficult to maintain present .standards 
* Capital in the economip dense is ordinarily thnuzlit of as the nisn-nude in<«tniinonts of prncJurtion, 
such as mills, factories, plants, and comiuerrial buildings, and their machines, tools, oquipnicnl, and 
furmshinftH. 
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ELEMENTS OF SUPERVISION 
AND TOOLS OF SUPERVISION 

BY Martin John Bmrgen, B.S., M.S. 

Chirf DrafUman, E. L du. Pind de Nenumrs ife ('o., Inc. 

ELEMENTS OF SUPERVISION 

Supervision. A great deal of confusion surrounds the meaning of the term “super¬ 
vision,’' This misunderstanding can be removed quickly when it is reniombered that 
supervision is an act. It is the act of overseeing, insi>fcting, or superintending. It 
is an act performed by a person toward other persons. 

Supervisor. From the above it is seen that a supervisor is one who ovorw'es, 
inspects, or superintends the actions or results of others. The supervisor is a person 
who is responsible for the behavior, conduct, and activity of others. He, therefore, 
is a leader and gets results through others. 

Many men who arc responsible for materials, methods, or money consider theni- 
selves supervisors. In the true sense of the word, these men are not supervisors 
because they do not have responsibility for men. Since a supi'rvisor is responsible 
lor men, it is essential that the supervisor’s duties, as well as his responsibilities, be 
clearly defined. It is necessary for the supervisor to know how to manage and guide 
the man power under his diri'clion and control to achieve the most effective and least 
expensive results. 

Authority. Authority is the legal or rightfu) power to command or to act. It is 
the power exercised by the supervisor by virtue of his office to supt^rvise. This power 
is received by him from higher authority or management. In tlic case of a manager, 
such power is received from the owner of the business. Authority, being the power 
to act or to achieve a certain goal, is energy in the Jiaiuis of a supervisor. It is there¬ 
fore the supervisor's duty to direct tins energy or authority into tlic propiT channels 
to achieve the goal which he is responsible for reaching. 

Responsibility- Another misunderstood term m industry is “responsibility.” 
Since it comes into being at the time w'hen the jxiwer to act is given a supervisor, it 
is often confused with the power to act. 

Responsibility is not a power. It is the stalt* of bring arcountablv or ansu^rahle for 
the trust accorded one and which one is obligated to discharge. 

Duty. A duty is that act which one is oblig(‘d or bound to do. It is plain to se(‘, 
therefore, that one’s responsibilities are very similar to one’s duties. 

Upon receipt of authority or iwwTr, a supervisor liecomes accountable tor this 
power vested in him. The act of transfer of ixiwer also bei'omes the aid of creation 
of accountability for the power. A supervisor must understand this principle clearly, 
and it will be developed at length. 

However, the important difference between duty and responsibility is lliat duty 
is an act which one is accountable for the performance of, or accountable to pt»rform, 
whereas responsibility is the state of accountability. 

Supervisor's Fundamental Duties. The supervisor’s fundunnntal duties are 
organizing, deputizing, and supiTviping. 

Organizing. Organizing is the act of planning work in order to achieve the desired 
goal, using the authority or power vested in the supervistn to achieve this end. 

Deputizing. Deputizing is the act of using the best efforts of jH'/sons undei a 
supervisor’s control by giving to them a particular share of the power or authority 
vested in the supervisor and seeing to it that, thest^ persons use this power to their best 
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knowledge and ability in afisieting tbe superviaor to teach the goal he ia reaponflible 
for attaining. 

Supenyutng. Supervising has been defined under mipervision 



FiUfi 2-1 and 2-2. {Ab(fve) An organization which fully accepts its responsibilities {Bdow) 
An organization which evades its rcsiiousibilities- ->a buck-passing organization. 

Delegation of Authority. The act by a supervisor of deputizing other people to 
act for him^ and the vesting of these people with a portion of the authority the super- 
VMor has, is called the delegation of authonty (8(*e Figs. 2-3 and 2-4) 

Amount of Authority a Supervisor Should Delegate. How much authonty 
should a supervisor retain, and how much should he delegate? A supervisor should 
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delegate all the authority it is possible to delegate in order to got work done, i^rving 
for himself the necessary remainder of aiithorily to oversee, check, and dirwt the 
work of others. This is a fundamental principle of good supervision (see Fig. 2-4). 



confused in a good many instances by the supervisor itthe a< t of delegating respon¬ 
sibility. Responsibility cannot be dtpuUzed or ddegated. 

R^ponsibihty must be created. When authority is accepted by a supervisor and, 
in turn, the supervisor delegates a portion of thih authority, he does not delegate 
responsibility or accountability. He is fully accountable at all times to the source 
of his authority for his use of this delegated power. When the supervisor accepted 
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the authority, he became fully aceouniable for its use and created in himself the state 
of responsibility for the authority received. 

If it is necessary to deh^gatc a portion of the original authority to get results, it 
becomes necessary, during the act of delegation, for the person acceptmg the authority 
to become responsible. By this act of becoming accountable, additional responsibihty 
is created. Since the superior, who delegated the authority to the superviaor, Is still 
fully accountable, it is plain to sec that there is now more responsibility, when both 
men’s responsibihtics are added together, than the sum total of the authorities of the 
two men (see Mg. 2-5). 

It is rather interesting to study the effect of this process of creation of responsi¬ 
bility. If we start off with a dehnitc amount of authority, it can usually be measured 
in terms of dollars. There are a definite number of dollars’ worth of authority to 
perforin a certiun task, a portion of which is pnreeh'd out from lop management to 
each succeedmg echelon in the buporviisury line. Since the person who oilginaUy 
Jield and delegated the a\ithorjty is fully accountable and since each person under him 
is fully accountable for the portion of the authority accepted by him, we find that 
the sum total of authority adds up to the full authority originally vested in the first 
person, but that the robiTonsibility adds up to a far greater amount than the original 
responsibility (see Figs. 2-5 and 2-0). 

Failure to unde'r.staiid this jiroccss of creation of responsibility has been at the 
bottom of a groat deal of trouble for supervision, which has been called, for want of a 
better name, “buck-passing” biip(‘rA'iMon (see Fig. 2-2). 

Organization. In order tliat a bupervisor (1) use his authority, (2) discharge his 
ilutu'R, and (3) accept his resporisibililics, must have a f‘oinmon-sense series of 
methods, accepted by all concerned, when he jierforms those aids. The sum total 
of these methods and the efforts of iieople usuig them to reach the cij'sired goal is 
called an “organization.” It can rc*a<iily be seen that an orgmiization is the product 
or end resul L of a senes of actb of organization. An organization is, as its name imphes, 
an organism or structuie that has been jmt tngethiT to aceoinplish a single or a series 
of continuing resultb. Tins stnicture has certain definite characteristies which are 
centered around the end or goal for ^\hich the btnietiire or organization was con¬ 
structed. This structure must be so cleaily defined that each unit coinponcut can 
work in the stiu^dure with deliiiite regard for 

1. The flow of authority or 

2. The deliiJite acceptance of responsibility 

3. The cflectne performance of tiulies 

4. ('lobe legard lor i chit ions of these unit eoinponents 

These unit eoni])onents may be individuals or groups of piMiple. The supervisor 
is an important unit coinisment ui this structure or organizahon. 

Act of Organizing. In the ])roei'ss of structurahzing a business we have the act 
of organizing. It is necessarj for supen^ibion to segregate all duties of a similar 
nature* and so combine Ihest* duties, or, as they are soiiirdimes called, functions, to 
get the most eff(‘ 0 tive effoit tiom the* pisiple who are performing the duties. 

In order to perform these duties eflecti\ely, the funetious of various people must 
be clearly defined. In nddilion, where two or more persons ore involved, relation-* 
ships betw^'en these persons must also be clearly deimed. In the process of definition, 
the supervisor will also have to determine the path **ind flow of authority to achieve 
fhe desired result. This path will be the path along whi(‘h responsibilities wifi be 
cn'uted, accepted, and discharged. It will be, in addition, the path of duties which 
must be performed. 

Development of ein Organization. What eonstiUites an organization, and how 
can one be developed? An organization, being an operating entity W'ith functional¬ 
ized parts and with definite flow, can be conipuri d in a manner of speaking with a 
mechanism. Each function or duty must be related to other functions or duties in 
order to have a smooth-running production iniichine. There cannot bo rivalry or 
conflict between the functions of the mochauibrn, or the energy employed will be 
dissipated by other things than those for w^hich it w’^as onginally to be used. Thore- 
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fore, it is neocawy to set down on paper, m an adequate manner, the fundamental 
channels of authority and methods by which these channels will be used for the flow 
and use of authority. 

In so doing, it will be found that certain functions can be well defined and their 
use definitely prescribed. It will be found, also, that methods for checking the use 



of these functions can also be laid down in detail. Wc call the first operation the 
setting up of a system by which the work can function and call the sf^coiid operatioji 
the method of controlling ilic system through records. 

System* System is nothing more nor less than an orderly habitual or routiiie 
method or methods by which the regular activities of a business or part of a business 
are carried on. 
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Control CJontrol is the in-oocaa by ivhich comparisons are made between tbe plan 
and the performance either during or after execution. Control relics on effective, 
complete plsmning and accurate, quauUiative observation. It is the process of com¬ 
paring these two operations. 

In addition, it will be found necessary to have certain “do's" and “doii’ts’* clearly 
defined for the human bf'ings who are going bi use the struetiirc wc call an organisa^ 
tion to obtain the desired ends of the business and the dcBircd personal ends of the 
people employed in the business. Those “do’s” and “don’ts” arc called policies, 
rules, and regulations. 

Policies. Tolicies arc broad directions of an authoritative nature laid down for the 
purpose of enabling all administrative and maimgeriai decisions of the business to be 
properly determined and adc'quately carried out in the successful attainment of the 
goal or goals for which the business was organized. 

Rules. Itules are standards or guides for performing specific operations or limiting 
the activities of people. 

Regulations. Regulations are rules that are concerned with methods of activity 
or performance. Both rules and rc^giilaiions are derived from the broader policies of 
a business. 

The effective handling of an organizatir)ii structure with its human participants 
calls for the exercise of the most iiiiportant quality of supervision—that of leadership. 

Leader and Leadership Defined. Leadership is u peculiar thing. A leader is a 
person who goes forth to guide or show the way: IJe precedes and directs. A super¬ 
visor, therefore, must show the way to the jieople he directs in order to be a leader. 
It might be int*cresti]ig to know that h^aderahip—the word “leader” or the word 
“lead”—has a very ancient meaning and comes from an Anglo-Saxon word that 
signifu'H “carrying the load.” The leader carnes the load. By this means he 
is able to attract, to direct, or to motivate, by Ids infiuciice, the people under his 
control. 

It is plain to see from the above that a supervisor must have a definite method or 
system of doing business because if he would carry the full load, instead of placing a 
load ujion the shoulders of each mdividual under Ids jurisdiction, he would not only 
fail to supervise but would damage himself in the prottess. For this reason, super¬ 
vision, when sui'iessful in delegating the neeessarj^ authority, operates on a rather 
interesting priuc.ple—sometimes know'ii as the “exception principle.” 

Eaception Principle. The exception principle is very simple. If a supervisor 
handles only the problems that are outside the .scope of the authority he has delegated 
to otheiu, he then haudh^H problems witlun the Hcopi‘ of the residue of authority he 
has kept for himself. These problems are the exception rather than the rule for those 
who have a portion of the original supervisory authority. When this “exception 
principle” is adhered to, iiersons operatijig with del(‘gated authority fi‘el that they 
have more freedom of action and usually will be very much more willing fully to acc'cpt 
their responsibilities and discharge their duties. This fact explains why the “exeep- 
rion rule” is such a successful supenisory rule. Organizations where the "exception 
rule” is not used intelligently are usually in trouble. 

Records as Supervisory and Control Tools. In the process of assisting the flow 
of authority, it is sometimes necessary to rely on written recoTd.s instead of attempting 
to keep a multitude of details in one's head. For this purpose various forms and 
reconls have been established. However, these are merely supervisory and control 
tooJa and should be used as such and not as ends in themselves. 

Results of Failure to Define Responsibility. Since re^sponsibility is the state of 
being accountable to higher authority for certain acts or performance, it is necessary 
that such responsibility be clearly defined. Responsibility, poorly defined and hasy 
in the minds of the people concerned, is apt tij create situations where people have 
been held accountable for acts of others over whom tliey have no control. When this 
is true, we have supervision, if it is held accountable for such acts, frustrated and out 
of sorts. It is necessary, therefore, that responsibility be very clearly defined. Once 
accepted by a person, that person should bo held fully accountable until be is formally 
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relieved of responsibility. Many industrial difficulties today are due primarily to 
(see Figs. 2-5 and 2-6) 

1. The failure to recognize the fact that responsibilities arc not clearly defined 

2. The failure of people to accept their responsibilities fully in connection with 
the authority vested in them 

3. People being hold responsible without the authority or power to get results 

Coordination. Coordination is the act of synchronizing various functions and 

duties to obtain a desired result, it is easy to see that, if methods and efforts are 
not synchronized, people act at cross-purposes w’ith each other and desired goals can¬ 
not be reached. To prevent such failures of methods and to ensure that all efforts 
shall be in the same direction, we spc‘ak of coordinatuig these' efforts or methods; c.fif., 
the proeess of delegation of authority, or delineation of duty in an organization, is a 
coordinating act. 

Examples and Diagrams of Delegation of Authority and Creation of Responsi¬ 
bility. Authority was defined as power over people. It is finite in nature. Its 
delegation can be well illustrated by an example and by Figs. 2-3 and 2-4. 

Example: If the owners of conrerii A, which has 100 employees and 10 supervisors, 
wish to make $1,000,000 worth of product, the nianai^er of the hrm is vested with the power 
to spend this money in the peifonnance of the necessary operations mIucJi convert this 
$1,000,000 into $1,000,000 worth of product. Tiic nmnuKDr dcleKutes the necessary author¬ 
ity or power to each of his 10 bul)urdiii:ite.s to do the job effectively, retaining enough 
authority to supervise and control the operation. However, the manager is still fully 
responsible to the owners for the $1,000,000. Let us assume that he delegates to each of 
his subordinates $90,000. They acc('pt the authority and become responsible for its use. 
They then proceed -^Ith the necessary tools, equipment, lalmr, and material, each to do his 
function in the manufacture of llic finished product. It is interesting to note that, in this 
very simple example of manufacture of $1,000,000 worth of product, $1,900,000 worth of 
responsibility was created if each supervisor fully accepted liis responsibdity. This 
$1,900,000 worth of respousibilit> vrill be discharged fully only wlien each person has fully 
and successfully discharged his coinponent responsibility, and not before (see h'igs. 2-5 
and 2-0). 

Nature of Industrial Authority. Since each supervisor has power over men, 
methods, materials, and niriiu'y Ihuitcd in amoiuit and kind, he must not mistake 
the strength of his power or its type. lie is empowered to use this authority as 
effectively, justly, and conscientiously as he kiiow^s Iiow in the prost'cution of the 
buBines.s. By no stretch of the imagination is he empowered to arouse omotiunully 
or frustrate pcoph^ in the exercise of this power. 

Abuse of Authority, t^'hen industrial supiTvision uses industrial authority in 
directions other than those in which it should be rightfully used, ctz., to got results 
through people without disturbing them or causing them to give more than can 
justly be exjn'cti'd from human beings for the compensalioii received by them, the 
effects of such abuse of autliority are invariably bad for the individuHl, the super- 
vii3or, and the Inismeas, Oujiflicts, frustrations, demeaning altitudes, humiliation, 
and retaliation are potentially or actually present in employees where supervisors 
have bicorrectly and unjustly abused their autliority. HujKTvi.sors should never use 
their authority in a way tJiat caiLses employees under their control to have such feel¬ 
ings aroused because eraployi'cs wulh these feelings ami attitudes are invariably less 
effective in the performance of llieir work. 

The ineffective and unjust use of power denies Ihe fundamental rights of the indi¬ 
vidual and defeats the aims of a business. 

Functionalization* It is iiece.ssary to divide 1.3rge groups into smaller functional 
groups to use most effi'ctively the single or, at the most, the relatively few skills 
possessed by each person. The efforts of these* groups of people must be direcU'd 
by others—ealled supeivisors—-iKicausi' few' people are capable of performing every 
act in any business today. The o}HTution that divides Ihe structure of a business int-o 
component parts, w'ith the units of each part having siiei ific rclatiunshipb to each 
other, is called the act of “functionalizing,** Tlie organization is the sum totjd of 
all these small functional segments properly related to each other. 
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Line Organizatim, In order moet effectively to examine these segregated func- 
tionS) assume a one-man business. Jolm Doe, the owner, must procure raw material, 
maehinery, and a space in which to work; he must manufacture his product, store it, 
and sell it, granting eredit or depositing the cash in the bank. He continuously 
rcjM'ats this cycle of operations. Assume that Jolm Doe’s business grows to the 
point where he feels it xiece^ry to add one or more other persons. He has the option 
of looking for another person like himself, who will perform every one of the duties he 
has been performing, or he has the option of looking for a person who can perform 
one or more of these duties. John Doc knows that it will be much more difficult to 
obtain a person with capabilities similar to his than it would be. to take a person who 
can be trained to do one of these duties. John Doe iinally derides to employ a person 
who does the manufacturing operation. As the business grows it becomes necessary 
to employ a number of such pi^oplc to manufacture the product. It also becomes 
necessary for John Doe to employ another person to help sell thp product. John 
Doe is so busy now that he hnds it necessary to add a bookkeeper and a stenographer. 
In all this process of growth, the owner has exercised authority. The auLhority 
emanates from him and proceeds down the line to those people making his product and 
to the salesmen selling it. There is a clearly defined line of authority from John Doe, 
the owner. This is a typical example of a business operating on a “line” or “line- 
of-authority” basis. As this business grows, the owner would find it exceedingly 
burdensome, and beyond even lh<' scope of his varied abilities, to take care of all 
details, lie evemtuaily would have to employ a supervisor who w'^ould look after the 
manufacturing operations. This supervisor Tvould be a “lino” supervisor, being in 
the direct hue of authority to nuinufacturc the product. John Doe would also employ 
H sales supervisor. Tins supervisor wwld be a “line” supervisor liecause his efforts 
are needed to distribute tlie goods. 

Linf-and-Staf Organizaiion. Now assume that competition overtakes John Doc 
and that be imisl iiui<lily or improve lus product. It bei'omes necessary to employ 
the services of experts \Nho would work not m the, line of authority, but auxiliary 
to it. These f‘xperts would advisi* the “line” supervision of the changes necessary 
to meet the competition. TIk'sc specialists might be engmeers, advertising men, pack¬ 
aging exploits, etc. They are called “staff men.” It is easy to see that, should they 
increase in nu'obers, a “staff” organization would develop. John Doe's organization 
has changed frjm a “straiglii-liiio” orgauization to a “liue-and-staff ” organization. 

Most busiiH'Sses today arc line and staff in their organizational concept, with the 
amount of authority delegated to the staff functions varying within each organiza¬ 
tion, The liiK^-aiid-staff organization is much more ilexible than the straight-line 
organization deiiiied alwve. There is a greater possibility of leas effective direction 
in a line-aiid-staff orgaiiizstirui than there is in a straight-line organization. 

Taylor Functional Management Thi' luie-and-staff orgaiiizaliun is an outgrowth 
of the Hctivities and research of Frederick Taylor, wdio was an exponent of fully 
fuiietioii.'ilized orgaiiizHti<»n. Taylor’s concept of an organization was one where an 
employee* had a siipt-rvisor for eaedi function he was rt'(|uirod U> pi-rform instead of a 
single “boss.” Taylor’s fiiiictioiial maiiageiiiciit hnully reached the point where a 
iiijin had eight people telling him 
What to do 
How to do it 
Where to do it 
And when! 

Obviously, wdiile this work of Taylor's contained the genn of a brilliant idea now 
used in industry as liiie-aiid-staff organization, it was unworkable because* of the 
difficulty expt^rienced in trying to get work done by the use of such an orgauization 
structure. People had too many l>nHrtc»H to work well and effectively. 

Committee Management. A nicthiKl of maiiHgimeiit sometimes used, but which 
has never shown any great promise, is that of “com mi Lice ” management. Committee 
management is usually uR(*d w'here p(*opie are uiiw'dliug to deli'gate to any one person 
the necessary and requisite power to perform. Hy splitting this authority up and 
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pUirinj; it in the hands of mcmbi'fs of a couimittoc*, manag<»mpnt is much slower and 
usually more dilatory than the line or linc-and-stuff management. 

Recapitulation of Superviaor’a Duties 

1. The Supervisor Is an Interpreter of Basic Company Policies. It was brought 
out that policies add up U) a syalem of rogiilaHve measures which are ncMsesHary for 
the proper conduct, direction, and progress of a business. Policies are usually broad 
in their scope and subject to a great deal of intf*rprctation of lueaning. The super¬ 
visor, being a person directly in charge of others, of n(M*essity must be the one who 
interprets, clarifies, or makes detailed decisions (when within the scope of his author¬ 
ity) based on the general policy rules of his company. 

It frequently happens that people otlicrwise skilled in the art or croft for which 
they are employed by the company do not Lave a ready command or comprehension 
of written pulley rules. These must be explained and interpreted in a patient and 
friendly way to such employees. 

2. The Supervisor Enforces Company Rules and Regulations. Specific rules 
and regulations are the outcome in some cases of policy interpretation in detail. 
These rules and regulations are usually a scries of “do’s” and “don’is” which it is 
noecBsary for all employees to observe for the welfare, safety, well-being, and effec¬ 
tiveness of all employees. Part of the supervisor's duties is to sec that these ‘‘do's” 
and “don*ts” are complied with. 

Some of these rules and regulations in business involve the life or safely of employees 
and must be rigidly enforced. This enforcing process is called the supervisor’s use 
of discipline. 

3. The Supervisor Is a Trainer and Teacher. Tiie supervisor finds it necessary 
to train the people under his control in order that th(‘y may effectively absorb the 
company’s ' ‘know-how.” 

fi^Btimates were made by people who had eominand of the fficts that show that in 
the lower supervisory groups of assisiiuit foreman, foreman, luul chief foreman, 
training and teachmg eonstitutod 50 per cent or more of the supervisor’s job, esperiaJly 
during the Second World War. 

Many supervisors do not understand the piuinples of training or of learning. It 
is worth while to state th(un briefly. 

What Training and Teaching are NOT: 

1. Telling a man what to do is not teaching. 

2. Shoeing a man what to do is not li*aching. 

3. Making a man do a job without cither telling him or shoiving him is not t<‘ai*hing. 

What T’rainmg and Teavhing AHE: Teachuig is a process that involves the follow¬ 
ing steps: 

1. Tell a man wdiat 1o do. 

2. Tell him luiw to do it. 

3. Tell him why he is doing it. 

4. Show the man what to do. 

5. Show the man how to do it. 

6. Show the man wliy he is doing it. 

7. Make the man t«]l what lie is to do. 

8. Make the man tell Imw he is hj d<i it. 

9. Make the man tell why he i.s doing it. 

10. Have the man do the job. 

11. Correct the man in a friendly way where he has performed erroneously until 

12. The man is able to do the job iierfeetly, even tliough lie does it very slowly 
and awkwardly. 

13. Have the man repeat the performance of the job perfectly until he has by a 
sufficient number of ^‘petitionfi acquired the necessary s dll. 

14. Cheek and review to make sure that all the Hbov^e steps have V>ecn fully and 
successfully carried out. 

The Learning Provens. Tliis procedure shows that there- are two pwiple involved 
in the teaching process—the teacher luid the stuilent. Obviously the sturieiit dfM*s 
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not go through the teaching proceed* but goes through another prooosB called the 
‘‘learning process." 

A fundamoniH] rule of the learning process is this: "ATo one learne without dtdfiffJ* 

hixanujxation of this rule shows why practically nothing is learned when you tcU a 
man; very little is learned when you show a man; and it is not until you allow the 
man to learn by a number of repeated efforts that you get any learning. For this 
reason, it can be seen that, while all the abotfe steps in the teaching process are import 
taut, steps 10 to IB are of paramount imiK>rtance. It should be remembered that a 
supervisor who is a good teacher usually lias well-qualified, highly skilled, and enthusi¬ 
astic people under his juiisdictiou, and both the supervisor and the company profit 
by his teaching. 

4. The Supervisor Is an Inspector. The supervisor inspects the performance of 
the people under his jurisdiction. 

This duty should not bo confused with the formal process of inspection. Rather 
this duty is one of general oversight in order that the supiervisor may keep himself 
fully acquamtod with the activities ol the etnidoyees under lus control. 

6. The Supervisor Is a Disciplinarian. This was taken up under 2. A more 
specific statement of the supervisor’s role as a disciplinarian is necessary. The super¬ 
visor uses disciplinary force fairly and effectively—and only when necessary. Died- 
•pline is the process of subjecting pcfjple to control, training, or education. It is easy 
to see from the above that discipluie do(*s not have to be either harsh or unjust but 
should be fair, impartial, and niodcrate in determination and appheation. 

6. The Supervisor Is an Arbitrator. The supeTvisor handles gnevances that 
occur among the cmployi'es under hia control and arbitrates the disputes between 
personnel under hia jurisdiction. In some cases he also referf‘ca the settlement of 
differences bi'tween men under his and other supervisors’ junsdictions. 

The iiupetvieor Handles Grievances. The handlmg of gnevances is a very impor¬ 
tant duty of a siiperviHor, In llie prnct'ss the supervisor must be an open-minded 
hstener until he has obtainf'd all the facts. 

There arc three kmds of grievance's: 

a. Frequently employi'ea who are improperly trained or instructed will have 
grievances due to misundcrslandmg. Patient and friendly explanation will usually 
be sufTicient to eliminate gnevances of this nature. 

h. Impatient ’'bnish-off" methods of haiidlmg this type of grievance will cause 
it to change mto another, more scnoiis, type ot gnevance—one where the employee’s 
feeliugfl are deeply involved. (Jnevaucps of this nature create a class of cmployt*ea 
who are called “problem children." Such employees are usually disapi>ointed, dis- 
griintlfd, poorly tniiiied, improperly indoctnnati'd people, with either resentful or 
fearful attituiles toward their supt'maion and toward the company for which they 
work. It is the siipeivisor’s undivided responsibilily to keep the number of such 
employees at a minimum. Tins (‘an be done if a supervisor understands the fact 
that the behavior and Bp<*ech of all supervisors are of paramount importance in the 
liandlmg of every persoimel situation. The supervisor must reabse that employees 
are other human beings like Imiiseif, with cares, w^orries, and responsibilities similar 
to tliose which he possesses. 

r. A third class of grievances stenis from troubles, w’^orriea, or I'ares of a personal 
or domestic nature, which every employee has confronting him at some time or other, 
Wvurnes and cares of this nature are not Mi at the time clock, at the gate, or taken off 
with the employee’s coat when bo goes to work. They are carried around inside him 
all the time he is present on the job. Frequently the supervisor can do little about 
this type of grievance, except to be a sympathetic and friendly hstener, allowing the 
employee to “get it off his chest.” Sometimes this affords complete relief for the 
employee. Other times specialized industrial agencies, other than the supervisor, 
may have to be ('inploycd iu straightening matters out. 

The supervisor should luiderslaiid that pt'ople under his jurisdiction are entitled 
to their fetdings but are cinMiiuscribed in their bidiavior. For example, it is better 
to say, “I know you feci angry, Joi', but I have full confidence in the way you will 
handle this matter,” rathi'r than to say, “Now' don’t get angry, Joe, you know that 
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ian’t the right thing to do/* Employee/? will liave more regard for suporvisioii that 
shows it understands that people are entitled to their feelings. Such supervision 
confines its control to the employee's behavior. 

A fundamental rule in the handling of all grievances by supervision is as follows: 
Employees should not be subjected to, or remain in, continuously frustrating situ¬ 
ations. If the situation is caused by the business policy or pro(‘edure, such policies 
or procedures should be changed, if possible. If it is necessary for an employee to 
remain in a frustrating situatjon, he should fully comprehend why and be given fre<' 
choice as to whether or not he wishes to continue in the situation. The basic atti¬ 
tude will prevent grievances due to frustration from becoming a major problem. 

The Supervisor as an Arbitrator, In the handling of disputes between personnel 
under his jurisdiction and in the settling of differeuees between men under his and 
other supt^rvisors’ jurisdictions, a sup(‘rvisor must agom be a good listoiier and get all 
the facts. He inubt realize that “word battles” lK‘tween two employees are an 
indication of a feeling of anger between these ti\o employees. It iis not sufficient for 
the suiH'rvibor to give tliem both a tongue lashing and make them shake hands and 
make up—^ratlier the supt'rv'iaor sliould tell both parties that he realizes they are 
both angry. Furthermore, he should state that they are entitled to feel angry and 
should then let them talk the situation out until both xiarties have ventilated a sufifi- 
cient amount of anger to settle their differences on a logical and amicable basis. If 
this is done, tliere will bi‘ no stale emotion overhanging employees under a supervisor's 
jurisdiction. 

In the setllement of disputes between personnel in two boctioiis, the same strategy 
and tactics should lie einiiioyed by both sujiorvisors. These supervisors should agree 
on the methods us(‘d. Ilemciiiber: Most fights have to be fought out to a luiish. If 
this is not allowed, feelings will smoulder inside an employee and become the gathering 
pomt for other reseiiLmenis, w hich are usually turned against a supervisor who fails 
to allow proper ventilation of tlicse feelings. 

7. The Supervisor Is a Planner. The supervisor ]>lans how work, for which he is 
responsible, bhall he done. 

If the bupc'rvisor is a meiiihor <if a large organization, be has the aid of a good many 
"staff” men. If the supervi.sor is ui a small oiganizatioii, he may have the problem 
of doing a great deal of jiluniiing iii order to aceoiuplish effectively what he ih respon¬ 
sible for doing. 

6. The Supervisor Is an Executive. The superviHor carries out tlie company's 
plans and basic instnictjons fioni higlier manageineut. He c\i*ciiU^s, in detail, both 
the comjiany'b and Ins plans for effective w'ork. 

9. The Supervisor Is the Friend of All Employees under His Control. The super¬ 
visor is Ufaiially the couiisilor and father confessor for thchc .same eiiijiloyees. He 
sees to it that their .side is well, cleaily, honestly, and adequately rejiresenled to iiian- 
agement and that management is well, clearly, honestly, competently, and fully 
represented to the employees under his juri.sdiction. 

If the suiH^rvisor feelb that he knows his employees a whole lot hettiT than the 
employees know' themselves and, therefore, attempts to tell his employees how to 
live and conduct themselves lioth on and off the joli—if the .su>»rrvis(>r does nothing 
but tell the employees of then- bhoitcomings and nevei recognizes their good per- 
fonuanoes; if the supervisor is airogaiit and hujienor—assured that he will mither 
be a friend to his emjiloyees nor have a friend among them. 

The suxiervi'^or who is honest, fair, just, temperate in his dealings with his people, 
and loyal both to Jus company and to the peoiile working for him is n better supervisor 
than one who is arrogant, unf/nr, irresponsible, and always ready to shift the blame. 

10. The Supervisor Is a Salesman of His Company to the Employees under His 
Jurisdiction. It behooves c\eiy supervisor to speak well of bis company to the 
employtH‘S under his control. Hib example will undonbtedly be imitated, and his 
actions will be copied, hi tlie process of sidluig tho company to the employees, it 
is never neoeasary or wise to be either luitruthful or insincere. The company should 
be sold to its employees on truth alone. 
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It ia necessary for a supervisor always to realize that in a good many casos be 
represents the company to the people under his jurisdiction* Hia attitude, conduct, 
and demeanor are, therefore, the attitude, conduct, and demesuior of the company 
as far as the employee is concerned. Frequently, the management of a company ia 
astounded to learn that the unfriendly and antagonistic attitudes of employees were 
created by supervision, which neglected or failed to behave as the management of the 
company wished it to behave. 

11. The Supervisor Is a Counselor. The best counsel that a supervisor can give 
an employee is given by the supervisor being a good hsiencr. If, in a 2()-min inter¬ 
view with a supervisor, where an employee is seeking counsel, tlie supervisor talks 
for more than 4 min, he is talking too mu^'h. Ko supervisor should counsel any 
employee on how to govern his life—that is the prerogative of the individual. No 
individual should be told 

What to do 

Where or how he should do it 

when sueh advice involves the employee's spare time. He should never be told 
Wiiat to buy 
Or whom to inurry 
Or how to spc'iiil his money 

Thes<' are individual rights and should be respected as such. In these areas, involving 
the p(>rHoiial rights of an individual, a supervisor has no authority or right to int(*rfcre. 

Improper counseling sonietiines elevates the supervisor, in his own rnindf to a 
])OMiLjon where he ia superior to the average run of i>eople. Uheii this occurs, the 
supervisor has lost his <‘frrTtiveness. He becomes a liazard to the busiiioBs or industry 
with w'liich he ia eonn(*et(‘d. 

12. The Supervisor Is a Student. Supervision is too prone to think that it has 
no more learning to do. Some people are so eonstilutcd that they will instinctively 
hud iM'tter ways to do work. Some mental and a great many manual operations arc 
improved by (Miiployees possessing this kind of inshnrtive cof>rr]mating skill. The 
sup(‘rviflor should be oi)en miiidcMl—looking, listening, and learning from the employees 
under him. It is usually true that a sup<'jrvisor who is a good teacher is also a good 
student and willing t/o l)c show'ii—^willing to learn. 

A great deal assistance can be rendered employees and supervisors by the use 
of Boint* e\ccllen i .short training courses such as 
.lob-instruclion Training 
Job-relations Training 
Job-ininiagein(*iit Training 

These coiirsi*s were codlficMl and published for wartime use. The material has been 
adapted for peacetime training of supervisory personnel. It.s study by supervision 
will pay exeelleni dividends. 

13. The Supervisor Is a Human Being. The only difference between supervisors 
and people under their control is the power or authority that is vesW in the super¬ 
visor. The supervisor is the same kind of individual as those workmg for him. 

If the supervisor fails to realize that human beings ore mental, physical, and 
emotional creatim^s and that lie is such a being, poor human relations will exist in 
the business or in the component of the business under the supervisor's direction. 

If the supervisor has a prup<*r realization of his make-up and the make-up of the 
p»ople under his direction—if the supervisor conveys this understanding to those 
under him and insists upon the understanding of these fundamentals by those above 
him^he will be a successful supervisor. 

TOOLS OF SUPERVISION 

It is not I he intcTil in this subRcetiou to do more than describe aiid indicate the 
fundamental ideas behind the following supervisory tools: 

1. Office methods 

2. Cost-euiitrol methods 

3. Quahty-control methods 
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The literature is voluminous iti these hclds. It should be consulted when solving 
specific problems involving these supervisory tools. However, the strategic princi- 
pies involved in handhng such problems should be dearly imderstood. 

Office Methods 

Office methods, for a supervisor, are not ends in themselves but means to an end. 
They enable a supervisor to discharge his duties effectively in a systematic way. 
Office methods have as their foundation 

1. Systems 

2. Forms 

3. Records 

4. Procedures 

System. Hadeally, a system is a combination of items in an orderly arrangement, 
according to some common or accepted rule, to make a coherent whole or unit. 

Form. A form is an orderly, standardized arrangement of the area of a paper 
sheet. It is used to record facta systematically and pn'cisely. When facta are 
recorded on a form, they can be stmt from one place, or person, to another. When 
used this way, a form is a fact-transmitting vehicle. Forms are usually printed but 
do not necessarily have to be. 

Record. The writing of authentic factual data accounting for, or otheru^ise 
explaining, the transsetions involved in doing business is the act of recording. The 
resulting compilation of facts on paper is called a “record." It should be noted that 
recording in business is usiiahy jierformed on forms, but this is not always true. 

What a Supervisor Should Expect from a Record. A supervisor wislu^s to know 
w^hat the results of the controlled actions of the p(*ople for whom he is responsible 
are. Therefore, records, as superv^’isory tools, must show a supervisor hoWy wkeii, 
where, why, and how will he has performed bis duties and duseharged his responsibilities. 

Procedure. A procedure is a detailed orderly method ol passing Irom one stop 
or operation to the next succeeding step or operation in any transaction involving 
the conduct of a business. For oonvemeiice, prooeduies aie sometimes written, but 
it is not necessary that they be so recorded. 

When procedures are written, they are sometimes recorded on forms in order that 
standardized systematic methods of recording them be used. This again is a matter 
of conveniPiice which increases the effectiveness m the use of the procedure. How¬ 
ever, it is not necessary that procedures be recorded in this manner. 

Symbol. In the process of recording, and in the u.se of the record thereafter, it 
is usually found coiiveriieiit and tunebavuig to use svmbols insloail of writing volumi¬ 
nous and wordy descriptions of the items being recorded. A syiidml, therefore, is a 
mark, sign, character, or groups of characters representing soinethuig else. It is iisini 
as an abbreviation for that wdiich it represents. I’hese abbreviations may and do 
represent ideas, items, p^xiple, activities, etc. They may be cuinpoisc'd of ^phabeti- 
eal, numerical, giKimetrii^al, ]nctorial, or meaningless compoiumts, or a combination 
of these C(»mpoiients when representing that for which they stand. 

Clasrificatiou. The act of classifying is that of arranging and segregating f>ersons, 
items, or ideas having similar characteristics of rank, order, time, dimension, or 
principle into orderly related groups. 

Reason for Cla&sificatian of Data, Data should be classified to save timi ami 
simplify their use. 

It is essential to determine how the recording of items (called “data") can iM'st 
be performed. A little thought will usually show the basis of sunilarity which will 
cause items to be groujxed together naturally or normally. I'^or example, some items 
will group on a grographioal or location basis. Other items will group on a time 
basis, while still others will gniup on a basis of similar chiiractoristics, such as mate¬ 
rials of the same composition, parts of the same shape, assemblies used for the same 
puipose, etc. Such sequences or gniups are given uhe more familiar names of pay 
rolls, buildings, departments, Job numbers, projects, hi numbers, parts, Classifying 
data into such groups enables a supiTvisor to make his activity more effective, 
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Method of Clasttifying Data. All the above looks iiither formidable and compli¬ 
cated. The operation of olaesifying can be simplifiod by a clear realiaation on the 
part of the supervisor as to the use, as a supervisory tool, to which ho wishes to put 
the record. All records must conform to two very simple principles. The consistent 
use of these principles will greatly simplify the act of classihcatiou, the art of record¬ 
ing, and the use of the record. 

The record must tell the sujiervisor a story. The story can be that of a series of 
happenings one after the other in time, or it can bo a story of a series of related 
happenings, items, or characteristics w^hich have occurred or arc present at a specific 
time. 

Journal Type of Record. If items are j''corded one after the other in a time 
sequence, it is a journal type of record. 

Ledger Type of Record. If items possessing similar characteristics are aU groupe<l 
together to make clear a situation as it exists al a particular time, it is a ledger type 
of record. 

Method or Deriving a Ledger-type HEronn. It is clear that, if a journal type 
of recoid is made, it is easy to extract from it items possessing similar characteristics. 
If this process of extraction is pt'rformed at stated inten'als and a new record is made 
of all the items possessing similar characteristics, a new record wdll be derived or 
made from the original journal type of record. This new record is the ledger type 
and give's a picture of the situation concerning the items involved at a particular 
time. If the two simple pnnciph's summarized below are understood, 

1. liecord the data iii some journal sequence. 

2. Derive lodgcr-typc records by extraction. 

If rcasonabh* common hcuso is used in classifying itfuns, records can and will tell 
a time-flow shuy if they arc of the journal tyiie. 

It records aic of the ledger type, they teU a story of the situation at a particular 
time. 

Exlample: Take the problem of recording a Heries of jobs which ran be called making 
up ‘"job orders.” As tiiur goes on and busmesh is transacted, it becomes necessary to do 
one job after the other. Kaeli job is written up on a job order as the lu'cosbity for the per¬ 
formance ot the Job coine.s to pass. Job orders, thoieioie, differ in age (or time). 

It would lie easy to take a sheet of paper, calling it the job-order journal, and, by 
serially numbering each job, set down in job-order-nuinber bequence a record of all tlio job 
orders issued. Xiiis job-oi dei journal liei'oiues a running record in time of all jobs involved. 

Now, u.Hsumc that these jobs are done by dilferent departments. By going tliiough 
the jo1>-urder-jouriial recoid and extractmg all jobs pertaining to departments A, B, (>, etc., 
setting each one of these exirachons up on a sheet devoted to the specific department, :i 
ledgerized record is obtumeil fiom the original journal. However, in this case this ledgeriz- 
ing or classifying segregates only by departments. 

A further exaiuiimtion of these new xecoids will sliow that each one is a new departmental 
job journal. If, w'ltiim depaitineiit A, it lh des^ired to segregate types of jobs by nia<*hiue, 
the ledgeriziiig or classify mg process can agam Ik* used, and liy the prooess of extraction, a 
new deiivcd recoid wnll be olitaiiicd It is iiitereHtiiig to note that the Ledgerising process 
can and may create new journalized types of locords. 

WrFMMART OP Steps in DBRniNG Ledger-type Hecords. 

1. Record in journal sequence. 

2. (lasaify. 

3. l^lxtract. 

4. Rerecord the now data, using the classifying characteristic on which the extrac¬ 
tion was made. 

5. Repeat stops 2, 3, and 4 if nocossar 3 ^ 

Failure on the part of tho porson constructing records clearly to understand and pt'r- 
forra those fundamental operations is at tho bottom of most record trouble.^ RDOoi^is 
that are not constructed in arcordanee with these principles are usually ineffective 
when interested parties wish to use them. 

The Dynamics of Recording. In addition to the strategy of classifying described 
above, it ia necessary to luidcrstand clearly that records, and the symbols contained 
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thcreoxii must Bland in a definite relationship to the items they represent. Such 
records must indicate aU (or at least the essential) activities roncerning the recorded 
items. In any operation or series of operations, materials that eventually comprise 
components of the product must have a certain Jlow velocity. The principle of indus¬ 
trial flow, of which recorded data arc the symbol, will now be 4*"f^t5ribed. 

1. The Flow of Auihontij. Authority or power to produce results must flow 
tlimugh the necessary retM>gnized ehannels in order that the results may be obtained. 
This is auipliiied uiiclcr Elements of Supervision. 

2. The Flow of Liecision. In the exercise of industrial authority, it becomes neees- 
sary to decide 

1. What to do 

2. Where to do it 

3. How it is to be done 

4. W^heu it is to be done 

5. Who is to do it 

6. In what quantities product is to be made 

The decision involving the aboA^e items will pass from one person to another w’hen 
these persons are involved in the various operations. These decisions are the visible 
and audible exercise of industrial authority. The process of passing these decisions 
is called the "flow of authority.” 

3. I'he Flow of AtateriaL Material, as it is operated on, will flow' in ehannels cor¬ 
responding to those channels defined by the flow of decision. 

4. The Flow of Paper, Assume that, as material flows, a paper symbol flow's along 
a path corresponding to, and in some cases identical with, the path of material flow'. 
This symbol, in the shape of a paper record, can be used to acquaint those who are 
responsible w'ith what is happening to the inatiTial A\ithoui direct exainiiiation of 
the material. The movement of this paper symbol or record is called the "fl(»w of 
paper.” 

5. The Flow of Recorded Data. If the symbol or record dc‘S(trihed alx^ve carries 
the recorded data in auflicient detail and with adequate clarity, it will perform two 
most useful functions—that of assisting in the control of the flow' of material and 
that of controlling the operations performed on this nialerial during the process of flow. 

Coordination of Flow of Ulc'okos—IIow' llEfOROs to Kkef, How 

Detailed Buoulii They Be. P>um the above, a logical conclusion can be draw'ii. 
Uecords and data must flow in synchronism writh the flow of 

1. Authority 

2. Decision 

3. Material 

4. Personnel 

A further eoncliision is that there should be no more records than arc necessary 
to control adequately and cflectively the flow of these items, ruithcrmore, records 
should have no more and no less data than are necevssary for the regulation and control 
uf this same flow of authority, decision, nialerial, and persfiimcl. 

When records are set up on the basis descriiwd above, with due regard lor the 
fundamentals of flow, th(‘y become very eilectivc svipiTAiMuy tools. With them, 
supervisors can achieve the desired ends of supervision, ew., making the ncci^ssary 
product or rendering the necessary service, by eff(‘ctiv(‘ly controllmg the pwple and 
material under their jurisdiction and completely ajid adequately discliarging their 
responsibilities. 

Records that do not flow' correctly, as described above, rapidly lose their 
effectiveness. 

Records Avhich are extreme ir detail, redundant in data, and which stagnate are 
the basis for the creation of excessive ‘ red tape.” 

Cost-control Methods 

Cost A cost is a price jiaid. In a business, <*o«ts are 

1. The prices paid during the proc(s.s of converting >hc component materials to a 
finished product 
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2. The expenses incurred in getting this finished product into hands of consumers 

Types of Costs, There are five types of costs incurred by business in the proecBS 
of manufacturing goods or rcndtTing service: 

1. Capital Cost. Capital <‘ost is the price paid for the use of the capital and 
goods, such as buildings, miichiiK^ry, and equipment. 

2. Labor Cost. Labor cost is the price paid to all people directly or indirectly 
responsible for the nianufactun* of goods or for the reudering of service to those 
directly or indirccjtly responsible for the manufacture of the goods. 

3. Material Cost. Material cost is the price paid for all materials that enter 
into the manufacturing process, whether or not they appear in the final product. 

4. Overhead Cost. Ovcrliead coat is the expenses which, although necessary for 
producing the manufactured goods, cannot be charged directly to the pi-oduct and 
which must, therefore, be alloc ated or distributed. 

5. Sales Cost. Sales cost js the price paid for the distribution of’the product and 
the placing of it in the hands of the consumer. 

Cost Control. (*ost contioi is tlic regulation of the com]M)ricnt operations of a 
business in ordc;r that the jincc^s paid by the business for the various operations or 
services involved in the manufacture of the product and its distribution be kept to 
a minimum, it can be seen that cost control involves 

1. Decision 

2. (luidaiicc and direclioti 

3. Measurement of perform .'nice 

4. Effc‘ctive action 

SupirmsL07i's A uthoriiy nnd ReHjmnsihility with Respect to Cost Cotitrol. Line super¬ 
vision’s authority, in lower echelons, and responsibility w'lth regard to cost control 
are usually limited to aiithunty over ami responsibilil y for 

1. Labor 

2. Material 

3. Operations performed liy lalior on material 

Prime Cost. The costs of labc»r and material, when taken together, sro snmetiiiK^s 
called the ’'prime cost” of uiamifaeture. lA^wer line supervision is curreiitl}’ said to 
be rc8iK)nsible for priiin* cost. 

Cost Records. Amide record'3 of Ihf' various eleiiieiils entering into the cost of 
labor, material, and the opi-iations iierformed by labor on material must be kept in 
order that siipervisJoii exercise adequate control over the manufacturing process. 
Such records, called “cost records,” also have an added use by becoming storehouses 
of performance inform a (ion wlieii new' jobs or operations are in the planning stage. 
Such rocc»rds show the difference in worth betw'eeii various employees and also show 
such things as the amounts of inati^rials used and the amount.s of time used in indi¬ 
vidual or groups of operations. 

C’ost control endeavors to keep waste material and ineffective use of labor at a 
juiniinuin. ()n(‘ specific procedure by which cost- and production-control records 
inininii/(‘ waste is called “quality control.” 

By using quality-coiitnil records, supervkion making pnxluction and cost-control 
decisions and acting on these decisions has at its command powerful now instruments 
for cost reduction. 


Quality-control Methods 


For many years, industrial operations were governed b}' the process of inspection. 
If an o|>eration wn.s performed and, by some lueasurmg means, the material on which 
tlu* operation was performed was measured, the measurement could and would become 
an index of the acceptability of the product and the opi^ratiou. With the increase 
in complexity of manufacturing operations, the process of making sure that the prod¬ 
uct conformed to the nf‘C<'ssary detailed specificatioiiR during each ojieration and met 
the requirenn!nt.s demanded of satisfactory finished proihict hei'aiiie a very expensive 
one when methods that involved the inspection of every part, piece, subassembly, or 
batch were used. 

Ill some industries it was thought iipcessary for such inspection operations to be 
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performed on every part or batch. Because of the staggering cost of such inspection, 
studies were made to detennine the fundamental principles underlying the control of 
industrial operations. 

The important result of such studies was the creation of a new concept of control, 
c.alled quality control/’ and new records used for control, called “quality-control 
charts.” 

Inspection. Inspection is the act of subjecting to careful, quantitative scrutiny 
parts or components of parts, batches of product, or even the fmished product itself. 
In this scrutiny the process of measurement must be used and comparisons with pre¬ 
determined standards made. If the measurement, after being compared with tho 
standard, lies within prescribed limits, the part, component of the part, operation, or 
other item undcT inspection is said to be within the tolerance allowed and passes 
inspection as a satisfactory or acceptable unit. 

By implication, it is seen that inspection might be oonstiued to be an operation 
that would have to be performed on every part or batch going through the operation 
under inspection. 

A further implication lies in tlie assumption that Ihere is nothing Further to be 
done should the inspection be satisfactory and all inspected parts lie within the pre¬ 
scribed tolerance. 

If, under this type of procedure, the inspector finds parts or material that do not 
conform to the standards, tbese items become “n'jects” or “defectives.” However, 
until this situation comes to pass, nothing of a preventive nature is done, usually, to 
avert such industrial waste. It* can be seen that evim 100 per cent inspection will 
not ensure the production of good material or prevent the production of defective 
material. 

Quality Control. Quality control is defined as a philosophy that aims at using 
mathematical, staliatical, and inspection techniques fi) conlrol the characteristics, 
attributes, dimensions, or plivsual or mechanical firoperties of materials within defi¬ 
nite, known limits. This upcnition of control is perfoimed on such a basis that 
preventive techniques can bo u.scd in older to 

1. Le.ssen the cost of inspection to the low(*Bt safe and economical amount 

2. Make the maximum aiiiount of aeceptaljle product of the desired standard 

3. ^lake the mimniuni amount of rejected proiluct by preventing defects which 
cause tho jiroduct characteiihtics to fall outside the tolerance limits 

Ffumdntion on )Vhich Quality-control Practice h' Based. Qualily control is baaed 
on a mathematical and physical foundation. This foundation can be illuslrated l^y 
the following example: 

If a large numl)eF of .similar objects he examined and any characteristic of these objects 
be measured, it will bo found that these lueasuremeul s of the same characteristic will difier 
among themselves by riuoII amounts. 

In other words, it the diameters of 100 small cylinders, which were turned and rut off in 
an automatic screw machine, were measured with rnicromoter calipers and tho meas¬ 
urements tabulated, differences between individual measurements would be found. Some 
meaHureiiients would occur more freciiiently than o+hers. If a "tii'k" sheet of the disper¬ 
sion of thcbo measurements were made, it would ajipear similar to that shown in Fig 2-7. 

Variation. The extent to which these measurement readings differ, scatter, or 
disperse is called the '‘varialion” in thi' measurement. 

Sources of Variation. 1. Some of this varintion may bo due to the inherent 
characteristics of the machiuc itsidf or to varirtion in the cliaracteristics of the 
machine. 

2. Some of the varialion may be due to the activities of operator of the machine. 

3. Some variation may bi- due to defi cMve measurement.^ by the inspector. 

4. Other variation may be due to eauhes outside 1hofli‘ named above. 

The causes of variation under 2, 3, and 4 arc raUeu “assignable causes” and can 
nsually be tracked down. When these eausca are isolated, eorreetion in operation or 
process can be made. By making such corrections, var’ation due i \ assiguable cause 
IS eliminated from th(‘ operation or jirofv>s. 
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Types ef Variation*. Thei'e are two types of variation; 

1. Hrait which ia ttormai end itiherenl tn ike process, maieriet, or maekine and to 
which 910 Qsstfftiebie cause can he given 

8. Hiat which is abtutrmal and not irdierent in the process and fur which an assign¬ 
able cause may be found 


MEASUREMENT 

OF DIAMETER OF NUMBER OF TIMES AAEASUREMENT OCCURS 

CYLINDER WINCHES 


.99899 

.99900- 

.99910- 

.99920- 

.99980- 

.99940- 

.99950- 

.99960- 

.99970- 

.99980- 

.99990- 

1.00000- 

I.OOOIO- 

1.00020- 

1.00030- 

1.00040- 

1.00050- 

1.00060- 

1.00070- 

1.00080- 

1.00090- 

IXiOlOO 


.99909 

.99919 

.99929 

.99939— 

.99949 

.99959 

.99969_ 

.99979 

.99989 

.99999 

1.00009 

1.00019 

1.00029 

1.00039- 

1.00049 

1.00059 

1.00069— 

l.00079->. 

I.00089Y 

1.00099/ 

t r- 


X X 


X X 


X X X XI. 


'1 


n 

3 STANOARQ 
DEV1ATIOHS 


X X X X )C 


a STANDAtIO 
OeVlATiONS 


X X X X X X X 


xxxxxxxxxrx- 


XXXXXXXXXXXXXXi 


XXXXXXXXXXXXX^XJ 


X X X XiX X X X X X.-X 


X X X XVX X X 




X X X X X 


XXX 


M- 


X X 


X X 






ISTANDARP 
PEVlATtDN 

_^ 


TICK SHEET 


BAR GRAPH 


y - - 


'CLASS INTERVALS 



Fia. 2-7. Typical CDimtruciiuu of ''tick” blieel, bar graph, arid froqwury-diBperfiiion curve. 

Illustration of Sources ok Variation and Their Detection. From ^ 
examination of the data that wpic made into a frequeney-disjiersion "tick'' sheet in 
I'Tg. 2-7, it will be seen tJiat all the measurements were within the prescribed toler¬ 
ance. However, if those lueasuremcnts are plotted in the time seqtience in which 
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COLUMN 1 

MEASURED DIAMETER 
IN THOUSANDTHS OP AN 
INCH 


COLUMN Z 
MUMDER OF 
READINGS IN 
EACH interval 


COLUMN 3 COLUMN 4 COLUMN 5 

DEVIATIONS FREQUENCY X FREQUENCYX DEVIATION 
FROM AVERAGE DEVIATION SQUARED 

VALUE COL.2 X C0L.3 C0L.3 X COLS X COL.2 



- .00095 

- .00095 

- ,00085 

- .00085 

- .00075 

- .00150 

- .00065 

- .00130 

- .00055 

- .00165 

- .00045 

- .00160 

- .00035 

- .00175 

- .00025 

- .00155 

- .00015 

- .00165 

- .00005 

- .00070 

+ .00005 

+ .00070 

+ .00015 

4 .00165 

+ .00025 

+ .00155 

+ .00035 

+ .00175 

+ .00045 

+ .00160 

+ .00055 

+ .00165 

+ .00065 

+ .00130 

+ .00075 

+ .00150 

+ .00085 

+ .00085 

4 .00095 

+ .00095 



0|0|0|0|1|3|2|9|0|0 


= .000349 


(T) In COMPUTING THE DEVIATIONS FROAA THE MEAN, ASSU/WE ALL READINGS IN 
THE INTERVAL TO BE AT THE MID POINT OP THE INTERVAL. 

( 2 ) The sum op column 4 equals zero 

® The sum op column b divided by 100 equals the square of the 

STANDARD DEVIATION 

@ The standard deviation - .ig poo^azsoo _ .ooo 349 

d) This means that 66 4 Z op the measurements will lie within a tolerance 
of*-one standard deviation i.e 

01 AM. a 1.000*1 .00033" 

® This also means that 95 46Z of the measurements will lie within a 
TOLERANCE OPiTWO STANDARD DEVIATIONS i.e. 

01 AM.* 1000" t.00070* 

(7) This also means that 99.73 % of the measurements will lie within 

A TOLERANCE OFfTHREE STANDARD DEVIATIONS i B. 

DIAM. = 1.000*± .001* 

I'kj. 2-8. Typical computation of {standard deviation. 
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each one o^urred, a chart reaeinbliiig Fig. would be obtained. It can bo seen 
that there is a definite trend, as each new part is made, for tho measured diameter 
to approach the upper tolerance limit. A probaldc assignable cause for this variation 
would be the dulling of the tool (hc<' Fig. 2*0/)). 

From a preventive point of vi(>w, it would be desirable to jjiakc the change to a 
newly sharpened tool before this trc*nd had reac*hed the point where defective parts 
were made. If this were the only aanignablc cause for this particular operation, it 
would be necessary only to inspect a few' pieces at stated intervals, plotting the results 
and watching the trend. This method of inspection would be far more economical 
and would produce products lying within the specified standards at as high or even 
a higher degree than full piece inspection. Furthermore, the preventive attitude, 
inculcated in operating pcrsoimol by the use of such a chart, would cause them to 
make tool changes before spoilage occurred. 

Average. An average is the “mean*’ or middle point of a scries of data. It has 
the symbol X. If, in the example given above, all the readings of the measurement 
of the diameter be added together and this sum be divided by tho number of readings, 
1.000 in. W’ill bo obtained as the average value. It is imisutant that this average 
value be examined and its reliability eheked by determining its standard deviation 
(see Fig, 2-8). 

Deviation of Individual lieadingtt. If the difTereiu'e between each reading and this 
average value be asi*ertained, lliis difleicuce can be called the deviation of each 
observed vjiluc. It has the symbol (A’ — X). It can be sceji in the example that 
some of these deviations are positive and others arc negative. If the deviations are 
added up, with due regard for signs, the sum would equal zero (see Fig. 2-7). 

Standard Deviation, If, how<*ver, these dc\iiitions are squared, the squares ran 
then be added tog(‘ther. If this sum is divided by the number of readings and the 
square root of this quotient is ('xtracted, the result is a measurement called tho 
“standard deviation.” This slatidaid deviation has tho symbol <r and is called 
sigma. The valu^ of mgrna does not equal zero (see Fig. 2-8). 

What thk Standard Obviation MnANh. The standard deviation of an average 
ti'lla how good the average is (see Fig. 2-8). 

1. An amount of one standard deviation on each side of the average, or mean, 
will include 68.20 per rent of all readings composing the average. 

2. An amount of two standard deviations on each side of the average, or mean, 
will include 95.46 pcjr rent of all rcnuliiigs romposing the average. 

3. An amount of three standard deviatious on each side of an average, or mean, 
will inrliide 99.73 per cent >f all leadings romposing the average. 

Effect of Arbitrarily Tightening Tolerances. (lumg bark to the origuial example 
involving the measurement of the diameter of the 100 small eyiiudcrs, assume that 


mviations no ruscts 



P1ECU IN liqUKHCE IN WHICH YNIY WlH MANUrKTUfllO 

Fio. 2-9A. Quality-control chart—correct tolorauring of oprrntiona. 


somebody derided to attempt to increase the quality of these cylinders by arbitrarily 
tightening the tolerances fnmi plus or minus three standard deviations (see Fig. 2-9A), 
which represent the limits of variation inherent in the operation, to plus or minus 
two standard deviations. 

''I’lir new tolerances, jjositioned at the plus or minus two-sigma limits, arc shown 
in I'ig. 2-9/^. These toh'ranre lines arc now inside the lines of the threc-sigma 
limits, and arhitnu->’ spoilage now' sliows up. 

Figure 2-9C' shows a further arbitrary tightening of tolerances to the plus or minus 
one-sigma limits, with a consequent sharp increase in the number of rejected pieces, 
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It can be eeeii that, with the toloiances Hvi too tight by arbitraiy means, a need- 
less amount of rejection will take place and that no uinouni of inspection will cure 
the vanation which ib inherent m the operation Thib is a wtuation which can be 
corrected only by the impiovement of the machinery oi operations constituting the 
process or by changmg the tolerance hmitb back to moie realistic ones than those 


2 STANMMD KVIATIONS EUESsiVE iPWUMI 


JECT5 WOVE 1M15 lOlLRMICE 


_ RkB 


..JLirc: 


■luaHt&MViJiiwiiiununi 


iMllliiiiiiHiigiygfiii 


RIECEI HI lEOUlNCI IN WHICH THEY WEU MUMUfACTtMlP 




-RCJCaS BELOW TWS TOLERANCE 



zetanoard 

DEVIAllaHt 


1 iQ 2-9B. Quality-contiol chart—excessive spoilage due to tightening tolerances arbi¬ 
trarily. 



IiG 2-9r Quality-control (hart —increase in spoilage by arbitrary increase in tightening 
of tolerances 


which were arbitralily set The records shown m Figs 2-8, 2-9^, 2-9/i, 2-9C, and 
2-9are called 'quahty-contior' charts of the siniidest kind Such muidb enable 
supervision to contiol protob&cb realisticalh The mtelhgciit use of these records 
will prevent the manufacture of defective matcnal without recourse to 100 per cent 
iuspcction. 


ILLUSTRATION OF TREND 

OF BATA SHOWING AIIIGNABLE CAUSE 



chart—a trend of moasuremonts due to probable dSHignablo 

Mistakes Avoidable through Quality Control. Ihi qualitv-conind dia.it'^ and 
quahtv-iontiol philosophv enable supervision to avoid two \cry costh tyiub ot 
inspection mistakos Ihry are 

^ process of looking foi trouble when none exists and when the vanation is 
the normal amount inlirniit in a jiioecss operation of material 
, failure to look foi troubh, when it dors exist, soon enough to pretcnt 

aef^tive mate nal or pinclui t being made oi iaiilty operations lieing pcifoimed 

Q^ty-control Literature and Consultation. While the qualitv-contiol litc ratine 
IS scattered and highly teehnu d some aequuntame with this bttiatiue l>t -upcivi- 
sion IS extremely piofitable The jdiue and consultation of tiigineiiH \cised m 
quality contml or of stitistnal nun coimectfd with a supinisor's crgiiu/ation will 
help to clarify the more techriic*il sections of tins aiibiect tor Imo supervibion (\)n- 
sultation with these men is dcfinnoJy recoimncndcd 
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WORK SIMPLIFICATION* 

BY Marvin E. Mundel, Ph.D. 

Profetaor of Induairial Engineering, Purdue Univenity, hafayeUe, Ind. 

Work giniplifiration or motion study is used to analyze production and work 
methods so as to 

1. Elimintito ujinorossary steps 

2. Arrange the jiecessary steps in the best order 

3. Make each step as easy and economical as possible 

4. Determine the easiest and most economical over-all pattern for the job 

5. Place the method infoiinatiun m such a form as to facilitate its being carried 
into practice. 

The development of a better way of doing the job, the development of a better 
method of production, and the development of an efficient method of doing neA\ ^^o^k 
are almost always the results of the application of a logical procedure coiibistiiig of 
the following steps: 

1. Analysis of the details of the known method or methods of performing the work 

2. Application of known general and specific principles of impro\einent 

3. Formulation and detailing of the resulting suggestial method iif piTfoiining 
the work 

4. Preliminary analysis of the suggested method of doing the work 

5 Testing of the improved melhod by application and jiossilde time mr^asuiement 

f) Final application of the standard method 

The main body of knowledge m work simplification consists of 

] Procedures for analyzing jobs into units possessing known characteristics 

2. (''heck lists of desirable anti undesirable f(‘atun‘s applicable to thest' analyses 

3 Proccduies for describing the new method prior to peifoiiiianee 

4 Procedures for checking, prior to performance, the desirability of the new 
method 

5 Procedures for setting down job methods m such a manner as to aid in train¬ 
ing operators to follow the desired job method 


Table 2-1* Possible Classes of Change through Motion Study 


riBBB of 
change 

Hand and bod^ 
motioDB 

IooIb, workpUre, 
and equipment 

PiaKPS'j 

Product 

Haw niateiial 

1 

New 

Minor rhangcB 

bame 

dame 

Same 

2 

New 

Now fradiral) 

f^ani' 

hame 

Same 

3 

New 

New 

Npw 

Same 

Same 

4 

New 

New 

New 

Modihefl 

Samr 

5 

New 

New 

Npw 

Modified 

New 


Notf. The word modi&cd " in the prudurl rolumn to ernphiiHize that this in only a modifira- 

tton rather than a difFeient piodiict fni a different puipose lNo iu bii\ lotv the ilem farthest to the 
right undeiRumg liuini^e miliratps whore the rhangt must iiMid.li\ bcMiutialed 


The particular procedure used for analysis is a function of how far the analyst 
thinks desirable, or feels able, to cany tht improveiiienl Altogether, five classed of 
possible changes (»Kist as shown in Table 2-1 Note that, as the complexity of change 
increases, more and mure items are changed The higher the class of change, in 

• Thie section is abnlraLted finm M E Muiidel, "SvHteruitif Motion and Tune Study,” Fientice- 
Hall, Inc., New York, 1047 All nfrlitti are j eserved by Pientii e-IIall Ine 
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moat cases, the longer it talces to achieve, the more authority required, and the more 
people affected. 

The class of change finally sought is the main factor that dotermlues ^hlch group 
of analysis procedures the procedure used will be chosen from. 

The class of change sought is a function of 

1. How much volume is there, or expected, and how often does the job occur? 

2. How long will the job exist? 

3. How much time per unit is spent on the job? 

4. How much time is avadalde for working up the change? 

5. How much equipment is already invested in the job? 

G. How much analysis time will be required? 

7. How much loss of production would o^cur during a change? 

8. IIow much retraining would bo required? 

9. What is the possible saving by means of the improvement? 

10. What is the position of the analyst lu the organization? 

11. What 18 the nature of the organization and the pcrsoiiahtieH involved? 

12. Is the product production or consumer goods? the chuiigc affect market- 

iiig? 

The importance of each factor uill vary from case to case. Their particular order 
as given here does not indicate their neecssary relative importance. The analyst 
must weigh and evaluate tliein for each situation. 

For class 1 and class 2 changes the followmg work-simplification techniques 
emphasizing man analybis arc used: 

1. Process chart—^inan analysis 

2. Operation charts 

3. M*aii and machine charts 

4. Multiman charts 

5. Multiman and machine charts 

G. Micromotion study 

7. Stop-watch time study (This last is mainly used as a means of determining 
expected performance, although it may be used as an aid to methods improvement.) 

For eiasB 3, 1, and 5 changers a vvork-bimjilihcatioii technique emphasizing product 
analysis is used. The one commonly used is 

8 . Process cliJiri—product analysis 

DEFINITIONS 

Process Charts—Product Analysis. Process charts—product analysis—are a 
graphic means of portraying the scpainble hteps of the procedure involved in perform¬ 
ing the necessary work required to modify a product from one stage of completion 
lo another. 

Process Charts—Man Analysis. Process charts—man analysis—are a graphic 
means of portraying the step-by-step procedure a person goes through in doing a job 
and ari‘ particularly useful v, hen the job involve.s moving from place to place. 

Operation Charts. Operation chaits aic a graphic means of portraying the work 
a jiorson docs when perfoiming a job that takes place essentially at one location. I'he 
operation chart usually mvolvos a breakdown into steps of the work performed by 
each of the body members ciigageil in the task. This usually means the right and left 
hands. Where the feet or eyes arc important factors, they may also bf‘ charted 

Mon and Machine Charts. Man and machine charts are a graphic means of 
portraying the work a person does when worluiig with a machine or machines when 
the work of the machine or machiiicH is a controlling factor. 

Multiman Charts. Multiman charts are a graphic means of portraying the work 
of a crew, with or without machines, when the work involves coordinate work of the 
crew and not work in sequence. 

Micromotion Study. Micromotion study is a technique that in\o1yes the use of a 
motion-picture camera and a timing device for the analysis of man activity. Any 
of the above man-analysis techniquins may be used for a graphit> presentation of the 
data, or a aimo uhatt may be used with time as a factor and the motions broken down 
into therbligs. 
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How the man^aiiBlysis technique 18 Heleried is indicated in Table 2-2. 
Table 2-2. Selecting the Analysia Technique for Man Analysis 


Job oharact eristics 

Terhiuque 

recommended 

Equipment required 

Notes 

Person nioveafiom place to 
place while accomplish¬ 
ing job 

Process chart—man 
analysis 

Paper and pencil. Watch 
IS soaietimes used but not j 
necessary 

Rapid analysis 

Pei son does job at one 
place 

Operation ehait 

Paper and peneil. Watch 
lb HomeLiines used but not 
necessary. 

Rapid analysis 

Man operati’e one or more 
machines. Machine 
time is an impoitant 
factor 

Man and machine 
chart 

Papci, pencil, and watch 
aie desiiable 

Rapid analysis 

Several men woik conidi- 
nately as a crew without 
or with machine or ma¬ 
chines 

Multiman chait and 
muliiman and ma- 
c hi lie chart 

Pa pm, pencil, and aalch 
aie desirable 

Rapid analysis 

Any job of any type of 
sufficient volume and 
duration tn afford ana¬ 
lyst's time, h'irel choice 
on lonfC-run short-cycle 
operations or wheie de¬ 
tailed training material 
is required. Is not suit¬ 
able foi one-time, bhoit- 
lived jol)S 

Micromotion study 

MininR-jiirlure camera, 
filminu iMpiipmcni, timing 
ik\i<r, and piojection 
equipment 

Analysis takes sriine 
time but is less costly 
fm detailed ann]\HiB 
and where much 
methods work is 
done 


CONVENTIONS 


Tables 2-3 through 2-7 give the conventions used on th(‘ \ arious tyjK^s of (‘liarts. 
Table 2-3. Symbols for Process Charts—Product Analysis 


o 


•piaiioii 


_Usoii to rpprpae nl__ 

A tnuihfii atinn of a nrmlurt which takcft jilare PsHcntially al one 
location 


o 


Movement 


\ rhnnfFe in Incatmn nl a tnodiirt from one itlare In anothei, not 
I'haiifOUK the pioilurt’a chaiacteiihiifa 



C'onti ollml r 1 Of a Re 


^tlnaKe of a proilurt unclei rontiolb auch that a lequiaition or 
rcccnptiiiR IS nueileil In withdraw il 



Tcmpoiarj' storage 


The RtoiaRe of a pifMluet under enmlitinna Mieh thiii it wny h« 
ruovtM] oi wilhiirawn fiom Htoiaeo without a refinisitioji, i.f., 
mateiial bankod on *>kids at a inaclunc 



Qnanlits inspectinn 


Tho verification of the quantity of a product agaiuBt a atandaid 



Quality insfiection 


'I'he verifieation of tin. quality of a produei aRuinst o ataiiflard 
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Table 2-4. Symbols lor Process Chart—Man Analysis 


H\ mboi 

Nnimt 

• Ift rppri-fcfpnt 

o 

Otieration 

The doing uf HDinelhing at one plaee 

o 

Movpmpnt 

C’hanre in Iim alimi mot mg from one place to another 

V 

Dilay 

Idleness oi time sjient eirhi i wailing or moving If the 
movemf n( was nut pari of ilii joh rould have been 8f>ent in 
waiting 

□ 

QunntiU dpterminalinn 

A ftpiiial form of opeialion in\ol\ ing iKp person di teinuuing 
the iiuantiit of an iltm piostni 

o 

InHiMH tuin 

A siietial foim of opeiation inMiUmg the person ininpaiing 
an atlnhule of a prixiiu 1 wilh a slandard 


Table 2-6. Symbols Used on Operation Charts 


R\ mbol 

Name 

In Moe*) bieakdoAn 
timd to repiiveni 

111 fine brtaKdonn 
used to ir present 

o 

hiihojictuliim 

BodA luenilMr doing anniLthing m 
om pl.u e su( h a', pi ii ing ufun in 
hlmg tuiRing, bending eU 

Body member iloini' sc metJung at 
one plaie, such as taking hold, 
lining up, asscmilling etc 

o 

Move nil ut 

Cl el (learh fui takt hold of, and 
mo\ I lu 1 haugt loi alum ixi epl if 
h\tr—reach for and take hold 
(jiiU) OI OiHidt IhHim as get hut loi 
(lie piirpoHi of disposing of an 
object) 

\ mnxeinent of a bodt membei 
toi^vaid an object or c hinging the 
Ini alioii of in obji c t 

w 

Hold 

Bod> numbei nmintains an objic 1 
in a Sxed pohition 

SuTiie au m gioae breakdown 

V 

Delay 

B01I3 Tiieniber is idle 

Same as in gjoss breakdown 
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Table 2'^. Symbria TTaed with Haa and Machine Time Charts and Hultimon Charts 


Symbol 



Name 

With man activilips in unod to 
repi enent 

With machine activitica in uaod to 

icjitehipnl 

SuboperatioD 

Body member or operatoi clinnK 
Bometliing at one plare 

Machine aoiking 

Movement 

Body menihor oi opeiator moMiii; 
tu^aid 01 iftith an object 

Not lined 

Hold 

Body membpi maintaining iin 
object in a fixed poBition 

Not used 

Delay 

Body member or opeiator ia idle 

Machine idle (down) 


PROCEDURES 

The step-by-step proceilures for making the throe siiiiplest and most eoninionly 
used types of analyses follow; 

Process Charts—Product Analysis 

1 . A form or a blank shet*t of pap(‘r may 1)0 iisi d. 

2. The analyst should aptually observe the production process if possible. If the 
product is not in process or if dir(»cl observation is ineonveiiieiit, a s(‘ale floor jdan 
should be used. Actual observation is iLSually doMirable iiuiKmueh as deviations 
between what is supposed to be the process and ^^hat actually is tlie process are nut 
uncommon. 

3. Pick a convenient starting place for the analysis. 

4 . Classify the first stop into the jiroper eategory by means of Table 2-3. 

5. On the first line of the chart place the proper symbol and desi'ription. If tlie 
step is a movement, pace off the distance or measurr^ it by some means. If the time 
for the step is desired, time the step with an ordiuaiy watch or stop watch or consult 
the file of standard times if thej’ are available. 

6 . On the second line place the proper symbol for tlie soeond step, etc. 

7. Every time the product moves from one w^orkplace to another, waits, is 
inspected or worked on, a separate entry should be made. However, movemrnls on 
a w’'orkplace in the course of which the product is worked on should not usually be 
separately noted. 

Process Charts—Man Analysis 

1. A form or a blank sheet of paper may b(‘ used. 

2 . The chart may begin at any point in a (yelc* of w’ork, considering a cycle as 
the complete set of moveiiienls nc'cessary to bring a unit of the prcxluct to the degree 
of completion typical of the process. However, it is u.suaUy most converiiuit to 
begin with the first movement of the operation connected with a particular unit of 
the product and end on the last movement before the next similar unit is w'orked on. 

3 . The first work step should be carefully elassified according to the entegories of 
Table 2-4 and the symbol, explanation, and, if tlie step is u movement, the distance 
entered on the first line of the chart. The distance in^y oe paced, estimated, measured 
on the actual factory floor, or sealed from a drawing. The explanation should be as 
brief as possible. 
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Table 2-7. Therblig Befinitioiie and Symbols 


IherbliK 

6>m 1 
bol 

Color 

Lagle 

Tiencil 

Definition 

belert 

SI 

Light groy 

714L, 

Beems when hand or body member touefaea aavaral 




objerts Consists in locating an individual object 
ft om a gi oiif 1 h nds a hen the hand or body mem- 
bor has located mdividual object 



Search 

bll 

Rlack 

747 

Begins when hand or body member gropes or hunts 





for jjart C onsjste in attempting to find an object 
Ends when hand or body mombn has found loca- 





tion of object 

Grasp 

G 

Lake ud 

74j 

Begins when hand or body member touches an 





ubjec t (.'‘onsi'itN m gaining control of an object 
Ends whf** coiilrol is gained 

J ranspnft 

1J 

01l^ c Mcen 

7i‘H2 

ilegins when hand nr body member begins to moire 





wilhout load C omusls m iea< bing for something 
Lnris when hand or body member touches part or 





stops moving 

Fraiispoit loaded 

IL 

(jhihs „u< n 

” s 

Bigins a hen hind or borl\ member begins to move 
with an objM t C onsi>its in hand or body member 
changing loiation of an object Ends when hand 





or 1 odv inr mlnr i aiiimg nbjeit arrives at general 
destination or moi einent ce isi s 

Position 

1* 

B1u< 

711 

Bigins when nand or holy member causes part to 





begin to lim up or locale Consists in hand or body 
nil inbcr causing pari to line up orient or change 
positi m 1 nds when bDd> member lias part 





Imtd up 

Pie-pOHilion 

i*r 

bk^ blue 

710*2 

Same an position except used when hne up is pre 





1 lous to use of pax t ox tool m another place 

AB«»cmblt 

V 

ITeav > \i ill L 

712 

Begins wlun the hand or bod\ member causes parts 
to begin to go togethc r Consists in ai tual aasem 
bly of paits I nds when hand or body member 
has caused parrs to g j togi ther 

Dis tsseml 1* 

n\ 

1 ii,lit 11 ill t 

712 

Bi 11118 when hand or bodjr member rausea parts 
til it wcu ml nisi to begin to separate Consists 
in tikmg olJilts apart Ends when hands or 
body mciulir bus Ciiunid complete separation 

1 se 

1 

Pui |)1< 

-12*2 

B( gins V hen hand or bod^ nicml er actually hegms 
to nidniiiulHti t >oT or cnntiol Consists in applv 
ing tool Ol iiianipuUting rontiol Ends whin 
band oi boiiv uicmber leases inanii>ulating tool or 
( ml ml 

Kfltani load ' 

’ HI 

(. ai luiiK 1 ( i 

711 

Begins when ban 1 oi bo Iv member Vegins to nlax 





icmtiol of uljEct C insists in letting go of an 
ol jict ] mis wilt 11 baud oi bodt zn< mber has lost 
Lontnctwith dject 

Inspcf t 

I 

Bui III Ollier 

711> 

Begins whin hand or bod\ meiubei begins to feel or 





view an ol jpit C ons sts m deteimining a qiiahtv 
of an oljiit } nds whtn hind Ji body member 
has felt or sttn in ol iiit 

Hold 

11 

Gold orhti 

7 O' 

Begins when inoicimnt of part or objeit which 





hand ot 1 oih mcinbii has under control ceases 





( onsists Ml hiblmg an objeit m a fixed pomtion 
an 1 loiHtion 1 ii Is with Bn> mo\enient 

laa\oida11f ilr 

1 r> 

1 How oihti 

7'>(i 

Uigms when hind oi boilj 1x111111 ir is idio Con¬ 

lay 




sists in a delii3 foi other body member or machine 
when delay is puit of mithod Ends when the 
hand OI bqd\ member begins an\ work 

A^oidablt diiuA 

Al) 

1 t mim yclloa 

715 

Begins when hind or bodi member deviatos from 
standard mt thod Consists in some movement or 
idleness not part of mithod 1 nds when hand or 
bod\ membei iiturns to standard routine 

Plan 

PNf 

Bro^n 

740 

Begins when hand or 1 ody mimhcis aie idle or 





making landoin moMments while worker decides 
on louisf of action Consists in determimng a 
course of action hnds when course of action is 
di ter mined 

Rest fur o\cr 

R 

Qrangf} 

737 

Begins when hand or bod> member u idle Con 

t online falnnic 




bists in idleness necessary to overcome fatigue from 
pieviouH work which is pait of cycle Ends when 
hand or body mi mber is able to work again 
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4. If tho time for the step is desired, tiiuo it with au ordinary wattdi or stop watch. 

5 . The Bubsequout strips should be entenMi on subsequent linos, placing the infor¬ 
mation in such a way that the symbols, explanations, etc., form separate columns 
for easy reading. 

6. (/are should be exorcised to make one entry for every separable phase of the 
work, hlach time the worker moves from one place to another, aji entry should be 
made. Kach time the worker works at a workplace, an entry should be made. In 
some cases, two distinctly separate activities may follow each other at a workplace 
without an mtervening movement, and two operation symbols, one after the other, 
may be convenient. 

7. The steps should represent the activities of the worker, what he does to the 
product, and where he goes rather than what happens to the piuduct. 

Right- and Left-hand Operation Charts 

1. They are best prepared by actual observation of a worker, although they may 
be prepared from a proposal for a method. 

2. A form or a blank sheet of paper may be used. 

3. Although the chart may begin at any point in the work cycle, it is usually 
most couvenient to begin with the hand that makes the first movenieiit in the cycle. 

4. The first and last cycles of a work spell may be dififerent from the other cycles. 
It is usually moat desirable to chart the most typical cycle. 

5. The first step of the hand that begins the cycle should be classified into the 
proper category according to Table 2-5 and an entry made on the first line of the 
chart. The symbols are usually drawn freehand. 

6. All the steps of this hand should then be properly classified and plotted in 
order. It may bo necessary to observe a considerable numb(*r of cycles in order to 
accomplish Uiis and to check the completeness. 

7. The other hand should then be plotted, care being taken to place each step 
lor this hand opposite the step of thci other hand during which it occurs. 

8. Since step 7 often involves the squeezing in of lin(‘s and iti'ms to coordinate 
the chart properly, it is frequently necessary to redraw it so as to make it easily 
legible. Ilowever, since the chart is mainly an aid to the uiiderstatiding of the 
method, excess draftsmanship is purely a waste of time and .should he avoided. 

CHECK LISTS 

The check lists for applii^ation to the three simplest and most coininonlv u.sed 
analysis b'chniques follow: 

Check List for Process Charts—Product Analysis 

1. Who could most conveniently do the job? 

2. What does the job really accomplish? 

3. Why is it done? 

4. Where is it done? 

5. Where could it be done? 

6. Can the job be eliminated? 

a. As uniicct‘ssary 

h. By changing the order of work 

c. By slightly changing the product 

d. By changing the raw-material speeifications 

7. Should the job be combined with another? 

a. By new t^ila or workplace 

5. By new equipment 

c. By a new order of work 

d. By slightly changing the product 

s. By changing raw-material Bpecifications 
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Check List for J^ocesB Charts—M ia Analysis 

1. Can any operation be eliminaied? 

a. As unnecessary 

b. By changing the order of work 

c. By new or different equipment 

d. By changes in the layout 

2. Can any movement be eliminated? 

a. By leaving out operations 

b. By shifting some operations to another job into which they fit more 
conveniently 

c. By changing the layout 

d. By changing equipment 

e. By changing the order of work 

f. By conveyors (Make sure they are economical.) 

3. Can delays be eliminated? 

a. By changing the order of work 

b. By changing the layout 

c. By new or different equipment 

4. Can countings or inspections be eliminaU*d? 

a. Are they really necessary; what hapjM'ns after they an* doiu* and the iiihtr- 
mation obtained 7 

b. JDo they provide unnecessary duplication? 

c. Can they be performed more convenientlv by another person? 

d. Are they done at the best point in the sequence? 

5. Can operations be combined? 

a. By changing the order of work 

b. With new or different equipment 

c. By changing the layout 

(i. Can movements be combined? 

a. By changing the order of work 

b. By changing the layout 

c. By changing the quantity handled at one time 

7. C'ari delays be combined? 

а. By changing tlie order of w^ork 

б. By changing the layout 

c. If they provide rest, can they be grouped better? 

8. Can countings or inspeetions be combined? 

a. By changing the order of work 

b. By changing the layout 

9. C/an any stop be made safer? 

a. By changing the order of work 

b. By new or different equipment 

c. By changing the layout 

It may also be possible to make various steps easier. However, several other 
types of analyses are of greater help here, lienee, questioiiH concerning easier ways 
of performing single steps do not appear in this cheek list. 

Check List for Operation Chart 

1. Can a suboperation be eliminated? 

a. As unnecessary 

b. By a change in the order of work 

c. By a change of UhiIs or equipment 

d. By a change of layout of the workplace 

e. By eoinbining biols 

/. By a slight change of miiU*rial 

g. By a slight change in product 

A Bv a qnick-ncting clamp on jig if jigs are Uhcd 
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2. Can a movement be eliminated? 

a. Ab unnecessary 

b. By change m the order of work 

c. By combining tools 

d. By a change of tools or equipment 

e. By a drop disposal of finished material 

3. Can a hold be eliminated (holding is extremely fatiguing)? 

a. As unnecessary 

h. By a simple holding device or fixture 

4. C-an a delay be eliminated or shortened? 

a. As unnecessary 

b. By a change in the work each body member docs 

c. By balancing the work between the body membc'rs 

d. By working sunultancously on two items 

e. By alternating the w'^ork, each hand domg the same job but out of phase 

5. Can a subopcration be made easier? 

a. By better tools 

b. By changing leverages 

c. By changing positions of controls or tools 

d. By better material containers 

e. By using inertia where jiossible 
/. By lessemng visual requirements 
g. By better workplace heights 

6. Can a movement be made easier? 

a. By a change of layout, shortening distances 

b. By changing direction of movements 

c. By using different muscles 

XTse the first muscle group in this list that is strong enough for the task 
Finger 
Wrist 
Forearm 
Upper arm 
Trunk 

d. jNTaking movements continuous rather than jerky 

7. Can a hold be made easier? 

a. By shorUmmg its duration 

b. By using stronger muscle gnuips such as those of the foot in operating vises 

STOP-WATCH TIME STUDY 

Definition. A stop-watch time studj is used to find the amemnt of time necessary 
to accomplish a unit of work, u&mg a given method, under given conditions of work, 
by a worker possessing a specified amount of skill on the job and a spc'cified aptitude 
for the job, when working at a pace that will produce, within a unit of time, a speci¬ 
fied physical effect upon him. 

UseB 

1. As a basis for setting schedules 

2. To determine supervisory objectives 

3. To deterniim* operating effectiveness 

4. To set h'bor standards 

5. To (leiermiiir* the number of machines a person may run 

6. To balance the work of crews w orking < oordiiiately or in a production line 

7. To compare methods 

8. As a basis for computing standard costs 

9. To defermine equipment and labor requirements 

10. To deterniine synthetic times 

11. To provide a basis for the setting of piece prices or incentive wages 
Components, The activities required for taking stop-watch time studies may be 

grouped under five heads: 
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1. Determination of objective 

2. Reeordiug of method 

3. Timmg of an individual 

4. Rating and adjusting 

5. Allowances 

Objective. The first step in the setting of time standards requires the substitution 
of some definite adjective for each use of the word Hpevijied in tlie generic definition 
previously given, such as: 

A stop-wat(‘h time study is usc<l to find the amount of time that will be necessary 
to accomplish a unit of work, using a given method, uiid(‘r given conditioiiH, by a 
worker possessing sufficient skill to do the job properly, as physically lit for the job, 
after adjustment to it, as the average person who can be expected to be put on the job 
and working at the maximum puce that cun be maintained day after day without 
harmful physical effects, to which 30 per cent has been added- (An infinite number 
of variations on this definition are possible.) 

Definitions of Terms in Objective. The time obtained from a stop-watch time 
study will be called the standard time. 

Skill is the ability to do a job in the proper manner; the iibihty to repeat u definite 
muscular pattern. The higher the skill, the faster llie pcissilile pare l>efore the muscu¬ 
lar coordinations fail. 

Aptitude is the physical fitness for the job. 

Physical effect is the muscular and mental deterioration as a result of work. 

Method Record. Tliere is conwderable agreement in the field concerning the 
requirements of the method record. It must be complete. Any of the work bintplifi- 
eation techniques may be used to describe the met hod r>r it may be described in 
paragraph style. 

The essential criteria of any m<‘thod description are 

1, Is it sufficient so the job could be reproduec‘d from it? 

2. Is everything the worker has to do ren'orded? 

The method record should also include 

1. Products and material specifications 

2. Workplace layout 

3. Surrounding environmental conditions 

4. Tools 

5. Equipm« nt 

6. Feeds and speeds of machines, welding currents, etc 

7. Services in the way of inachiiie and tool iiiuintrnafice, delivery and materials 
handling rendered to or r(*qiured of the- worker 

8. The name and clock luiinber of the operator observed 

9. The date and time the time study is made 

10. The departrnemt m which the job exists 

11. Any other pertinent informalioii 

The method record should be broken down into elements which are as small as 
possible and yet large enough to time adequately The elements should be chosen 
in accordance with the following requirements* 

1. Well defined as the first motion of the element, wdiat it involves and where it 
ends 

2. As small as is convenient to time 

3. As homogeneous as possible 

4. Hand time should be separated from maehine time 

6. Constant elements should b(' separated from vjiriable elements 

6. Regular and irregular elements should be separatiMl 

Timing, Times for stop-watch time studies njay be obtained with any one of 
three devices: 

1. Stop watch 

2. Marstochron 

3. Motion picture camera 
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Stop Watch. Stop watchofl may be used in one of three iiays: 

1. Continuous 

2. Repetitive or snnpbaek 

3. Aoeuiuulativc 

CmtinuouA. In the roniiimouB method of using a stop watch the watch is started 
at the beginning of the first element of the first cycle being timed, and allowed to run 
continuously throughout the study. The times for each element are obtained later 
by successive subtractions. 

RepetitUfe. In the repetitive method the watch is simultaneously read and snapped 
back to zero at the completion of each element. 

Acmmulatiw. In the aecumulative timing two stop watches are used and the 
time is alternately aeeumulated on the two watches. When one is started the other 
is stopped and before starting again it may be snapped back to zero or merely restarted 
from the stopped position. 

Note: In many places in the literature a method called cyd^iming is desmbed. This 
method consists of timing the elements in groups of one less than the number in the cycle. 
It is followed b}' a mathematical procedure for the determination of the individual element 
times. This method does not produce the correct element timois and it should not be used. 
It involves the assumption that the average value for each element computed on the basis 
of a small sample of cycles will be the same as the average value lor each element, computed 
on the basis of a sample (x - 1) times the size of the original sample, with x equal to the 
number of elementb in the cycle. A huge number of recoi dings would be necessary for 
this to be a reliable assumption. 

Marstorhran. The Marstochron is an instrument which drnw^ a narrow tape of 
paper at uniform speed under a set of finger-actuated pencils. By depressing these 
pencils at intervals corresponding to the terminal points of elements, the time for each 
recording may later be found by measuniig the length of paper between suecesaive 
pencil marks. This method may be highly accurate. 

Motion-picture Camna. Recent practice in taking stop-w^ateh time study has 
involved the use of a constant speed, one frame per second, motion-picture camera. 
This permits simultaneous recording of the melhod and time to a degree of prociseiiess 
not obtainable by other methods The reliability of the record is also enhanced. 

Recent thinking in the time-study field suggests that some of the statistical quality- 
control techniques should be applied to time btudies to ensure that the average values 
which are used a.s representative of each clement are reliable averages. Reference 
should be made to standard works on statistics. 

Whatever the timing device uRi‘d, most present-day practice involves the deter¬ 
mination of an average or mean value for each element. 

Rating and Adjustments. To the preceding values, obtained by any one of the 
means given, sftme correction factor must be applied to relate the value observed to 
that called for hy the definition or objective. Such an adjustment factor is called a 
rating. 

Rating procedures may be divided into one of three groups: 

1. Mathematical 

2. IHiUy subiective 

3. Semisubjective 

Mathematical. No accurate, reliable mathematical means of performing the rating 
procedure is at present knowm. 

Fully Subjective. Fully subjeetive techniques usually involve comparison 1 y the 
time-study man of the pace of performance he observes to his eonei‘pt of proper pace of 
performance for the job, and as such, is subject ro the typical errors of unanehored 
human judgment. Commonly described procedures may involve a rating ol skill, 
effort, conditions, and consistency; skill and effort; nr effort alone. 

Semisubjective. Semisubjeetive methods may involve comparison of observed 
rates of activity or pace of performance to recorded paces portrayed on endhtw loops 
of motion-picture film. Some such systems rate all jobs to s single pace and correct 
later for the nature of the job. Present indications are that such procedures offer 
more reliable bases for performing this step. 
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Allowance^. Allowances added to a time study are usually percentages of time, 
or increments of time per hour, added to the base time for the job so as to give the 
worker personal time, time for tool or material handling, etc. Allowances may be 
accurately determined by means of ratio delay studies whirh are hosed on a sampling 
procedure or by recording sufficient values continuously to provide an accurate esti¬ 
mate of the time required by the activity for which the allowance is made. 
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BY Cariioll J. Brown 

Asaistanl ProfeBSor of Business Management^ Massachusetts Institute of Technology^ 
Cambndgej Massachusetts 

OBJECTIVES 

The human donkey requires either a carrot in front or a stick behind to goad it into 
activity. It is fashionable at the niuineiit to argue that the carrot is the more important 
of the two: "incentive" iu the watchwoid, and all clahses of the community are busy 
arguing that it only they arc given a little bit more in the way of inccntivp (at the expense 
of the rest of the community} they will respond with more activity. From miners to com¬ 
pany promoters, the basic argument is the same. And no doubt, within liinits, it is quite 
correct: a bigger carrot would make the donkey move a hit faster.** 

It is evident that the emphasis has shifted during the past bO years from punish¬ 
ment for disobedience, defective w'ork, and loafing to reward for skill, effort, ingenuity, 
aud competence. It is also evident that the method of reward— viz,^ the wage^incen- 
tive plan—has frequently been ill-conceived, unfair, inaccurate, and misused. 

... the use of carrots as bait fur the donkey has neither umveisidl> nor permaiiciilly 
solved all of the knotty problems in the relationship lietveen the driver and the cart's prune 
mover, although the device may have served useful on man> occasions. Likewise, wage 
incentives have lieen used with hucccss under proper circuinstancea, but they have not 
proved to be a panacea for industrial ills.’ 

The theoretically simple principle of pormitting maximum use of skill and effort 
and rewarding accordingly has had many pitlalls in actual practice. The decade 
preceding the Second Woilcl War saw consitlcniblc advarir'cnuuit in correcting the 
evils, Top management took iiicreaHiiig intcri\st in wage-incentive plans, mid organ¬ 
ized labor demanded sound and fair incentive iihtiirt. Today, the value of the wagu- 
incentive plan which achieves higher latc of output with lower unit cost and higher 
cmpIo5’'ee earnings is no longer questioned. The problems aie those of determining 
the goal of industry in the matter of wage-incentive coverage and t'stablishmg the 
type of w’age-incentivc plan, if any, best suited for eacli si't of eonditions. 

The application of wage-iiiceiitive plans should be restrietcul to those operations 
W'hore botiv management and labor mutually benefit from the application of the incen¬ 
tive plan. The sound incentive system sliould not be instalh^d to quench a fire 
kindled by labor dispute. It should be used only after methods have been highly 
developed aud standardized, It should be used only after consideration is given to 
the wage rate and incentive relationship of the workers covered by the pinposed 
installation to other workers in the department or workers iierformiug similar work 
elsewhere in the company or area. It should be used only after conshleratioi is 
given to the feasibility of placing the w’^orkers covered by the proposed installation 
on incentive. It should be used only after joint disi ubsioii w ith labor representatives 
and the cmjdoyees affected of the need for and the type of incciitivi* installalion. It 
should be used only after the incentive standards have been aceurately devr-loped, 
the degree of ai-euracy d(‘peiuling largely upon their use. It sliould be used only 
W'hen the development and apjilicatinii of the whole incentive plan is Hunph and 
understood by the employees affi'cdod. Ko incenthe plan is far better than one 
poorly eoueeived and poorly maintained. 

In the past, many tjpes of wage-irirrntive plans have been developed to meet 

* Superior uumbeia refer to spocifiu refer eiu err hsiod a I lire enil of thia Hubyeetiou. 
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varying conditions. An analysis of the major classifications of wage-incentive plans 
will indicate guiding principles to be used for their development and installation. 

DEFINITION OF TERMS 

Definitions of terms, particularly wage-rate terms, vary considerably from indus¬ 
try to industry and from company to company; therefore, no attempt has been made 
to be all-inclusivc. 

Actual Hour. An actual hour is a unit of time taken to perform a given amount of 
work. 

Standard Hour. A standard hour is a unit of time allowed to perform a given 
amount of work at a rate of output that a worker or group of workers qualified for, 
and skilled in, th(' particular work may bt expected to attain for reasonable wage- 
inr-entive pay, given good supervision and supplied with an unlimited amount of work, 
and to maintain over long jieriods of time without physical or mental impairment. 

Operating Performance, or Productive Efficiency. Operating performance is the 
ratio of standard hours to actual hours. It is gcniTally expressed iu per cent. 

One Hundred Per Cent, or Expected Operating Performance. One hundred per 
cent operating perfonuaDce is that level of operating performance attained when 
standard hours equal actuiU hours (or actual production equals standard production). 

Occupational or Evaluated Rate. The occupational rate is the prevailing hourly 
rate for fulfillment of minimum requirements of a job. It is frequently determined 
by jol) evaluation and an appropriate rate curve, i^ith due consideration given to 
rates jiaid for similar occupations in other departments and the community and to rates 
paid in the past, it is the rate that would be paid for the job without wage incen¬ 
tive. In many industri(‘H, the base rate is synonymous with the occupational rate. 

Guaranteed Rate. The guaranteed rate is the minimum rate paid for a job and 
is generally the occupational rate. 

Pay Performance. Pay performance is the ratio of actual hourly earnings to the 
occupatioTuil rate. It is generally expressed in per eeiit. 

Expected Pay Performance, or Expected Earnings. l<]xperted pay performance is 
that level of pay performance attained vhen operating at 100 per cent operating 
pcrforinaiice. Jt is a level of earnings at a specified percentage amount above the 
ucciijiational rati*. 

Earning C»J*ve. The earning curve graphically represents the relationship 
between jiay performance and operating performance. 

EARNING CURVES 

Purpose of Earning Curves. I'he relationship between reward and effort, or 
amount of wages i‘arned and productiim, is of primary importance, and for any wage- 
incentive plan this relationship ctiu be repri'si'nted graphically or expressed in fiirinula 
or tabular form. I'ormula or tabular form is used in actual W’^age calculations for 
convenience and accuracy; the grajihie form, however, is more satisfactory for devel¬ 
opment and comparison purposes. In graphic presentation, pay performance (actual 
lioiirly earnings in per cent of occupational rale) is sealed on the vertical axis, and 
operating performance (actual production in per cent of standard production) is 
fic'aled on the horizontal axis. The percentages permit the use of one curve to repre¬ 
sent the relationship for jobs of varying occupational wage rates and production 
units; whereas the use of actual occupational w^age rates and production units would 
require a family of curves. 

In the following classification and analysis of wage-incentive plans by earning 
curves, the strong and w’cak incentive features of each type are indicated by the 
slope of the curve. They range from the strong wage incentive with the steeply 
sloped curve to the weak wage incentive w'itli the flat curve. The flat curve 
approaches the horizontal axis along which earnings are constant regardless of 
jiroiluction. 

Classification by Earning Curves. There are various classifications of wage-incen¬ 
tive plans by their earning curves. One of the simplest classifications makes the 
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distmction between etraight-line (eonstaiit-eharinKJ and eurved-Iine (variablMharing) 
plans, with a breakdown of the straight-line group into three subdivisions: curves 
parallel to the horizontal axis, straight-line curves originating at the origin, and all 
other straight-line curves. In actual practice, however, the earning curve is fre¬ 
quently more complex because it is composed of a combination of segments of curves 
taken from the straight- and curvcd-linc groups. In addition, step curves are occa¬ 
sionally used. In illustrating various major types, whenever convenient, the names 
and curves of a few of the more noted plans are used as being representative of their 
particular type. These plans usually bear the name of the engineer by whom they 
were doveloijed. 

Time-rate plans, represented by the horizontal line, have been included for the 
sake of completeness, although they are not considered a wage incentive as earnings 
are constant, regardless of prodm tion (Fig. 2-10). With the differential time-rate 




FUj. 2-10. Tiuio-iale plan. 1 ic». 2-Jl. Differential or step tune-rate 

plan 

plan, however, caniings arc related to production to the extent of the step or steps. 
As the number of steps in the differential time-rate plan inereases, the shape of the 
curve approaches those of the constant- or variable-sharing typos. A variation of the 
differential timc-rato plan is called “measured day work.” Under this iihiii, an indi¬ 
vidual hourly wage rate is composed of an occupational rate plus an incentive rate 
which is based on past individual operating piTforinaiiee. To determine the incentive 
portion, a long period (1 or 3 months) of past individual operating performance is 
reviewed. The incentive portion of the rate is developed, and a new individual 
hourly wage rate is establiylu'd and used until the next periodic review (Fig. 2-11). 

The piece-rate plan is of the eoiistaiit-sharing type where the earning curve passes 
through the origin; it is generally considered separately, however, because of its exten¬ 
sive use (Kgs. 2-12, 2-13, 2-11, 2-1.')). Earnings under the eonstant-sharing plan may 
be considered to be made up of two portions—a time portion and an incentive portion. 
The area between the horizontal axis and a line parallel to it which crosses the vertical 
axis at the same point as the earning curve, whem extended if nee^'ssary, may be c.on- 
sidered the time or nonineentive portion (this area is zero for the piece-rate plan); 
while the {lortion betwer*n this line and the eiii fiiiig curve is the incentive portion and 
romains as constaiiL hlinriug per unit of production throughout the production range 
(this area Ls zero for the time-rate plan). ilh i*onstant-shariiig plan.s, the (50-50) 
(75-25) figure frequently shown indicates tlie point at which the straight-line curve, 
when extended if necessary, \iould cross the vertical axis (Figs. 2-JC, 2-17, 2-18). 

One classification of the earning curves of variable-jdiaring wage-incentive plans 
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has been by the geometric form of the curve, such as hyperbolas and psarabolaa; fur^ 
ther classification as to dirertion of concavity (upper or lower side), however, probably 
is more enlightening (Figs. 2-1'.), 2f-20). Most variable-sharing curves sre used in com¬ 
bination with constant-sharing curves (Fig«J, 2-21, 2*22), The straight-Une curve 
frequently takes the form of the time guarantee for low levels of production, when 
used either with the constant- or varialile-sharing curves or with some combination 
of them. 
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liu. 2-14. Differential or step ploctwale phtu. 


The guaranteed and oecupatioual rates, the slope or slopes of the curve, and steps 
in the differential typo of plan vary according to the results desired and conditions 
surrounding a particular plan. Principles outlined under Guaranteed Period and 
Kate, Expected Earnings, and Analysis of Earning Curves indicate the normal range 
of earning curves. 

Expected Eamings. In the discussion of the various classifications of woge-inoen- 
tive-plan earning curves, no detail was given on slo^te or relative position of the earn¬ 
ing curve. Determination of these factors is a question of policy as they must be 
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establuthed somewhat arbitrarily. C^lonsideration should bo i^ivon to the suiroiindinf; 
conditions and purpose of tlio plan, such as desired waRo-incontivo strenKth and 
other factors given under Analysis by Earning Curves. So many factors affect ofirr- 
ating performance that isolation of the effect of one factor—the fiiianeiaJ incentive— 



(Bedoux 75-25) 



Operating Performance 

Fig, 2-17, Constant-sharing plan with time guarantee (expected operating perforn^ance 


is exceedingly difficult. Jt is known that its effect is different under each set of vary¬ 
ing conditions, if nut even with each individual. 1'licrefore, until l^etter methods arc 
devised for such determination, past performanee is our chief guide. In actual prac¬ 
tice, expected earnings, i.e,, earnings at expected or 100 jxt cent opcjrating p«‘rfonn- 
ance, range generally from 120 to 130 per rent pay perform.ince. In nwnl years 
the trend has been toward the higher figure. In other words, 20 to 30 per cent h^nus 
is considered as the neccHsarv additional eomf>enBatien to encourage workers mati*- 
rialiy to increase effective effort above normal nonineenlive pace. Wlien the definition 
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of a fttandard hour is different from that defined above, the expected operatina por- 
formnnee is not 100 per rent {eTample Bedaux). 

Guaranteed Period and Rate. Some of the illustrations of earninfi; curves shown 
include guaranteed rates (Manchester, Gantt, Halsey, Hodnux, Diemer, Baum, 
Emerson, Wennerlund, Knoeppel, Bigeloih, and Rowan plans), whereas others do 


(Diemer) (Baum) 
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2*10, Variahle-sharmg plaii. 

not (straight piece, Merrick, Taylor, and Barth plans), 'lliporetically, the lower the 
guaraiit(‘e, the stronger th(‘ incentive. Nevertheless, in actual practice, the giiarontoe 
of oeeupational rates for incentive workers has become accepted. This guaranteed 
rate Jins become a standard feature because of the legal, social, and psychological 
ri^quirementfl of a wagi'-payinent plan. The guarantee is generally \moonditional, 
assuring the employee his oeeupational rate for the hours worked regardless of the 
reason for the low output. In addition, present union contracts may call for guaraJi' 
tees above the occupational rate when earnings are affected by conditions beyond 
the empbyee’s control. 
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The of the guaranteed period depends upon the circuinstaTicc surrounding 

eacih installation. The job, day, or psy juried (1 or 2 weeks) is the period for 
which the guaranteed rate is generally Hatisfaptorily applied. W'illiin reason, the 
shorter the period for which the guarantef‘d rate is applied, the stronger the incentive. 
For supervisory employees working iitider wagc-inccntivc plans and for plant-wide 
plans, the guaranteed period is a month or more. 


(Rowan) 
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Fia, 2-20. Varitible-sliaring plan with tiine guarantoe. 
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Fiq. 2-21. Combination constant- and variable-sharing plan with time guarantee. 

Analysis by Eaining Curves. The rate of premium, or sharing ratio, on all pro¬ 
duction above the proscribed production level should be based upon the directness of 
the relationship between production in terms of the standards determinants and the 
skill, effort, and other factors affecting production over which the individual or group 
on incentive has control. Where the degree of control is relatively high, earnings 
should l>e in direct proportion to production. 

There are no specific rules for use in selecting the best wage-incentive plan for a 
given set of conditions. The conditions surrounding each proposed installation can¬ 
not be defined in absolute terms but must be considered in relation to conditions of 

66 



ISCENTIVE WAGE METHODS 


[8kc. 2 


other wage-incentive installationtr. Analysis of these oonditbns, as fS4:tor8 afifecting 
the selection of the earning ourveSi is a matter of degree. Helection of a proper wage- 
incentive plan is based upon the relative importance of each factor making up a 
given set of conditions to other factors in the same set and other sets of conditions. 
Those factors which appreciably influence selection of the earning curve and their 
effect on the earning curve follow. ♦ 

Strong wage-incentive plans with steep earning curves are usually installed w'hen 
one or more of the following conditions exist: 

1. When standards for measuring performance can be accurately and practically 
established 

2. When operating performance can be readily obtained 

3. When job and methods are highly developed and standardized 

4. When work is routine or at least elements of the work are repetitive 


(Knoeppel) 



Operating Performance 


(Bigelow) 



Operotlng Performance 


Fig. 2-22. D 2 ,iferciitial or step constant- and vuriable-sharing plan with time guarantee. 


5. When operator has considerable control over production 

fl. When oiH'rating conditions and equipment are satisfactorily maintained to 
minimize dclaj^s, breakdowns, etc. 

7. W^hen ample backlog of work exists 

8, When overhead costs are high in relation to labor costs so that emphasib is on 
production 

Weak wage-incentive plans with flatter earning curves or time rates are usually 
installed when one or more of the following conditions exist: 

1. WhGii standards for measuring performance cannot be accurately or practically 
established 

2> When skill and effort do not necessarily have a direct effect upon production 

3. When considerable fluctuations in earnings might result from wide fluctuations 
in production uncontrollable by the employee 

4. When job and methods are not developed or standardized 

5. When work p«*rforTned is not a key operation in controlling rate of production 
but is of a paced or service nature 

6. When work is temporary in nature 

7. When there is possibility of cousidenible unavoidable delay, breakdowns, and 
nonstandard work 

8. When oiM^rating performance is low' (minimuiii-wage guaraiitiH') 

9. When work is highly ti*chnical 

10. When used to pay for delays, nonstandard work. etc. (oiTupational r.ates) 

Wage-incentive plans with step earning curves or a combination curve which is 
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weak in certain areas and strong in others are instiallcd when the condition exists in 
which it is desirable to maintain production at a certain point, or area, above which 
little or no increase is desired. 

INDIVIDUAL OR GROUP PLAN 

The individual type of wage-incentime plan is used where one employee works 
independently; the group type of plan is used when two or more employees work on 
a common unit or group of units. The individual type is gcnt'rally considered a 
stronger incentive because reward is directly associated with individual j)Crforinance. 
With the group type, the earnings of one employee may be aflVcled ?>y performance 
of another, as each employee of the group shares the resulting earnings in proportion 
to his actual hours worked and his occupational rate. Under certain conditions, 
however, measurement of individual performance is not practical and so the group 
type of plan is used. Naturally, the smaller the group, the stronger the incentive. 
Historically, considerable success has been obtained with groups ranging from two to 
ten or fifteen employees. The effect of one's effort on largtT groups is ,so diluted that 
it is generally considered to have little incentive value. The success of any group 
plan depends largely uixui the degree to w’hich the individuals can be mutually help¬ 
ful, the teamwork of the group, tlieir common interc‘st, and the group siurit. Also, 
the work load must be properlj'^ and uniformly balanced among all members of the 
group. 

There is no direct connection between the use of the individual or group plan and 
the earning curve. The princiiiles governing the selection of earning curves apply 
equally fcir the individual or group t,ype of plan. 'I’he formulas for the two typos are 
frequently different, however, because of the iiiaii-hour-contiol feuture of many grouji 
plans. Such a condition occurs when the size of the grotij) is not lu'ccssarily cmistant 
and when group aetual and standard hours ar<* used instead of tr)tal of the individual 
hours. 

In recent years there has been limited ap])ljcation of the groiij) plan on a broader 
scale with group comiKisition coveiing a deiiarliiu'nt or (wen a whole plant. lender 
such an installation, particularly for a larger group, the additional earnings are fr('- 
quently of the profit-sharing or ChriMtinas-boniiH type, in contrast to the physical 
type of wage-incentive plan where man performance is directly' incasurod, and reward 
is made accordingly. When bonus earnings are based on such chdcrminants as dollars 
of sales, per cent of net profit after or before taxers, and lengtii of st^rvuce, the factors 
influencing the amount of the bonus are so remote fioni the perfonuan(*e of an indi¬ 
vidual that the effect of the plan .as an incentivii is negligible. OtJier financial typch 
based on dollars of sales ]ier man-hour, dollais of sales per jm.y-roll dollar, actual per 
cent compared to standard per cent of labor cost lo sales, or dollars of sal(‘S weight('d 
by typ(‘ of product per man-hour an* u decided iinj)rov(*men1 over those tfdally lack¬ 
ing in man-hour control. In these an attempt is made to eoniiect the bonus with 
total man-hours or labor cost. Many of these plans have, claimed success w’here the 
department or plant is not too large and the group spirit strong. One advantage of 
many group plans—^particularly department or plant-wdde plans—is that they arc* 
easier to administer than individual plans; although even the plant-wide plan rectuiros 
extensive service work. 

DIRECT OR INDIRECT WORKERS 

The same principles that apply to the determination of the earning curve and tho 
use of incffvidual or group type of plan for direct w'orkers also apply to the dt vclop- 
ment of incentive plans for otIuT types of workers. In fact, the classification of 
employees as direct, indirect, clerical, supervisory, skilled, or semiskilled workers, lo 
mention a fewr, has little or no bearing uiwii the general features of a W'agc-incentive 
plan. The type of operation p(‘Tform(*d Viy the w’orkers i.-> the important consideration. 

TTistorically, inanageineiit has b(‘en production-conscifms; so, naturally, tools to 
implement production, .such as w’age incentivr*.s, would ajipe^ar for direct workers first, 
especially in considf*iation of the fact that measureiru'nt of tlic porf<>rmanftp of direct 
W'orkers is generally more practical than measurement of the other ‘'lasH(^*s, Clradu- 
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ally, other groups have been incroasing their demand for wage incentives because 
semiskilled direct workers on wage incentivt« frequently Tecei\e higher wages than 
skilled indirect, clerical, or sup<'rvisory workers. Tho need for increasing the skill 
and effort of the indirect, clerical, and supei’visory classes is probably as great as it 
is for the dbect workers, if not greater. Management recognizes this need. How¬ 
ever, it does not conhider the wage-incentive tool, with the exception of the plant- 
wide plan, practical for most indirect, clerical, and supervisory workers. 

Wage-incentive installations may be made for indirect ^vorkers when the functions 
of the indirect workers are not closely <*onnccted with direct operations. This group 
may include general maintenance workers, storero'^m workers, and receiving and 
shipping workers. When standards can be accurately developed and practically 
mamtained for these indirect operations, the indirect workers are paid on their owm 
individual or group performance. Under such conditions, incentive development and 
application foi indirect workers is identical to incentive development and application 
for direct workers. 

Wage-incentive installations may also be made for indirect workers when the 
ecoiioniicol use of the indirect workers is second in importance to their influence on 
the performance of the direet w'orkers. In this group may be included erane opera- 
tiirs, transportation workers, assigned maiiiteniinee workers, assigned inspectors, and 
setup men. In eiStahlmlung this type of mdireet service workers’ wagi*-iiiceiitive plan, 
the performance of the* direct workers and the utilization of the indirect W'orkers are 
iiiij)orlant. Incentive payment of the indirect woikers is made on the basis of the 
perfoTinancp of the direet workers, provided a man-hour eontrol establishing the ratio 
of ilire(‘t to indirect w’orkc'rs is used. The indiroei man-houib shmild be corn'lated 
to a measurahle unit, such as direet man-hours or produetion. Whenever feasible, 
howeier, hidiieet workers should be solely or partly paid on their own individual or 
group jierformance. Payment to indirect w'orkeis of a bonus baHi‘d solely on the 
peifoiiiiaricc of the direct w'orkors without measurement of the productivity of the 
indirect w^orkers amounts to a wage increase and devstroys the value of the direet 
workers’ incentive plan The relationship between peiforiiianee and rew'axd for indi¬ 
rect workers, as for direet workers, must be direct or else tho value of the incentive 
iH lost. 

Tims, lh(‘ St aidard objections to wage incentives under each of the above condi¬ 
tions IS (1) the cost of de\ elopment, maintcnancp, and application of incentive stand¬ 
ards for most iiuliri'ct jobs not closely eoniieeted with operations exceeds the value 
received, and (2) the performanee of indirect workers servicing direet w'orkers can 
have little direet effect upon pioduetion. The impoi-tance of the first objection 
diminishes, liowevrT, as operatitiiis become staiulardized and routine, and the 
tanco of the second objection diiniiiibhe.s when an increase* in man performance results 
in increased production and ixissiidy in a decrease in service hours expended. 

learners and apprentices are protected by miirimum guaranteed rati*a, and genei- 
ally no additional w'age-inc'cntive features are eoiLsiilered iipcessaiy. However, wbi*n 
learners and apprentices are members of n group whose incentive earnings are deter¬ 
mined as a group, the earnings of the otlier members of the group will be affected 
by inclusion of learners and apprentices in the group. ITnder such conditions, an 
allowance ma}*' be permitted tho other members of the group. 

Vi age-incentive installations for clerical workers are based on the same principles 
as those for direct workers. Performance of some clerical workers, however, is diffi¬ 
cult to measure as there are frequently many factors affecting performance, the 
relative importance of each of which is difficult to determine. Even more difficult to 
measure is the performance of technical workers. About the only incentive applica¬ 
tion that may cover this latter group is a plant-wide plan. 

In consideration of the difficulty encountered in ineasuring performance of hourly 
rated employees, either in the shop or office, even more caution should be exi'r(‘iscd 
in attempting to measure the porforniaiiee of sup<»rvisory employees for wage-uicen- 
tive purposes. When uscmI, wage-incentive mslallution for sup«*r\dsory workers is 
based on the same principles as those used for indirect service w orkers. The major 
difference lies in the standards and the guarantee period. The guarantee period is a 
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month or longiirj such as 3 inonthR or a 3 months’ moving avcraj^e. Standards may 
be based solely on the iK^rfonnanre of the employcves sniK'rviHCMl but more frequently 
include all factors over which the supervisor has control, sut'h as maintenance expense, 
utilities, yields, quality, nonpwdiiiiinR lalwr, etc. standard cost or variable budget¬ 
ary-control standards are uac‘d fre(piently as the basis for such wage-incentive stand¬ 
ards. Thus, the supervisor's jjerformance is dctemiiiipd by the standard cost 
performance of the department or departments over which he has control. 

Another typo of worktT froquejitly eovereil by wage-incentive plans is the sales¬ 
man. In the past, by far the great majorit y of standards for measuring the perform¬ 
ance of salesmen have been set by noiiscientific methods. These sales standards, or 
quotas, as they more frequently have been called, w(*re established by estimates of 
executives or based on past perfonuanres, sales records, or established by estimates of 
salesmen. A more scientific appn)ach would include a thorough analysis of all fac¬ 
tors that may have an effect upon the standard. The ihiiwrtance of the various 
factors may vary from industry to iiulusiry, or even from company to company, and 
what is practical to analyze in one situation may not be in another, 'fhe important 
thing is to achieve the greatest possible accurac.y for those factors which have the 
greatest influence. A list of factors would include past sales (‘vperiencp, general busi¬ 
ness conditions, polential market, change's in sales policies, and competition. 

SOME CHARACTERISTICS OF OPERATION AFFECTING PLAN 

Unavoidable Delays. Delays should be reduced to a minimum before incentive 
development and installation arc undertaken. Kveii after extensive precautions have 
been takt'iL, employee's on iuceiitivc occasionally are reciuirt'd to spend tiim* uniting 
for material to be brought to them, for machinery to bo repaired, frir nuu'hjiiery to 
be adjusted, for resumption of work after iMiwer lailures, or other uiuisiial conditions 
which are no fault of their own. The type of delay will tlopend upon tlio nature of 
the work and the conditions that surround it, and only to u minor extciib will the 
experienced operator, through better ]ilaiining, have fewt'r such delays than the i)oor 
operator. As such unavoidable delays adversely affect the earnings of the employees, 
payment is generally made for all or part of the time the employees are delayed. 
Thwretically, such delays arc an indication of poor management, and payment for 
them weakens the wage incentive. 

For convenience, specified unavoidable delays of short duration are inc'luded in 
the standards l)ecHUse continual rc'cording atid approving of 2- and 3-imii dtdays 
would n'quire excessive foreman time for approval of payment for the d<‘layed time. 
No additional paymoiit is inatie for this type of delay. For delays of a long duration, 
allowances for which have not been included in the standards, pa>aneni is made on 
an actual occurrence basis. The length of the delay time to be included in th(‘ stand¬ 
ards, the length to be paid for, and the rate of pay are determined in part by the 
nature of the delay. They vary considerably in actual practice. Some plans call 
for payment on an occurrence basis for the full duration of the delay, whereas others 
call for payment of the delay time beyond a specified period, sui*h as 15 or 30 min. 
Under no corditions should the full delay time he paid for delays during this specified 
period because this would make it advantageous to the worker to prolong delays that 
are shorter than the specified i)eriod. A dehuile procedure should be established ff>r 
payment of allowable delays, preferably at occupational or base rate, whether they 
are included in, or excludeii from, the standard. 

The higher the hourly rate used for payment during the delay period, the weaker 
the iiiCentivp, As this rate approaches average hourly earnings, a condition is 
reached where number and length of delays have no effect on earnings, thereby defeat¬ 
ing one purpose of the incentive plan. I'he occupational or base rate is the nutst 
widely accepted rate. Soiiu* use has be<*ii made', howTver, of rates abfive the base 
rate, such as average earnings or a sjM'cified percentagi of average earnings. 

When part of the equipiueid oporatt'd by an individual is idle, such as one or more 
of a bank of machines, the detenninatioTi (d its effei't on p4*rformanec, is diftirult and 
generally impractical, and little or no attempt is made t4.> obtain an ucfnirate analysis. 
An arbitrary or developed adjustment maj' be made in the standardr or rate allow^ed. 
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Man versus Equipment Performancep In operaUous wliprc maohiurs an' used, 
the operator ia rrequnntly idle or at atlcnilon during part or all the machine elomente. 
Ideally, this time is kept at a minimum through proper arrangement of equipment 
and operations. In actual practice, considerable idle or attrenliou time oeraHloiially 
exists. Where automalie machine time with set feeds and speeils is extensive, the 
operator should utilize his time during tlie inaehine dements 4 m other equipment or 
at other operations. This frequently involves the operating c»f two or more Tiiachines 
by one operator. Where the operating cycle is short, manual elements usually over¬ 
lap machine elements, and attention time is negligible. When the capacity of the 
equipment is greater than man’s capacity, the standards are based largely on man 
performance; when man’s capacity is greater thai. the rapacity of the equipment, 
the standards are based on equq)ment utilization. A combination of man and equip¬ 
ment performance standards is frequently used when both conditions exist for a 
particular job. In the United States, because of a high wage level, emphasis is on 
full utilization of the man’s time. The strength of the wage incentive is directly pro¬ 
portional to the degree of utilization of man’s time. 

Quality and Defective Work. Theoretically, an cinployc'c at fault should not be 
paid for defective work, and when payment is made it weakens the incentive plan. 
General practice has been to require an employee to (*orroct the defective work, when¬ 
ever possible, on his own time in <irdcr to receive payment, when the identity of the 
employee at fault could be establihlied. W’hcii the defect could not be corrected, 
the employee was paid for acci ptsble product only. Frequently, the identity of the 
emplo 3 ''ee producing the defective w^ork cannot be established, and payment for all 
product is mode. However, many plans where such payment occurs claim to pay 
for acceptable product only. An piiiployee should be paid for work on defective 
products resulting from faulty inatorials, etc., only wh(*n ho is not rcRimnaible for the 
cause of the rejection. 

In some industries there now appears to In* a tendency to include incentive pay¬ 
ment for all products, rt'gaidless of the reason for rejection. The trend away from 
expectation of highest quality, regardless of specifications, toward requirement of 
quality within spcciliod limits, has caused a shift in thinking a1>out payment for qual¬ 
ity and defective woik. With the piewnt subdivision of work, better control of 
iiiaterials, and equipmoiit, the feeling prevails that contnil over quality is manage¬ 
ment's respoj lihilit.v ami that no quality control should be tied hi with the w^age 
incentive. The poorer iMiiployees, after reasonable training and trial periods, should 
l)c traubferred or released 

A definite procedure should be establtshed governing the payment for defeetive 
work. The lato, if any, used for defcetm'-woik payment varies w ith the surrounding 
conditions. The theoretically sound wage rale for time spent by an emjiloyee at 
fault working on defective material is zcio, and the farther (be actual rate deviates 
from the theoretical, the woakcT the iiieentive. In present practice, the occupational 
rate is useil frequently in payment for Uic time spent on defective work; under con¬ 
ditions wht'fc the employ(Mj at fault corrects the defect or wdicrc the identity of the 
employee is lost, payineut is made through application of regular incentive standards. 
When the einplover is not at fault, average earnings, approximate average earnings, 
or othei rates above the oecupational rate are used and justified on (he basis that 
the employee should not be penalizctl for conditions beyond his control. 

Nonstandard Time. Wage-incentivo-plau iiistallatiuns are considered de^sirable 
for employees wherever accurate incentive staudaids can be practically established 
and maintained. Ideally, standards should be available jirior to commencement ol 
work for all tho elements of work performed by an em}>loyee on ine4*niive. Practi¬ 
cally, however, certain work eleinents occur for which accurate staiidardb develop¬ 
ment is impossible or not feasible. The time spent by an employee performing work 
for which no standards have b4*en developed is considered as nonstandard time and 
arises cither when an employee is teni]>orarily assigned to a special job other than his 
regular job or is temporarily assigned to a regular job for which standards have not 
been developed. Naturally, the amount of nonstandard time should be kept to a 
minimum os the strength of the incentive varies inversely with the amount of such time. 
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Method of payment for noiiHtandard tiino varies eonaiderably in actual practice. 
The proponents of a relatively hiji;h rate, such as average eamingB, hold that the 
workers should not be penalised for conditions over which they Itave no control. On 
the other hand, the proponents of a relatively low rate, such as occupational rate*, 
hold that the liigher raU*8 weaken the incentive beeaiiae earnirips are maintained 
regardless of perform an ee on nonstandard work. With the lower rate, there is an 
incentive to get back to work covered by standards. When an employee is tempo¬ 
rarily assigned to a special job, the reason for the transfer has considerable bearing 
upon the rate used. If there is no work available on the regular job when the transfer 
to the nonincontive job is made, the nonineentivc rate is generally used. If the 
transfer is made because of the immediate need for an operator on the noniiicentive 
job, although there is still rcgula*- work available, then average earnings probably 
would be the rate used for payment on the nonincontive job. ^Tien an employee is 
temporarily assigned to a regular job for which standards have not been developed, 
the issue is not so clear-cut. Generally, an attempt is made to use the occupational 
rate, although there is a recognized tendency to pay average earnings, a sperified 
percentage above base, or a specified per(*entage of average earnings. 

Equipment or Method Change. It is an almost universally accepted rule that 
standards will not be revised unless there is a change in method, equipment, or prod¬ 
uct. When there is such a change, the time for only those elements of the job which 
are affeeted is revised. Also, good faith on the part of management requires that 
method changes be legitimate and not deliberately sought because of an error in the 
standards. It is considered essential that standards be revised aft it a change whether 
the cliange was projKiscd by management or labor. If standards are revised only 
when management iusiigates a cliange, the rate struct lire soon becomes distorted. 
Employees proposing worth-while changes should be conipensaled by other means 
for their suggestions. The iheorclicjdly siinple rule of revising standards lor i‘hangP8 
in method, equipment, or product is diilicult to apply in actual practice. Minor 
changes which require an endless amount of wrvicing for jiroper rate maintenance 
arc continually occurring. The practical limits to which one may go in m-aking rate 
and standards changes vary for each set of conditions, rnder present practice, an 
attempt is made to revise standards if the change has made an appreciable effect 
upon earnings, sui^b as 5 per cent or more. \Mieii method changes occur, which 
require a lapse of time for the new methods to become standardized and proposed 
standards to be developed, payment is frequently based on temporary standards or 
average earnings. 

The department responsible for maintaining slandards is frequently not notifiofl 
when minor change.s occur. Even thouglL aware f;f the changes, they often do not 
know the e^act conditions before ami after the changes and, eonsefpieiitly, the effect 
of the change. Even when these two conditions are knowTi, the proixjsed standards 
are often subject to bickering, and the change leads to discontent. Revision is 
exceedingly difficult when stundard.s arc based on eciuiprneiit utilization. Also, reii- 
sion is made difficult when incentive psAinent i^ being made for low' levels of man 
performance, thus iiiiroducing the problem of definition of a “fair diiy’s ivoik.” 
C\>nsidcrablc attention has been given by industry to deiising a imdhod of routine 
revision of base rates and standaids l"sp of .such a nndhnd would assure atlecpiate 
payment for additional work or decreased work resulting troiii technological chaiigc. 
At present, there is no adequate solution to the problem of revision. 

STANDARDS 

Performance Measurement. Although systematically measured performance 
standards are associated most frequently with iiieentive eompeiiHation, there are 
other uses now being made of such standards. A brief recapitulation will illustrate 
some of the more import an t uses. 

1. They serve as a basis for wage-incentive Riandarns so that the compensation 
is contingent upon accompliahmeiit. 

2. They serve as a basis for developing the operating budgetK. These in turn 
give rise to more orderly production planning and better i#roductioii toufrol. 
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8, They serve as a basis for doveloping standard costs. These in turn give rise 
to more accurate product costs, cost control, and estimating cost of new product. 

4, They give the supervisors, as well as the workers, a yardstick for evaluating 
the worker's performance. Workers will be able to detect their own deficiencies; 
supervisors will be able to spot low performance efficiently and take corrective action, 
as well OB spot creditable performance. 

5. They supply required data for redesigning plant layout, equipment, method, 
and product. 

Ideally, the same basic standards would be used for aU purposes, whether they 
be for managerial control, cost control, or for wage payment. Here we are concerned 
only with the use of standards as a basis lor v age payment. 

Wh(‘n an employee is hired, whether he is hired as president or janitor, there 
shoidd be available to him a description of the duties of his job and bi‘side each 
specific duty there should be an indicated means of measuring performance. The 
subordinate, as well as his supervisor, should be able to answer the quest ion, "How 
am J doing?" 

There is no doubt tliat a comparatively accurate analysis and description of most 
jobs can be made, but the question of performance measurement is more difficult. 
Two main problems arc encountered in performance measurement; those are the 
ability to measuie and the practicality of atUunpiing measurement. Any analysis 
of thi^e two jioints will yield a ^ido divergence of opinion and a host of conclusions. 
Circumstaijces that make measurement practical in one industry may be totally lack¬ 
ing ill another iiidustiy. Conditions are dynamic—what is practical today may not 
be toniorrow. The jiracticality of measurement will have to bi' governed by the 
conditions surrounding a given case. 

As our pejfonnance-measurf^ment tecluiiques improve, our ability to measure per¬ 
formance more accurately tmU increase. CVrtainlj', the most 'widely a(‘ccpted per- 
formancc-niciifiurcinent lechiiuiue totlay is the time study. It has, however, many 
recognized and uiirecognizi'd limitations. Some of the timi^study techniques arc not 
equal to the occasion. That we liavc overstepped the liounds of the practh’al use of 
time study in many instan(‘OR in the past is obvious. Witness the lack of uniformity 
among the tini»'-stiidy men in the handling of allowances for fatigue aud delays or in 
the handling oj time-study ratings. What few definitions there are of a ‘‘fair day's 
work" or "average operator" or "average conditions" are vague and dissimilar. 
ItesuHs of going lieyond practical limitations can be seen in the numerous examples 
of wild incentive earnings f»f 200 or 300 per cent bonus, although such earnings fre¬ 
quently result from lack of proper analysis and method improvement prior to meas¬ 
urement. Wage inequities frciiuently rc*hult where plans are applied without the 
knowledge of a fair rate of production or 'wdiere the work load for a particular individ¬ 
ual has been changed but where the individual is paid on the basis of group perform¬ 
ance. More time should have beum taken in the majority of the cases to correct 
operating conditions first and then develop, sell, install, ami maintain sound standards. 

Standards Development. Tn addition to the two basic requirements for standards 
development and ajipUcation, the ability to measure performance and the practicality 
of attempting performance measurement, other requirements for successful applica¬ 
tion would include 

1. A study involving the use of methods-improvement tei'hniques. The methods 
should be highly developed and staiidardizini prior to standards determination. 

2. Kstablishment of fair, consistent, and accurate .standards by time-study tech¬ 
niques. Development of uniform time-study practices and standards-development 
procedures will do much to achieve the desired consistency as the proper relationship 
is frequently more irniiortant than absolute value. 

The technique of time study depends upon a clear-cut division of an operation 
into its component elements which can be recognized, measured, and eventually used 
for H>mthetir detemiinatioii of standards. The first consuleration in time and motion 
study is the studying of an operation by studying its elements.^ The finer the bi-eak- 
down into elements, the better each individual element lends itself to close analysis; 
therefore, an operation sliouUl bn broken down as minutely as is consistimt with accu- 

73 



Sisc. 2] 


MANAGEMENT ENGINEERING 


racy and practicality of dtasrribing Ihc element and making the observation. Where 
there are many rapid movements to be timed, any one of which is too short to be 
observed and recorded by stop-watch time study, the technique employed in ^‘micro- 
motion study involving the motion-picture camera provides an accurate means of 
observing and recording such times. The next step is determination of the necessary 
elements, their proper sequence, and where, how, and by whom they should be per¬ 
formed. It is only after such analysis leading to standardization with proper methods 
that wage-inf^entive standards should be developed. 

Established time-study proeodure sho\ild be followed in order to achieve the most 
consistent standards possible. Conditions under which the study is made should be 
specified. Stop-watch techniques, including type of wateh and method of record¬ 
ing elemental readings, delays, missed elements, foreign clemfints, elements out of 
sequence, and unusual conditions should be uniform. Although what r‘oristitutes a 
representative number of elemental readmgs is difhcult to establish, good practice 
calls for continual assembly of data to determine when sufficient information has 
been obtained. Within reason, the greater the number of observations, the more 
intelligently will the engineer be able to determine the standard time. For practi<*al 
purposes, the influence on incentive earnings of a given standard should be directly 
proportional to the accuracy in its determination. 

The next consideration is that of leveling or time-study rating. After the proper 
methods and conditions have been established, there are still factors that afTeet out¬ 
put, vi 2 ., the skill, or proficiency, at following a given method and effort of the worker. 
As effective effort varies among workers, it is nc(*eHsary to evaluate to a common 
level of skill and effort the various recorded elemental time values. The common 
level most frequently chosen is called 100 per cent, avenige, or exjiecied performance. 
There are numerous definitkms of average performance, such as “that rate of output 
which the average, skilled worker, qiuilitied for the occupation, given good supervision, 
and allowed adequate rest, should bo capable of maintaining for an extcjuJcj iieriod " 
Other definitions of average performance inclmie considerable detail as io the qiml- 
iiications of the average worker, such as average skill, effort, physique, and intelli¬ 
gence with respect to other workers doing the bame typ<* of work. Leveling is usually 
accomplished by estimating the percentage of performance of the worker in relation 
to average ptTformance and adjusting the actual time by the estimaled per cent. 
I'or machine elements, average performance may be defined as the rate that a machine 
unit attains when operating at established feeds and spc(*ds. The leveling factor, as 
well as the selection of average conditions under which the operation is to be per¬ 
formed, are considered iionfscicnfific parts of the time-study technique because the 
factor of human judgment is present. As they are a matter of personal opinion, 
training and exp(»rience in their application are essential in order to achieve the 
required consistency. To minimize error in leveling, time-study practice calls for the 
selection of as near average workers as possible because the farther away from avei age 
the performance of the worker under observation boTOines, the more difficult it is to 
determine reasonable leveling factors. The maximum practical range for leveling 
calls for performances within approximately 25 per cent of average. 

The normal time represents the time in which a worker may be expedited to ])er- 
form the designated elements without any interruptions. ►Reparation of “variable” 
from “constant” elements aids in the determination of normal time. Time for 
constant elements, which may be rxmstant with rei3|>ect to turn, job, setup, or piece, 
is generally obtained by averaging. Variable elemental times aie most easily ana¬ 
lyzed by means of graphs. In the determination of a normal value for an element, 
all readings for the element are examined and the abnormal readings excluded. Many 
statistical and graphical methods for dotcirmining the normal value are used, but the 
straight average is the most common. Here, as in leviding, the selection of the read¬ 
ings to be used and the method of determining the KomiaJ is subject to opinion. 

To the normal time must b(‘ mlded a eeitain aimmnt of time to provide for per¬ 
sonal needs, fatigue, unavoidable delay, ami misccllwneous \voik eleiiients. The 
category of unavoidable delay includcB machine and Uectrical breakdowns, power 
failure, material delay, interference, and crane delay. Fatigue incident to on opora- 
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tion is influenced by the physical and mental requheinents of the operation and the 
environment in which the operation is performed. I’Orsonal allowances include time 
for trips to the washroom, eU*. Separate olemeutal consideration of miscollaiieous 
work elements such as minor setup elements, cleaning machine, grinding tools, and 
machine adjustnicntH, which are nonrepeti* 

tive and owmr Infrequent Jy, is impractical. Table 2-8- Typical Allowances 

Allowances for unavoidable delays and mia- Personal .. . 3-6% 

cellaneous work elements are deU*rmmed ; . 

by Ume study, whoress sibvvauces fur ..!!!!! ii!!'.:! i 2? 

fatigue and personal needs are usually arbi- Mechamral ami eleotrioal. 1% 

trarily established. All are expressed in Mierellai w)UH ^ork elements. 0-6% 

per cent and applied to the normal clomentid . o 5 

lvalues to give standard elemental values. 

Total allowances generally fall 'e ithiii the 10 to 20 per cent range. The factors in¬ 
cluded, however, vary considerably. 

Standards Presentation. The j)rcscn1 atioii nf standards in the form most con¬ 
venient for application must be so clear that there is no chunct* for misinterpretation. 
This requires an operation description of each standard shnt\ii in the incentive plan. 
Such de.tail is particularly necessary when the individual elemental standard times 
have been grouped for preseiitnlioii. To Hiiiij)]if 3 '^ application, those individual ele¬ 
ments which always occur together should be grouped together. Whether they are 
constant or variable elements has no effect upon the grouping, since an element that 
may be considered constant for a given repetitive operation frerpiently is a variable 
t'leniejii under iionrepetitive condition,'?. The more repetitive the nature of the work, 
the greater the d(‘gree of grouping individual elemental standards, the fewer the num¬ 
ber of standards presented in tlie incentive plan, and the simpler the application. 
For highly repetitive work, the individual elemental standards are grtmped for pres¬ 
entation into a few joli standards; whereas for uoiiropetitivc work, the individual 
elemental standards are presenU'cl separatelj". Obviously, the standards for non- 
repetitive work need to be developed to cover a complete range of sises, weights, or 


types. 

Standards for variable elements arc expressed in graphic, formula, or tabular form 
because of the neces.sity for covering a wdiolo weight, size, or type range for a given 
oj>eration. Thv development and use of graphs and formulas mmimizes the nemi for 
studying similar operations porfonned for a wiiole range (ui a single or several similar 
pieces of equipment. Also, standards so developed tend to be more consistent. 
Equipment specifications arc frequently used in c^onjunction with time study to 
develop ek*meutal timeis. For variable eleiricnts expressed in tabular form, it is 
desirable to have the tune values broken dow'Ji to a uniform per cent difference or a 
preferred number series. For presentation of standards, tabular form is preferred to 
graphu‘ form as it permits more consistent and accurate apjilieation. 

\^’hen llie standards ar<* expresseil in monetary values, the time per imit, if it 
exists, ib multiplied b^" the expected earnings rate per hour for the occupation to give 
the standard in doUars per unit. From a control siandpr^uit, standard-hour plans 
are more desirable than monetary plans as operating performance is automatically 
obtainable. 

Temporary Standards. Whenever possible, predetermined standards (standards 
determined before the start of work on an operation) should be applied. When 
existing standards do not apply to an operation, standards for it may be estimated 
by a member of management or developed directly from time study or elemental com¬ 
parison with similar jobs, standards for which have been set by time study. Under 
these conditions, temporary standards are frequently used until regular ones can be 
c.stablished. The pur})Ose of temtionuy standanls is to increase incentive coverage. 
Temporary standards may be si‘t on new jobs for which methods are incompletely 
developed or on jobs for which methods are temporary. Some temporary standards 
are applied to small orders which occur infrequently. Such temporary standards 
remain in effect until condiiioiis warrant csstablishmcnt of a revised temporary stand¬ 
ard or a regular standard. 
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LABOR PARTICIPATION IN INCENTIVE PROBLEMS 
General Labor Attitude, Opposition to wage incentivos is a traditional part of 
the attitude of some unions. The prevalent notion that restriction of production will 
temporarily iengthen enijdoymenfc has frequently proved to be true. lioweveFf it ia 
well known that such a practice keeps prices high, a concL'fion that invites competition 
and thus defeats the practice in the long run. Opposition directed at the malprac¬ 
tices of the wage-incentive system rather than at its use has also occurred. The 
attitude of the workers will change as the malpractices arc corrected and as the 
workers realize that management is honestly trying to develop and advance them 
and improve their standing, thus benetiting both management and the workers. 

Some unions have abaiidonc'd their unfriendly attitude toward wage incentives 
and ore moving toward (jooperation and a correction of the malpractices. Van Dusen 
Kennedy, in a recent book,® indicates the willingness of the United Steel Workers of 
America to approve incentives; 

The United Steel Workers of America . . . does not take an official pobition aguiiiht 
any and all incentives. It has many encvances aKamst various wage methods in specific 
Situations, but its policy is to work for conecUon of almseb and for protection of workers 
through participation in the regulation of such methods; it considers complete abolition of 
incentives from the steel mdusti^ an unrealistic ami. 

Some unions, such a.s the United Kleeirieal, !Radio and Machine Workers of 
America, have strongly advocated the use of wagp-me(‘nti\e systems. The UE has 
published a book on wago-inreiitive S 3 ’atDms,* stating in part that: 

EfTociive industriEd unions con turn incentive systemb fioin detiinieiils to benefits for 
their metuberb by becuring for thorn a bhare in the hnancjal benefitw \ihich accrue from the 
employee's increased productivity. 

Some unions, such as the International Ladies’ (Sarment Workers Union, have 
sot up their own manageinent-cngimHTiiig department If) assibt in iiiiproviiig methods, 
in determining fair occupational rates, in training union r(‘presenlalivf‘s in sound 
time-study techniques, and in the development of sfaudardb for the industry. Gom- 
berg. Director of Management Engmecruig Department, ILGWU, writing on labor’s 
frequent objections to w’age-iiicciitive plans htated that® 

The pnncipal technical hairier ... is the shortcomiiiKS of the lime study itself. 11 is 
not my olijective to deny the u.scfuliieb.'? of the lime btud.v but to pond out the limit.'itioiih of 
its accuracy. Thus far, no alternative method of measuring or estimating a rcasonalile 
day’s work hab uppeared ITciice, the time study must ilaiid until a bettor technique la 
found Unions wliu'h denounce time study and refuse an> partiejpation in its use mii.st 
ciihci furnish a hupeiior alternative iiietliod of measuiement of a day’s work or appear 
completely incspoasible. 

Acceptance of lime htudy, however, does not mean acceptance of all the elaims of its 
partisans, practitioners, users, and ahiibcis. The piofessiou, iinfoituuately, has failed to 
police itself It has been content to denounce malxiractic e in general. 

F'ear of w^age incentives on the part of the workers results from many belii'fs, such 
as fear that the btandardb n'tiuirc a pare that will br' injurious to health, that the 
standards will be cut, that failure to meet standards wull brmg eriticisin, that incen¬ 
tives will cause uin*inplo 3 ’'ment, aiirl a general lack of uiidcrstandiiig of standards 
development and iiicciitivt^-pay determination. 

Management has been reluctant to ndinquish to labor it.s right to set and install 
standards. This is recognized by most unions; how'pver, labor i “serves ihe right to 
question standards through grievance procedure. Knlighteninerit on the part ot both 
management and labor and the general labor movement toward eooperallon will tend 
to alleviate both hibor’s fear of the im-entive plans and the malpiactices. 

Negotiation and Grievance Procedure. The union coutiaet ttiai provides no 
grievance procedure for settling disi)utps arising durng the contract term is now rare. 
Although a large and aggressive union usually has a more elalKirate grievance pro¬ 
cedure than a small union, discussion of grievance procedures in muon contractb may 
be divided into four parts. 
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One part deals with the nature uf Iht* fi^rievaiici*. Most contracts specify the sub¬ 
jects that may l)e handled under Ihe Rrievanoe proeoduro, such as difTcrencefi arising 
over interpretation, application, or rompLianco w ith the jiruvisions of the agreement 
or questions relating to hourly wages, wage meentives, or other conditions of employ¬ 
ment, Surh provisions are broad and permit diseussion of almost any typo of griev¬ 
ance except dispuU^s involving demands for changes in terms of the agreement. 

A sticond part deals with the manner in which the employee is to be represented. 
Agreements frequently differ in the extent to which the aggrieved employee partici¬ 
pates in the processing of his grievance, although union representatives must by law 
be given an opportunity to be present. Frequently included are the number and 
method of selection of the union represimtatives, the protection allowed the repre¬ 
sentatives, such as seniority, and special features including remuneration and time 
allowed for processing disputes. 

The third and most extensive })art pertains to the procedure channels. Outlined 
in detail are the various ste])s for proccissing the disputes including the form and 
method of grievance presentation, the sehednling of time and place of meetings, the 
union and company repinbontallves participating in each step of the procedure, and 
the channeLs to be followed in case of lack of settlement at any given point. Pro¬ 
cedures usually call for four or five steps. 

The fourth jiart covers the terminal point of the grievance procedure, which is 
almost always some form of at bit ration. 

Development and Installation. Joint discussion with labor representatives and 
the employees affeeted of the need for incentive application, the type of earning 
curve, the employees to be coveied, and other imi)orlant features including establish- 
irient and presentation of standards will bring about better labor a(*ceptance of incen¬ 
tive Wfige-payinent sy.stems. f’ooperation from labor should be obtained prior to the 
devoloiwnent of the plan. There seenis to be a high degree of correlation between 
the extent of the standards presentation or willingness to deal with labor by the eom- 
jiany and the rrec'doin of management to set standards. Management is willing to 
explain new standards in great detail when assured of a receptive attitude on the 
part of lal»or and when assured that the proposed standards will not be subject to 
bickering, and vice versa. 

The installstioii of an incentive plan is primarily a selling job and one which docs 
n^it stop with VJp niamigemeiit or labor representatives but w^hich must be sold to all 
w'Orkf'Fs affected. Before the workers will accept a plan, they must understand it, 
and therefore it iiiust be simple enough to allow^ easy calculation of earnings by the 
workers themselves. Standards and Biillicieiit explanatory data always should be 
available to each w'orker for eiileulatioii i»iiriK)ses. 

Before a plan is marie effective, it .should undergo a considerable trial ]>oriod in 
ord(T to test its soundness, accuracy, completeness, and expectations. The results 
of such a trial run should be analyzed b\' both the wi^rkers and management. Kegard- 
le.ss of the care taken in Ji'velopiuent, a trial-run jreriod wrill usually indicate condi¬ 
tions iKd covered by the plan in its existing form. Although procedure is included 
in the plan for future revisions and additions, such additions and changes eon be 
made more roaildy beffwe a plan becomes effi'ctive. When revisions and additions 
are necr,ssary, joint cooperation and understamling should lie obtaim^d to the same 
or greater extent than for original instalhition because of hdxir^s fear of change. 

Union-contract Incentive Detail. Because of labor’s increasing partii-ipation in 
wiige-inccntive problems, the developineiit and presentation of wage-incentive plans 
is becoming more formalized. The trend has been away from the inclusion of mone¬ 
tary piece rates in the company W'ligc scale or the use of fly sheets to cover unusual 
conditions towarrl thi' use of a formal incentive-plan manual which includes, in addi¬ 
tion U) the .standards, method of application, policies covering delays, equipment 
changes, etc. At present, practically aU union eonlracts (*oiitaiii a section on. rates 
W'hich covers occupational rates and oecaskmally rates for delays and faulty mate¬ 
rials, etc. A f(^w of the more recent contracts include, in addition to rates, time- 
study procedure, allowances, use of temporary and regular standards, and changes 
in standards. 
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ADMINISTRATION OF JOB-EVALUATION PLANS 

BY W. IL Brett, TII 

Industrial Enyineerj The Ahimin'nn Cooking Vtensil Cornpanyj 
New Kensingtonf PcnmyLvania 

Job evaluation is a natural nutprowth of the ilevelopmcnt of scientific inana^EC- 
mcnt. It is an attcmpl to reduce the comjdcxities f>f an occupation to their funda¬ 
mental components and to measure and veigh each component so that the sum will 
pve the relative economic worth of that occupation, there be no mistake—^no 
workable job-evaluation plan can meamire a job as one may measure the dimensions 
of a room. One of the greatest causes of fa dure of these plans is a bl'md adherence 
to the system and the evaluations as they have been 8t‘t up. In spite of the inaccu¬ 
racies inherent in job evaluation (lAhich will be pointed out later), it is still the most 
equitable method of dividing the pay roll which has yet been developed. If it docs 
nothing else, it provides a framework for logical thought when assigning w'age rates. 
Job evaluation is not an easy way to set wage ratrs, and there is no easy way to 
evaluate jobs. Painstaking and tlioirmgh research is required. Plans have been 
proposed as easy niethodKS of job evaluation, but thert* is no easy cure for the inevi¬ 
table disasters that will result from slipshod incthod.s of analysis. !No conclusions 
can be inoie accurate than the observations and data upon which they are based. 
If these are iiuiccurate or inadequate, the wage structure built from them will be 
intrinsicallv unsound and hojieleHs to aduiinister. 

The job comjioiiciitb aiul their relative weiglits are of secondary significance to 
the care wdth which they are applied. 

It is necessiiry in establishing a system of job evaluation first to define the objec¬ 
tives of the program. I'hesc objectives should be basically the following: 

1. To describe and define completely the mental and physical requirements, the 
duties, and the rcsfwnsibilitics of every hourly rated occupation 

2. To estalihsh a ranking or grading of all occupations according to some break¬ 
down of the skill, w'orking conditions, and responsiliilities that are required by ea(*h 
(pccupntion 

3. To establish certain key jobs wdtli known market rates and from them to 
establish a wage-rate structure that will most equitably distribute the existent pay 
roll among the vaiious occupations 

4. To develop administrative jirocedures for evaluating new and ehanged jobs as 
changes occur and to maintain a close relationship between intenial wage rates and 
the market-rate ranges for the same and similar jobs 

Job descriptions arc the heart of any program of job evaluation. It is that phase' 
of job evaluation which is mo.st frequently slighted and is most frequently a cause of 
future trouble. During the Second World War, especially, there was a tendency to 
establish these programs in a hurry. As a result, a great deal of job describing w as 
done by filling out printed forms with short one-w'ord answers. These forms gener¬ 
ally follow the outline of the points in the actual job evaluation. Ileal job descrip¬ 
tions should be obtained by traincKl interviewers without a highly standardized list 
of questions to be asked. The interviews should be in the form of leading questions 
which enrourage the worker to describe the true characteristics of his job. There arc 
only a few general jxiints to be covered, but they should be covered in detail. The 
resulting iiiformtition should rev(*al w^hat the worker di>es, what he has to know to 
do it, what material and i'quipinent ho inuvt mho to do it, what mental and physical 
exertkm is required, and what his lesjMuisibilitieh are. TTiese descriptions should be 
checked and rcchecked for accuracy by foremen, supervisors, plant management, and 
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industrial engineers. As they usually bring out phases of jobs that previously no one 
was aware of, the jobs will normally require a reorganization and possibly an elimi¬ 
nation of certain phases of many iol)s. Many jobs may be simplified, and some over¬ 
lapping classifications shr)idd be cmtirely eliminated a1 this time. After this has been 
done, the evaluation plan to be used may then be selected. 

The most popular type of plan today is the one \\hich establishes a point valua¬ 
tion for the various predetermined job factors or characteristics, Tliis type of plan 
is fairly easy to administer, and if the luiniber of factors is fairly small, it is simple 
to explain and easily understood. The maximum number of factors which should be 
used is about eight. Some plans have been proposed that use as high as 20 different 
factors. Doing this does not add any real accur.acy and in many cases only serve.s 
to remove attention from the important characlcriRtics and to make agreement more 
difficult. 

There are iiistances of some very successful plana which use no more than tliree 

factors. Table 2-9, w hich lists factors with 
their weighting, is a reasonable sample. 

When the ])lau to be used has been 
decided upon, certain kty jol>s are selected. 
The.se key jobs must have fairly dehnite 
market rates. They are evaluattsl and 
plotted on a ehart of w age rate vs. point 
value. Ry statistical methods, a trend lino 
Ls Ihcn drawn tlirough these points. If 
some of the original key jobs are found to lie too far out of line with the others, they 
should be discarded and others sc'lceted. W’^hen the* other jobs have been evaliiatecl, 
their w^age rate or wage range will be established by this curve. The rcMiltant W'age 
structure should not cause a potential lowering of total pay roll or an aj)pn*eiable 
increase in the present pay roll. This is based iqnjn the assumption that the wage 
rates of jobs which fall above the curve wdll not lie lowered immediately and those 
jobs whose rates fall lielow^ the curve will be raised to the* proper level. 

The foregoing is merely an outline of the general method of apjdying a job-evalu¬ 
ation plan, A great deal of literature is avadable on the actual methods of i‘valua- 
tion. However, verj- little has been written on the proldetns of ailministering such 
a system. Frequently, proponents of job evaluation prefer to ignore the existence of 
these problems. If job e\'aluation is to be utilized to its fullest advantage, these 
problems must be recognized and policies formulated to solve them. Poor adminis¬ 
trative policies are resiionsiblo for the failure of more systems than a i)oor choice of 
factors or weighting of these factors. 

MARKET RATES 

One of the most important decisions to be made is determining the i-ole of market 
wage rates. In some plans the effect of the lalmr market has been included as a 
factor to be evaluated. This procedure is not antisfartory in that it distorts the 
objective rating of job content or else it carries so littli* w^eight as to lie of no value. 
It is also impossible to evaluate availability or market rak's of skills that are uniijiie 
to one plant. Therefore, a factor "market” is not eommoii to all jobs. 

A definite policy must he estalilished as to whether tJie w^age-rate structure is to 
he based primarily on internal standards or market rales. If the company is dejiimd- 
ent upon a competitive labor market, some* iwivision must be made foT- allowing 
rates to reflect going market conditions, or troubles of many types arc bound to 
ensue. 

dironologically, the first problem to bo met is what to do with the key jobs which 
were used to establish the wage curve. I’he key jobs will be located on a chart of 
point value's vs. wage rates. Th(‘ w'age curve will then b(' drawn through them in 
such a way that the w’^eighted qiiantily of those below the curve will be equal to the 
weighti'd quantity of those above the curve. The curve will also have to be drawn 
BO that there is no net decrease in jw)tentitd or aefmd pay roll if union aeeejitance is 
to be hoped for. It can bo seen therefore that few', if any, of the key jobs--those 

80 


Table 2-9 


t. Experience.21 % 

2. Education 18% 

3. Initiative and judgment 12 % 

4. Dexterity and pi coiHion 12% 

f). Piiysieiil demand 12 % 

G. Mental and viHual demand 6% 

7 Hesponsibility foi equipment or pioceH'^ 12 % 
8. ReHponnbility foi otheis 7 % 
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with dotcnninablo niark(*t rates—will be on the curve. If intcmaL standards ore to 
prevail, these jobs must be cither raised or lowered so that they do fall on the curve. 
Under present conditions of inflationary wa^e pressures, if the plant is unionized, all 
wage rates that are below the rurve will undoubtedly have to be raist‘d if the union 
is to accept the principle of job evaluation at all. This can, however, have an unfor¬ 
tunate effect upon the w’orkers involved on the job. In some Jnstauccs, it may be 
possible for the coiiipaiiy to climbiate that work, and contract it out to other firms 
paying the market rates and actually reduce the costs. This is most likely to occur 
in the service and mainl(»nanc‘o functions. If it is not possible to eliminate these 
operations, the company will be put in an unfavorable cost jKisition in relation to its 
competitors. 

If, on the other hand, wage rates of key jobs above the curve are lowered to the 
curve, this will result in trouble in eiujiloying people to till vacancies for those jobs 
or work stoppages and slowdowns. 

The greatest trouble occurs where market rates of jobs change after a joli-evalua- 
tioii sysbuu has been in operaiion for some In order to avoid personnel trou¬ 

bles, wage rates must vary with important variations in market conditions. I’hcro 
are five general ways in w'hicli this may be done. 

1. llecvaluatc the job adding values wh(T(‘ none exist in order to get the desired 
point Arable. 

2. Apply an incentive lionus to an hourly job or relax standards on present incen¬ 
tive jobs. 

3. Change the slope of the w^agr curve in order to decrease or increase differentials. 

4. Keep knowledge of the oxisiencc of a job-evaluation system from the workers. 

5. Admit by policy that market rates are more fundamental than internal 
standards. 

I'he practice of reevaluating job.s to increase their jwint values in order to corre- 
S{)ond to market rates is in I'ommon use. AHhuugli the proliicms it creates arc, in 
the long run, more dangerous than the original proLdem, it is, in many cases, the 
only solution. This procedure, kiiow’n in [Hipular tiTnis as "screwing the rates,” 
will have the immediate effeel of raising the job rate to correspond with the market 
rate. One representative of labor, however, admitted that usually they have a diffi¬ 
cult time findih,. those last few points to raise the jol) another classification. The 
long-run effects of this type of action have ii tendency to undermine the whole sys- 
teiii. Kach job that has been tainpeied with m this fashion is sometime going to be 
questioiieii hy soinconi* in the plant. Some worker is going to W'onder why this job 
which is easier than his in all respects gets paid more money. That question is very 
difficult to answer. If enough of these joImj are piesent in a plant and enough of 
them questiojK'd and found to be at fault, worker confidence ma}" be so undermined 
as to require seraiiping of the whole system and starting over again. That is a long 
and expeiisive pro4*ess, and the entire procedure will not tend to improve relations 
between labor and laaiuigeincnt. 

The second metliod, that of applying incentive rates to hourly jobs in order to 
increase wages, ha.*? fundamentally the same disadvantages of "screwing the rates” 
except that here it is not necessary to tamper with the actual point value.s. This 
protects the job evaluation from the brunt of the criticism from the workers. An 
examjiile of this is the trouble one company had wdth a barrel-w’asliing operation. 
The workers finally staged a w ildcat strike in order to obtain their demands, hlan- 
ageiiient satisfied them by applying an ineeritivc rate w’hich enabled them to inereasc 
their daily earnings by uiore than their original demands. The primary reason for 
the low rate wvlh the weighting of the factor "working conditions” which w^as satis¬ 
factory for other jobs in the plant but did not allow sufficient points for this job. 
Hecauso the job is dirly and unpleasant nobody w'ant,s to take it even at an increase 
of pay, anil as yet no trouble has ensued fnim this action. This is not alw^ays the 
cas(*. Kre(]ueiiily, during periods of a light lalwr market it is desirable to incrc'ose 
facilities and hire many neiv employees, as, for examph*, during a war. Jii the same 
company, it was necessary to establish a new department performing simple, light 
repetitive w’ork, suitable for women. In order to hire the nccossary pt^rsonncl and 
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where a fitrong and well-integrated horizontal union is in operation. In such a case, 
job evaluation can have no effect in dcterniining wage rates. 

It is desirable from the standpoint of the company and the union that market 
rates be followed as closely as possible consistent with a stable wage structure. Under 
almost no conditions is it desirable to have a wage structure that is sensitivo to short- 
run (less than 1 year) variations in wage rates. Inequities would be introduced to 
last for a long period if rates were raised on jobs tliat showed only temporary rises 
in market price, if the iwliey of not lowering rates for present iueim.bcnts were fol¬ 
lowed. If this policy were not followed (which in a strongly unionized plant is not 
likely to occur) the wage structure would be so unstable as to have an extremely 
detrimental effect on worker morale. A more satisfactory solution is to watch key 
jobs for signiheaut changes whi(‘h will have more than transient effect on the wages 
of the area. 

JOBS “ABOVE THE CURVE“ 

Most of the literature on job evaluation mentions the handling of rates that are 
above the curve. However, very little concerns some ver^' serious problems that 
arise from the princijiles. It is a generally accepted principle that all rates below the 
curve will be raised to the curve as of the date the plan is instituted. Frequently 
those raises arc made retroactive to some prior date ^^llich has be(‘ii agreed upon as 
the effective date of tin* joh-cvalaation jdan. 

The principles for handling rales above the curve, or "nd-circlc^’ rates, are as 
follows: 

1. Wage rates of present incumbents shall not be lowered. 

2. The rates of th<*se jobs may be lowered by the following methods: 

а. All workers Kubsecpiently hired for these jobs will be hired at the eurve rate. 

б. Workers on these jobs may be transferred to oth(*r jobs wliich carry the wage- 
rate they now reeeive. 

c. Normal turnover wdll slowly replace all preseni ineiiTiihents on these jobs. 

d. Job content may be changed on these jobs thus substantially creating new^ 
jobs and eliminating the old ones. 

e. Workers on these jobs may not take part in general wage increases until 
the inequities are ironed cmt. 

One of the biggest problems is the definition of '^present incumbent." One eom- 
pany, which had to go to arbitration to establish a wage curve, made an agreement 
with its union that the effective date of the jo}> evaluation was the date that the 
petition for arbitration was approved. It wiif» agreed that retroactive' pay should be 
based from this date, and also pn'.seut ineumbeiits were’ de'fineal as ix'ojile lured before 
that date. Because the negotiation and arbitiation exlended over a period of about 
six months, many people were hired during that period for jobs that were later 
decided to be above the curve. On one job about fifteen per cf'iit of the workers had 
been hired after the effective date and eouhl not Ikj counted as present incumbents. 
The situation was explained to these workers by a representative of management 
before their rales were cut, and it w^as accepted with good grace by all involved. 

In another case present meumbents have been defined us all persons hired during 
the present contract year. This was done to put off the problem of hiring new 
workers at the curve rate to work wdth men who are getting the old higher rate. 
There are generally two unfortunate results to this type of situation. The old worker 
feels that the new man is "scabbing" on him, is out to cut his throat and take his 
job away from him. The new worker can’t uiulerstand why he is doing the same 
w'ork as the man next to him and doing it just as well, but g<‘tting only a little more 
than half his pay. No matter how well the reasons for this are explained there will 
usually be dissatisfaction on the part of one or both of the parlies. The exl^nt to 
wliich this diasatisfaction is gcnenilly mode apparent wdll determine how successfully 
this situation can be handled. This company is anxious not to create this problem, 
at least during the present contract year. At present, with Ihe continuing jiressure 
for higher wages, it is not unlikely that this policy wdll be continued for the nc'xt con¬ 
tract year. 
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Another problem arises in defining present incumbent where promotion sequence 
is involved. One of the generally accepted advantages of job evaluation is that it 
defines more exactly tlu' sequence of promotion and provides job incentives. If, for 
example, a group of jobs in promotional sequence arc all found to be above the curve, 
how can a satisfactory definition of present incumbent be made? If only those per¬ 
sons working on the job at the time arc to be present incumbents, why then the man 
on the next lower job will find that, if he makes bis promotion, he will have to take 
a reduction in pay or at best no increase in pay at all. Under these conditions, he 
probably would not accept the promotion and would be extremely disgruntled about 
the whole affair. Under these conditions, the most satisfactory solution is to include 
all persons working at any one of the sequence of jobs as present incumbents for all 
of them. With this sf>rt of policy, great care must be taken to define precisely the 
series of jobs which can be included in the promotional seriuence. If this concept is 
accepted, it is evident that promotion must be made entirely w'ithin the framework 
of these jobs. This is probably a dosir^ible thing to do in any case. This group of 
jobs will be in the class of “red-circle'* rates for a much longer period than is generally 
accejited as being satisfactory, but in spite of this, this solution is the only satisfao* 
tory one in many cases. 

The first method of lowering the rates of red-circle jobs, that of hiring all subse¬ 
quent workers at the curve rate, is, of course, deijemleiit upon the definition given 
for present incumbents. The imibleins involved have been discussed above and are 
sometimes of major importaju-e. The union of one company has suggested that the 
only suitable time to bring wages dowm to the curve is during a general increase or 
decrease in the over-all wage level. However, in most cases, this principle is accepted 
if the union is honest in its belief that these rates should be brought down to the 
curve. 

In order Uj hire workers at the lower rate, vacancies must be provided in these 
jobs. One method of jiroviding vacancies is to transfer workers to other jobs which 
carry the same rate as that which they are now getting. In cases where the skills 
involved are of a general nature and the work is not radically different, this may take 
care of a high percentage of tlie.se people. If the job is on(‘ which requires a unique 
skill which IS not required in other parts of the plant, this policy may offer no solution. 
If the work on the new job is vcr3' different in its nature or the environment less 
attractive, workers may bo opposed to the transfer. At any rate, workers will gen¬ 
erally be opposed to enforced transfers if they are fairly content on their old jobs. 
All those workers who for one reason or another cannot be transferred to other jobs 
w’^ill eventually be replaced through normal turnover. Where turnover is slow, this 
may be a long process, but it is eventually as sure as death itself. 

In some cases it may be possible, by a change in iirocess, to eliminate the job 
entirely or to change it so that a reevaluation is n(‘cessary. If the union admits 
that jobs wdiich have been changed should receive the new rate as determined by 
evaluation, this procedure w'lll also give management an arlded incentive to modern¬ 
ize and improve existing methods and processes. In some cases, however, this is 
impossible without completely changing all existing manufacturing procedures. This 
is especially true in the chemical industry where changing processes is sometimes 
actually impossible at the time, or investment in equipment and setup for present 
methods prohibits any changes. 

The fifth method, that of excluding workers whose rates are loo high from general 
wagt* increases, can be quite satisfactory if it is used wdth discretion. Management 
should adopt the altitude that their wage curve represents a long-run goal and should 
not insist on excluding these workers entirely from increases for too long a period. 
The workers whose rates are above the curve will usually accept without question 
the initial raises which were given to bring the low" jobs into line. However, th«pe 
may be trouble with siibsequcnt raises if they arc not given some share in 
One comiJany suffered a 6 months’ strike because of this very principle 
finally forced to grant the general increase across the board cciually to 
It is quite possible that the strike would not have occurred if Iww poen 
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content to grant a iM»riion of this increase to red-circle ratos even though there would 
have been a less siihstantiai decrease in Intraplaiit inequities. 

It has been arguoil that it is extremely diflicult to bring jobs into lino during a 
period of rising wages, the upward pressures being too high to allow segments of this 
wage structure to ^ held back. One union felt this so strongly that it was included 
as an issue in a case before the War Labor Board, although there was no possibility 
of a general increase at the time. I'hcy contended that the only way that wages 
eould be brought down to the grade maximum was through death or separation from 
the company. The company felt that these jobs should not share in general wage 
increases. The issue was referred to the parties for negotiation as no wage increases 
were imminent. This is indicative of the fact that strong opiiosition to this procedure 
may be met. 

A Glial method of getting around the problem of rates above the curve, but which 
is not to he recommeuded, is that of building the job description and point values 
around the existing rates. If this is done, the same results w'ill occur as when rates 
are tampon'd with to oorrcaiiond to market conditions. One company, * w'hich did 
build its job evaluation around the existing rates, found the union \ras soon demand¬ 
ing reevaluation of all jobs or a eomplete scrapping of the wiiole system. When this 
happens, even if the plan is salvaged, it will be suspected by tlie union as a whole 
and wiU be, for that reason, less valuable. This procedure will, in the long run, 
create more pmblems than the red-circle rates. 

There are two reason.^ why it is undesirable to retain these high rates. The first 
is that the (xmipany is forced to pay a higher total paj" roll than would otherwise l)C 
acceptable to labor. 'J'he second is that these high rates will, as long as thi'y exist, 
be a source of confusion and dissatisfaction to the wrorkers. It was the experience 
of one t*ompany,t whieh had to retain these rates over an excessive period, that the 
union requcstfHl an eiituely new jolv-f'valiiation plan. They claimed this was iieees- 
sary because many jobs wore higher than the maximums by from 2 to 31 per eent, 
which created IiiequiticH which they could not explain to the union body. If these 
high rates exist for too long a time, their original ineamng wdll be lost sight of, and 
the union leaders will have difhculty in conviiieiiig the union body that there is a 
reason for them. Their continual existence will disturb the functioning of the jolv 
evaluation sysUmi. 

The only way this problem can ever be completely avoided is by granting a general 
increase at the time the system is established. U'his serves to lift all jobs up to the 
same relative level as the too-liigh jobs. This method could not be accepted by 
management, however, unless such a goiieial increase w'as imminent anyway. 

TBCHNOLOGICAL CHANGES 


Decreasing the rates on jobs that have been simplified by some change in methods 
has been objected to on thi* grounds that workers should be paid on the basis of pro¬ 
ductivity. Tins coidcntion is diametrically opposed to the principle of paying on 
the basis of the skills required and the arduousness of the work to be done. The 
concept of pay 1 tased on productivity will break down logically in the extreme cases. 
Certainly, the operator of a highly automatic machine, who is required to have no 
special skill beyond pushing a button, should not be paid more than a highly skilled 
tool- and diemaker even though the daily output of the button pusher may far 
exceed in value the output of the machinist. If this policy were followed out, it 
would lead to the development of many highly pa d sinecures. This is certainly not 
a goal to be desired. Jolis that have been simplified, even though their productivity 
may have increased, should have their pay rate decreased. The savings should be 
distributed to the workers as a wliole in t).^ form of general increases or to the general 
nublic in the form of ieduced prices. The changed job should be paid on the basis 
ot evaluation. 


If 11 >Hn be agn‘ed by union anil managi^nieiit. the most satisfactory policy is to 
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lower the rate oh the job as sooxi as it has been ehanged and the new evaluation has 
been made. Thifris frequently diffieult to manage if the job is phanged only slightly 
and there is no change of personnel doing the work. If this is the ease, it is frequently 
necessary to call the job a red-circle job and handle it by some method as outlined 
previously. In some instances, however, it will be possible to lower the rate immedi¬ 
ately and for those people who have been working on the job all along. This can be 
established only by agreement between union and management. Another company 
has had considerable success with the policy of adding new duties to the job when it 
has been simphfied in order to increase its point rating to the origmal value. If t^his 
is not practicable, the company increases the worker’s merit rating on the basis of 
the residual skills the man has but is not using. In a small company, where the 
problem of replacing absentees is quite tniublesome, these residual skills represent a 
form of insurance to the company which they feci they are warranted in paying for. 
In plants where a merit rating is in use, this solution lias practical value and is theo¬ 
retically sound. 

If job evaluation is to have current significance, it is necessary that no chongca 
be made in iob content without notifying the parties responsible for reevaluation. 
This can best be accomplished by the use of three ]X)licics or practices: 

1. C'lose cooperation of department foremen and methods department with the 
jol)-cvaluation ct)riimittee 

2. Rapid channeling of wage grievances to the ovalnatiun adniinislrntur 

3. I'eriodir audit or check of the descriptions of all jobs 

Unilcistanding of the Hignificance of job evaluation and the role it plays in the 
company’s wage structur(‘ is a necessity for all foremen. They must be trained to 
watch proeesscH closely in order that job content may not be changed without their 
knowledge. W lieiievcr a now job must be introduced or a present job changed, the 
job-cvaluation adminihtiator mu.st be notified iiiimiHliately. It is usually the best 
fHiliry to establish a temporary rate until the job content has been permaiumtly 
established. Retroactive payments will ha\e to be made when the temporary rate 
is set too low. If job evaluation is administered entirely by management, it is prob¬ 
ably best to have the job-i'valuation administrator sel the temporary rate as he is 
most familiar with the other jobs in the plant. If this is impractical, it would bo 
satisfactory to Jnve temporary rates set by the iiidiistrial engineering department if 
they are separate departments. In companies that lia\ e efficient methods enguiccring 
and where processes aie tightly continued from a standpoint of quality control or 
incentive rates, there should lie little difficulty in quickly s])ottmg any changes in jobs. 
Where this is true, it is advontage^ous to have job evaluation very closely tied to meth¬ 
ods engineering if not actually m the same departnient. When job evaluation i.H 
handled by the personnel departmimt, cspeciaUy in a large organization, it is liable to 
become loo far divorced from the actual manufacturing operations W’hich it is 
evaluating. 

The handling of wage grievances should be greatly simplified by the establish¬ 
ment of a job-evaluation plan. W'age grievances should be channeled directly to the 
job-evaluation cominittei', whether or not it operaU's under the personnel department. 
They should bo inhaled difTerrntly from other types of grievances. It has been pos¬ 
sible in some plants to establish a time, to occur at regular intervals, when grievances, 
or requests for reevaluation, may be submitted to the job-evaluation committee. 
This jKilicy will have the effect of decreasing total grievances as it wUl automatically 
give the worker a “cooling-off” period. If labor-management relationships arc not 
in a strained state, where the union is bunting for grievances, this should be agreeable 
to the union. When relationships are smooth, individual wage-rate grievances are as 
much a headache to the union committee as to management because, if one man gets 
more, it means that another is getting relatively less. The alternative solution is ^ 
accept wage grievances at any time. This has the advantage of not allowing 
ties to exist after they are discovered. However, if the times that griev*i^®es arc 
accepted occur frequently, this advantage is of doubtful signiiicance. 
the grievance slip is important. If an agreement is made by wwrber a 
reevaluation will be accepted even if it is found that the 1® already too mgn 
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there will be added insurauoo that the giievaiioeB will be legitimate. If job evaluation 
has the hackmg of the union, thn* prmeiple 'will probably be aceeptod. 

Application for Job Reevaluation 

We, the undern^ned omployere now notkinR on the job, wibb to haie the job evaluation reron- 
nderod on 


CNnint of joii) 


for tho fullowinii! Teoaonn-- 


In re(iu(*Ntin£ ihi*i lOconsid^^ration we iinilerhtand that theiL is an t(4ual poHaibiljly of a reduction aa 
well as an me rease m evaluation and wc aKrte to abide bv the hndinRB of the Jo>>>evaluation Committoc, 
even though the reduced evaluation places the job m a lower wagisiati gioup 

bignod__ 

Grievances vill be of two general typos* 

1. The job was incorrectly evaluated oiiginally 

2. The job has been c hanged m Mieh a w ay that the point value shouhl bo incieasod 

In eitliei cast, care mu&t be taken ui the iee\aluation to see that it is done accu¬ 
rately and objoctivelv and that it is not influent id by pressuies from the group pro- 
renting the gnttance It is in wtuatnms of this Itjie that joint uuion-managtmcnt 
jotncvalualion coiumiticcs display then inhennt T\eakn(‘bsea (Inevauies that are 
claimed to be based on changes in job content maj actually be based on external 
conditions such as market rate, and undei these ciiiuinstunccs, it is easy to lead new 
values mto a job whuh are not actually then‘ The suppoit of really complete job 
descriptions makes it easier to avoid erior m such circuinstances 

To ensure the complete coiitcinpoj«uieousjicss of job e\ aluation, some sort of pen 
odic leview or audit of job destnptions is lU'Cesnurj^ This may be done piecemeal 
throughout the year or all at one time but sliould be act omplishod for each job at 
least once each year This pioccdure will latch minor changes before they become 
serious and require drastic changes m the lates for any one job This procedure is 
especially necessary where control of standards is fairly loose and changes arc less 
likely to be caught by foremen or the methotls department. 

UNION PARTICIPATION 

The basis for employee participation in job-ovaluatioii plans is well expressed by 
Eugene Benge who said, “Siu t ess depends not oidy on belling the program to employ¬ 
ees, but also upon tht extent that employees believe m it TW belief is greatly 
enhanced by the opportunity to participate 

The extent to which employees should participate ib not a matter that can be 
decided categorically The degree of partiiipation should be decided upon the basis 
of the attitude of the woikers and then general level of education and intelhgcnec 
A policy that may be quite succesbful in one cHlO may fail cou oletely in another 
In one case where managemtiii had to deal with 11 different trade unions, a plan was 
set up independent of the woikcrb, pulps’^ for management's iniormation. If some 
sort of employee aid and participition is not enlisted, thib will be the degree of cffcc- 
''-npiieas of most plaiib 

degree of union paiticipation may vary fion the above type to a plan in 
^hiCn job ^valuation is a joint function and respoiibibility of union and management 
I e jaost impi,H,ant w cakness of tluh sort of plan is that job evalu d xons will be, to a 
large itegrce, and there will be a griiater tendency to aHcmpt to fit tlie 
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pvaluation to the present rate. For example, in one company with this type of plan, 
no rates were found to be above the curve when the plan was establish^. It does 
not seem to be within the realm of possibility that this could happen with a fair and 
objective evaluatbn of all jobs. The evaluations were evidently built around the 
existing rates. The dangers of this action have been discussed under Jobs above the 
C''urve, It is probable that the actual job evaluations arc changed to reflect group 
pressures and market conditions as no rod-circic rates of any kind are in existence. 
The second disadvantage is that union members of the evaluation committee may be 
removed by the union body. This leads to instability on the committee and has a 
tendency to force the union members of the committee to influence their decisions 
by what they feel to be the desires of the majority of the workers. This is true no 
matter how objective they may try to be. The presence of these rates is a continued 
threat to the very existence of the job-evaluation program. 

If these disadvantages make a joint union-management plan unsatisfactory, to 
what extent should union participation be allowed, and what should be the role of 
collective bargaining in determining wage rates? In the long rim, unions will not 
allow job evaluation to remove individual wage rates from the realm of collective 
bargaining. On the other hand, a typical management attitude is exemplifled by W. 
H. Frater, Director of the Work and W'ages Analysis Section of General Motors 
(kirporation, who states that negotiation of individual wage rates will prostitute any 
job-evaluation program and nullify it in so far as the establishment of a rational wage 
structure is c/)ncomed.‘ This attitude assumes that job evaluation can measure and 
rank jobs with absolute accuracy and that labor must accept a rate for all time once 
it has been cstablij^hed. The lalxir movi'ment will not admit that the plant’s wage 
structure can be a unilateral decision by management and will reserve the right to 
change its mind eoneeming ranking of jobs and wage differentials. 

In reaht}", there should be no fundamental conflict betw^ecn collective bargaining 
and job evaluation. The a(‘tual point ovahiatiuns should not be subject to negotia¬ 
tion; the dangers of this have been pointed out. 'I’he job-evaluation program should 
provide common ground for the discussion of individual wage rates. Kven without 
the existence of a job-evaluation systi'm, rates arc negotiated on the l)aBiB of what 
the worker must do and what he must know in order to do it. Job evaluation pre¬ 
sents these facU’ completely and rationally and should make it much easier for union 
and management to come to an agreement on the pay for individual jobs. Job eval¬ 
uation providpfc) a framework for negotiating the rates of unique, new', and changed 
jobs in the company. Job evaluation should not attempt to establish, by manage¬ 
ment fiat, the rates of all jobs in the plant. In sotting up a job-evaluation program, 
management and the union should agree that the actual ovuluatiou of jobs is the 
prerogative of management, subject to normal grievance procedure. 

In spite of the fact that the evaluation should be done by management, a certain 
amount of employee participation should be ineor])orat(*d in the establishment of the 
program. The procedure of job evaluation and what it means to the individual 
worker should be explained, using terms and examples that will be understood by the 
average employee. Ijciiglhy dissertations on point-voluating procedures and factor 
weighting wdll probably not be understood by the average employee and may serve 
to make hun antagonistie. It is necessary only that he be instructed in what the 
plan is designed to accomplish and its general method of operation. The practice of 
questioning the worker on the job as to what his work actually involves will not only 
yield information but will increase his interest in the program. All efforts should be 
directed toward eonvinciiig the einployeo that the plan is being fairly and objectively 
administered and that it is to his benefit that a w'uge structure be established on 
some rational basis. 

CHECKING RESULTS 

In any phase of business activity, it is important to have some way of checking 
the results of expenditures of effort and money. In the field of industrial relations, 
this is a difficult tiling to do. It is next to impossible to determine the effect of job 
evaluation on the yearly profit-and-loss statement. The only way that the results 
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td Job evaluation may bo toeted ia by examining ita offnci on labor-management mla- 
tions and iUi acceptanoo by the rank and file of workers. Ckymparing labor turnover 
and wage-rate grievanecs bcdore and after job evaluation will usually provide a gen¬ 
eral idea as to its effects. 

There are many charactoristics of labor turnover whieh could invalidate any data 
which were gathered from these figures. First, it is usually impossible to find out 
why people quit a job. They may just never show up or they may actually lie when 
asked why they are quitting. Second, there are too many reasons that they might 
quit which have no relationship to job evaluation, and larking knowledge of their 
reason for quitting, it is unsound to make any assumptions as to the effectiveness of 
job evaluation based on these figures. The soundness of a single rate may be deter- 
miuod with more accurac'y than the whole structure, but oven here the results arc 
doubtful. 

An examination of the amount and types of grievances is a better indication of 
the effect of the rates established, but even here there are many other factors that 
affect grievances other than wage rates. If union-management relations are better, 
shop stewards will discourage grievanecs. I'hls change in attitude may be caused 
by a general w'age increase or some other factor not even remotely related to job 
evaluation. 

As these procedures are merely methods of determining worker reaction, probably 
the best method of determining this is by asking the workers themselves. If this 
seems unsuitable, it is {Kissible to get the reactions of foremen and other supervisory 
people who are in a jiosition to know the degree of worker acceptance. I'he union 
committee will probably be anxious to air worker roat^tioiis if they arc not favorable. 
It should always be remembered that the only criterion of success of a job-evaluation 
system is whether the resulting rates are acceptable to labor. 

CONCLUSIONS 

Job evaluation, if properly used, can bo an <‘xtrcme]y useful tool of management. 
However, if jobs are hastily and inaccurately evaluated and described or the system 
ha])hazardly administered, i1 can become an expensive headache. The most basic 
pitfall to avoid is the belief that any job-evaluation plan known today can with absu- 
iute accuracy measure the relative worth of any group of jobs. Job evaluation can 
measure only those factors which are common to all jobs in some degree and w^hich 
can be described and measured in concrete terms. Even those factors which are 
generally included are frequently next to impossible to evaluate rationally. The 
problem of measuring responsibility is one which has never beem satisfactorily solved. 
At a job-evaluation meeting in one plant, a foreman gave his idea of responsibility: 
“Two men drive trucks of identical make, year, and model down the same road the 
same number of miles each day. One has a dump body and is loaded with sand; 
the other has a bus body, ia used as a school bus, and is loaded with children.'’ The 
difficulty of mea.suriiig the responsibility in this case and applying it to a wage differ¬ 
ential is obvious. The foreman’s final comment was that the man hauling the sand 
probably would be paid more anyw^ay. There is still something to be desired in 
obtaining a really objective and adequate measuivment of the nlative worth of jobs, 
Therefore, it can be seen from the inhenmt inadequacies of any such plan, job evalu¬ 
ation should not be the ultimate authority but a guide in setting Avage rates. 

The following general policies will usually give the most satisfai'tory results: 

1. The plan itself should be as simple and flexible as is consistent with reasonable 
accuracy. Wage-rate ranges for a scale of point values should l>e established rather 
than a single-rate system which gives a different rate for any small variation in point 
values. The accuracy of any system does not warrant lusing tlie latter method. 

2. Because of the importance of going market rates, they should bi^ ntciignized as 
more fundamental than internal standards, and suitable agreements should be drawn 
up to handle market variations. For this reason^ job evaluation will be most valu¬ 
able in sotting rates for unique, new, or cliangcd jobs. 

3. Job descriptions and evaluations must be kept up to date, l^abor must allow 
simplified jobs to lie reevaluated and the rates eventually lowered if the plan is to 
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RUi3ceed« Qose cooperation of industrial ongineei'S, foremen, and the job-evaluation 
administrator, in addition to at least annual audits, is necessaj:^ to maintain current 
data. 

4. Job evaluation should not exclude the possibility of negotiating wage rates but 
should provide informal ion so that collective bargaining may be carried on more 
intelligently. Point values thciiisclves should not be negotiated as this wiU result in 
compromised values with the resulting loss of objective point ratings. Management 
should establish rates anrl thm, if they arc found unacceptable to the workers, should 
bargain collectively over them. 

5. The effective use of job evaluation requires a cooperative attitude on the part 
of labor. The plan must be sold and its method of application agreed upon before 
it is put into effect if it is to be of greatest service. 
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BY F. W. Stxtbbs, Jh. 

Professor of Civil Engineering, Purdue University 

This sprtion calls attcjition U) some of the important problems arising in the design 
and coimtrut'tion of any slnieture, viz., the foundations. At the outset, it may be 
well to suggest that, because of the importance of tlie foundation to any structure, 
an engine(‘r competent in this field be selected to design and supervise the constnic- 
tion of all fouudatitm jobs. Experience with the prolileins is essential. (This state¬ 
ment apjjlics elsewhere.) 

The essential problem in the design of foundations for buildings, bridges, towers, 
stacks, etc., is so to proportion the foundation that the settlement will be within the 
permissible limits. Actually the effect of the structure on the foundation material 
is cx)nBidL‘red. Tlie problem of runways and taxiways of airports, highways, parking 
lots, and storage areas is similar, and in addition, the elTeot of the foundation material 
or subgrade on the u earing suilace of such projects must be considered. The wear¬ 
ing surface must be so designed tliat applied loails do not cause failure of the sulv 
grade. Also, tlie suhgrade must lie so selected that it w'ill not cause failuie of the 
wearing surface through frost action or other eauses. 

Structures may bo ilividcd int<i two parts, the suiH‘rslructure and the substruc¬ 
ture. That portion of a building above ground is considered the “sujicrstiueture,’* 
and that jiortion below the ground is i^alled tlie “substructure." Likewise the trusses 
and deck of a bridg(‘ are calk'd the “superstructure," and the supisirlmg piers and 
abutments are gimerally referrc'd to as the “substruid ure," The steel frame of a trans¬ 
mission tower ks the superstructure, and the concrete footings an‘ the substructure. 

The substructure is commonly iriade of concrete, jilain or reinforced, steel, or 
timber. That part of the substniclure which traiisniit.s the load to the soil or rock 
is the foundation and in some eases may be called llie “footing." The material on 
which the foundation is placcfl is called the “foundation mateiial." Those ]M)rtions 
of the suhstructun* of a buildiiig above the footings are known as the “foundation 
'ivalls.” The substrudure above the foundation of a bridge is the pier, abutment, or 
bent, although in some caw's the various parts merge inb» one, and no distinetJon 
can be made, as in a pile bent. In highway, aiiport, and similar const ruction, the 
term "subgrade” refei'^ to the foundulioii rnnterial on A\hieh the w’ejiring surface or 
pavement is placed. Jii some types of construction Die w'earing surface merges into 
the suligrade, and there is no definite line of doimircation. 


SOIL AND ROCK 

The terms "soil" and “rock" may have dilTerent meanings depending up^»n the 
profession or field in which they an* used (biologist,«■. refer to the solid portion of the 
earth’s erust as rock, using the more restricted terms of bedrock for the consolidated 
inattTial and mantle-rock lor the iinconsolhiitled jMirtion. The (‘iigineer refers to 
the uncoiiBolidatfMi portion as soil or earth and tt» (he consolidM^ed portion afi bed¬ 
rock. In agricijlture, soil is usi'd to desig¬ 
nate that thin Inver of uneousolida ted mate¬ 
rial which sujiports plant life, and subsoil is 
used to dfaigimte the undrrlymg material. 

Soil Clas6»ificatioii. Soils may lx* classi¬ 
fied aeeording to the grain size* of the gran¬ 
ular minenil inaterial as indicated Table 3-J. There is not eompletft agreement as to 
the limits of the size of tlie various constitijents, 
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Table 3-1 

Ovei 2 00 mni 
. 2 00 mill 0 O.'i mm 
0 0’» nnn 0 ()<)5 mm 
HinillfM ihan 0 005 min 
Snullvr than 0 001 nim 



Tb® separatidh inta isise by sieirit^ is rciitively simiild to 0,07# M 
which oorFeaponds to A 200-modi stauda^ sieve. Bek)w that size the gradation 

the rate of fletU^^ whis^ is in |^t a 

function of the grain ske. Borne difficulties exist in the test procedum, produoihg 
results that are not entirely accurate. 

Water is an important constituent of soil and may occur as free water ; or be 
absorbed. Water enters the soil by gravity flow from rain water and melting snow 
or by capillarity from an underlying source. Some inorganic chemical compounds 
occur in soils and have some importance because certain ones tend to flocculate fme- 



T ig. 0-1. TextiiTiil dassification of suhgrade soils. (After chart prepared by Public Roads 
Administration. ”) 

graiued soils, while other compounds tends to dcflocculate these soils. The mineral 
composition of fine-grainod soils may be as iinportiant as the grain size. 

Natural deixisits of soils may consist of any combination of the several constitu¬ 
ents. Here again, there is not complete agreement as to name, and owing to the 
diversity of combinations soils may be called blue clay, yellow day, stiff blue clay, 
sandy loam, sandy clay, etc. These terms may mean one thing to one investigiator 
and another to a second. The soil classification by “t(ixture" is given in Fig. 

It will be noted that the term *‘clayhere applies to a soil that may consist of varyr 
iug percentages of sand, dlt, and clay, as previously defined by particle size. Tlie 
peroBiitage ranges are sand, 0 to 50; silt, 0 to 50; and clayj 30 to 100. > 

PFoperties d Soils, Fariiclc Size and Shape. The shape and size of soil partieles 
influence or produce certain properties. Sand grains are somewhat spherical in 
shape, while clay grains are elongated or flat. The size and shape mfluence the 
arrangement of the particles in the soil mass and the resultant properties. Sand is 
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leea compressible than clay, and fj^ravitational water flows through sand more readily 
than through clay. 

Permeability. Permeability is the rate at which gravitational water flows through 
a soil and depends upon the size and continuity of the pores, the hydraulic gradient, 
and other factors 

Shearirtg Strength. The supporting power of a soil is its ability to resist penetra¬ 
tion or lateral flow. The shearmp; slreiigth is made up of eloinente: the friction 
between the soil particles—internal friction—and the attraction of the soil particles, 
or cohesion. Cohesion in turn consists of two elements i true cohesion—the molecular 
attraction of particle to particle—and apparent cohesion—the molecular attraction 
of water. Internal friction is greatest in sand and least in clay, while cohesion is 
greatest in clay and least in sand. 



J'la. 3-2. Settlement rur\es of vanous coJuiims of Nalional Thcaler, City of Mexico, 
Mexico. (Rajfh^ and FoundaHonn, Froc ASCIS, May, 1033 ) 


Capillarity ('apillaiity is that property of a soil which enables it to draiv water 
from some bouice and tiansmit it in all diiections against the ioice of gravity. Sur¬ 
face tension is the lorci* that pulls tJie wutei against giavity and occurs whim l>oth 
air and wate? an* pre.'^enl in the soil and the pores are of approjiiiiiti* si/»' I'lie 
height to w’hich water will rise depends upon the affinity of tlie partieulai soil for 
water and the dminetiT of Ihe pores. For equal affinities the hraght is iiiver^elv pro¬ 
portional to the ptjie diameter. The rate ol use as well as the height is inipojtant. 
The rate of rise is inversely proportional to the diameter of the pores. 

As the capillarity w'ater evaiiorates, the surface tension cause's a compressive 
force in the soil, and the soil will shrink When the suiTaee teiisTon is destroyed by 
flooding,” the soil expands. The large cracks that develop wlien "mud” flats dry 
out are examples of shrinkage. 

Density. Density of a .soil represents the extent to which the soil has been con¬ 
solidated, It id a function of the relation of the volume of voids and the volume of 
soil particles in a given volume of soil. The specific gravities c>f soil particles vary 
over a relatively small range, and as there may be as inueh as 75 or 80 lb per cu ft 
difference in the weight of skills, these differences in weight are due to the variation 
in voids. The ratio of the volume of voids to the volume of soil is called the "per- 
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centaKe of voids/' and tho ratio of th(> volomo of voids to the volume of soil particles 
is called the "voids ratio." Voids are sonietimes called "pores." 

The voids in sand are of relatively large size and therefore offer little resistance 
to the flow of water. The voids or porcb in clay arc relatively small and offer high 
resistance to the flow of water, although the total volume of voids may be more in 
clay than in sand. 

Compressibiltty. Compressibility of a soil is a measure of the reduction in volume 
as load is applied. Generali v tho unit pressures are so small that the deformation 
of the individual soil particles is negligible, and therefore the settlement is due to the 
reduction of the volume of voids or lateral flow. \s the volume of voids is reduced, 
or air (or other gases) will be expelled from the voids. 

Load I Ton per Sq Ft 



(Hartfui and /''ou/idations, Proc. ASCEj May^ 1933.) 

The settlemciil of sands is lelatively small unless there is a rearrangement of the 
Kill jiailieles duo to a budden shock. The settlement of clays, on the other hand, 
may be considerable and may take place over an extended period of tune because of 
the high reaiatance tc» the flow of water or gas offered by the clay (see Jh"igs. 3-2, 3-3, 
and 3-4). 

Elahiicity. Kliisticity is that property of a soil which causes it to rebound after 
an applied load is removed. Sands arc not elastic, while clays under low load are. 

Flastlcily, Plaslicitv is that property of a soil which enables it to undergo a 
marked change in shape without change m volume. Banda are not plastic. 

Soil Tests. The foundations of buildings or similar structures, when founded on 
unconsolidated wils, are placed at some depth and on soils that are relatively undis¬ 
turbed, whereas the subgrade for a highway, airport, or storage area is considerably 
disturbed by the very nature of the construction methods. The shear and oonsoli- 
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dation teste on the soil of the first rase are therefore generally made on undisturbed" 
samples. The variotis tests on subgrade soils are generally made on disturbed 
samples. 

The more common tests on subgrade soils are hquid limit, plastic limit, shrinkage 
limit, centrifuge-moisture equivalent, field-moisture equivalent, and density. Part 
or all of these are covered by ASTM standards. 

The liquid limit of a soil is the minimum amount of moisture that will cause the 
soil to flow under a small force. The plastic hmit is the smallest moisture content 



at which the soil can be rolled into a Js-hi- diameter thread without breaking. The 
difference between the liquid limit and the plastic limit is the plasticity index. The 
plasticity index is a measure of the cohesion of the 

The shrinkage limit is the moisture content at \ihirh further evaporation does not 
cause ^ditional shrinkage. This is the point at which the capillarity force equals 
the resistance of the soil particles to further consolidation. 

The centrifuge-moisture equivalent is the moisture content of a soil that was 
previously saturated and subjected to a specified centrifugal foree for a specified 
period of time. The centrifuge-moisture equivalent Is indicative of the capillarity 
and permeability uf the soil. 

The field-moisture equivalent is the minimum moisture content at which a drop 
of water placed on a sample will not be immediately absorbed. The fidd-raoisture 
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eqikivalent the startiiig point for detc^mming volume change wien tiie nqoiature 
content ia i^uced slmtikage lin^t A volume of 15 per cent 

beWemi iheeO appears to line between stable and 

unstable Bubj^ade soils. 

Ibe PubUc Hoads Administration has established eight classilicationB of aoxk, A 
summary of the characteristics and suitability for use of these sods under^^rious 
conditions is given in Table ^2 and Fig. 5^5.^ 
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Note ** Only the -It'l materia is with values of 
liquid limit nol greater thon 25 and 
values of plasticity index not greoter + Nol essential N.R Nonplostic 

than 6 ore suitable for use in base 
courses for thin flexible surfaces. 

Fia, 3-5. Range of soil characteristics. {Courtesy of Public Roods AdministraHon, Federal 
Worhs Ageihcy.) 
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FOUNDATION TYPES 

The type of foundation selected for a particular structure depends Upon the loads 
to be transferred to the foundation bed, upon the material on which the structure is 
founded, and ujion the method of placing the foundation, which in turn depends upon 
the material. The purpose of the foundation is, of course, to distribute the load of 
the structure so that the settlement w’iU not cause excessive maintenance or impair the 
usefulness of the structure. 

The foundation of a light building may be simply a foundation wall founded upon 
rock or hardpan. This would be possible where a suitable foundation bed is near 
the surface or near the line of basement excavation. 

When soil of lower bearing capacity is encountered, it may be necessary to increase 
the bearing area by the additbn of a footing, as indicated in Fig. 3-66, in order to 
reduce the pressure so that undue settlement will not take place. Oh simide struc¬ 
tures the footings are usually made of plain concrete, and in such cases the projehtson 
6' (Fig. 3-66) should not be greater than the depth of the footing and preferably lesB, 
say a ratio of 6' to d of 2 to 3. When the projection 6' is greater than the dojpth, 
transverse reinforceinent is required, and the footing should be designed ae a 
lever beam, l^he footing haust be so proportioned that the eheating sUess is 
the limits set for beams without web reinforcement (Fig. 3-6d). 
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Where a considerable projection is required and it appears undesirable to use 
reinforcement, some saving in the quantity of concrete may be made by stepping 
the footing In such a case, each projection must be proportioned as above. While 
there is some saving in the quantity of (‘oncretc in the stepped footing, the increased 
cost of forms may amount to more than the saving in the cost of the concrete (Fig. 
3-6c). 



(a) (b) (c) (d) 

Cross-sections of foundation wall footings 



(e) plain (f) stepped 


Simple spread footings (usually square m plan) 



Combined Footing Cantilever footing 

Fig. 3-6. Typical footings. 


Spread footings may be used to distribute moderaf e column load to the foundation 
bed. They may appear ns separate footings under indiMdual columns, conibmed to 
distribute the load of two columns, or as a raft where several columns ai’c supported 
on a continuous slab (see Figs. 3-6(, /, g, and 

While the footings shown in Figs 3-6^ and g are sketched as made of reinforced 
concrf*te, they be made of timber or steel ami are then generally referred to as “grill¬ 
ages.” Grillages may also be used to distribute the load from steel columns to con¬ 
crete piers. 
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Piles are used to distribute the load to Kreater depths of soils of relatively low 
bearing values or to transfer the load through such sod to a more desirable material 
at lower depths. Piles may also be used to consolidate the material into which they 
are driven. The load is transferred from the pile to the foundation material by 
shearing forces along the pile, friction, or by bearing at the end of the pile, or by both 
friction and bearing. When the load is transferred primarily by friction, the pOe is 
called a friction pile,’^ and when the load is transferred primarily in bearing, the 
pile is called a bearing pile.” 

Timber piles may be used where the driving is relatively easy, and untreated 
piles should be cut off below the permanent grouud-ivater level. Timber piles are 
susceptible to marine borers. Several species of wood provide satisfactory piles, 
especially Douglaa fir, cedar, oak, and southf^n pine. Timber piles should not be 
overdriven. 

Concrete piles may be cast in place or procajst. Precast piles should be designed 
to withstand stresses caused by handling and dnving as well as other applied loads. 
C’a.st-in-plaec concrete piles arc generally made by driving a metal casing, with or 
without a mandrel, and filling the shell with concrete. In some cases the shell may 
be withdrawn as the concrete is poured. Also, hollow steel eyliiiders may be driven 
to the desired depth and the material within the shf‘ll removed by the use of com¬ 
pressed oir and the cylinder filled with concrete. This type is called a "pipe pile.” 
The diameter may vary from 6 or 8 in. to 3fi in. or morci. 'J"he larger sizes are some¬ 
times referred to as “piers.” Various methods have been developed for driving the 
cylinders. 

Where long piles arc required and the ground water is at a consldernblo depth, a 
combination timber and concrete pile may be used. The timber portion is driven to 
ground level by ordinary means, and then a follower is used to fc)r(‘e the timber to 
Ihe desired depth. The follower is withdrawn and the hole filled with concrete. A 
casing aniund the follower may or may not be required. A positive coimeetion 
between the limber and the (•oiiendc‘ is neci‘ssary. 

Steel Il-pilea may be msed wdiere heavy loads are involved and w’here difficult 
driving may be ciioountered, such as through gravel or shale. Jl-piles do not displai^e 
a.s much uiatcrial^as timber or concrete piles. 

METHOD OF PLACING FOUNDATIONS 

While the method of placing foundations is listed herf‘ under a separate heading, 
it cannot be entirely separati'd from tht‘ type of foundation or from the particular 
conditions at a gheu site. The t>pe of soil and the piosence or absence of water 
arc controlling fuc‘tors both as to type and methods of placing and also influence the 
depth to w'hich the foundations must bo carried. Tlie requireiiiexits for the support 
of adjacent structures must be considered. 

Column footings for a light null buildnig without a busenioiit may be placed in 
relatively shallow pits and geneially present no serious jmibleiii. Buildings with one 
or more basements may create diflicult problems. In relatively dry ground the pit 
may be excavated with sloping sides or by the use of sheathing If water is present, 
it may be controlled by pumping from siunps or by the inslalliition of a system of 
well points w^hereby the w^ater table is lowered over the entire area of excavation. If 
buildings or streels adjc'in the new structure, braeing will frequently bo required to 
prevent the caving of the ground wdth resultant damage to existing structures. 

The columns of heavy buildings that are to be erected on a site wdiere there is a 
considerable depth of stiff clay iiiaj" be carried on concrete piers or caissons extt'nding 
to rock or other suitable foundation mat^srial. In such cases the piers are usually 
constructed by the opcui-well or ]H>Uiig-board method (sometimes called the C'hicago 
method). The diameter of the pier tlepeiids upon the column load. A section 4, 5, 
or 6 ft deep is exeavati'd, and verlical sheathing fitted in the form of a cylinder is 
placed and held by channels bent to appropriate ra^lius. Thi* next lower section is 
then excavated and the lagging placed. Tlic procedure is n'pi*ated until the excava¬ 
tion is of proper depth, f.p., until suitable foundation material is reached. The open 
cylinder is then filled with concrete. Moderate amounts of water can be handled by 
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pumping. Care should be cxorcieod not to disturb existing structures by cxc^essiye 
pumping. In some cases it may be desirable to cap the cylinders and complete the 
excavation under air pressure. 

Cofferdam. A oofferdom is an enclosure around an area in which the foundation 
is to be placed. The onclosuro may be made of any material, but it is frequently 
made of steel-sheet piling or timber. It may be constructed with a single wall or 
with a double wall. Usually the cofferdam does not become a part of the foundation. 

The cofferdam may be pumped out and the excavation carried on in the dry or 
the exravatioii may be made by dredging through the water. Likewise, the concrete 
may be placed in the dry, or a seal may be placed by pouring the concrete through 
the water with a tremie and then dewatering the rofferdarn. The remaining concrete 
is then placed in the dry. The latter method is usually employed on bridge piers and 
similar struetures. 

Open Caisson. The open caisson is more generally used for the construction of 
bridge piers than for the foundations foi buildings It might be a suitable method 
of construction for the foundation for a heavy stax'k under appropriate conditions. 

An open caisson consists of a boxlikc structure made of several vertical cells and 
generally provided with a false* bottom in each cell. 'I'he caisson is placed in position 
and enough of the false bottoms removed to penuit the caisson to sink. Excavation 
IS carried out through the cells by means of an orange-peel or clamshell bucket, and 
by dredging in the various cells the caisson can be maintained in an upright position. 
As the excavation progresses, the caisson siuks, and additional height is added by 
pouring concrete in the walls or some of the closed eella. The alternate operations 
of excavation and concrete pom mg continue until the bottom of the caisson reaches 
the desired depth. A diver then usually examines the foundation materia] and 
cleans and prepares it foi hual concretuig. The Iwittorn of the caisson is sealed by 
tremie concrete, and aftei that ronciete ha.s nltami'd sufficient strength the various 
cells are uiiw'atered and the remaining (oncreU* placed in the dry. 

Pneumatic Caisson. A pneuuiatjc caisson is eshcmtially a Iwxlike structure, open 
at the Ixiltiom and closed at the toj), in w hich ccnipreaai*d air is used to balance the 
water pressure on the outside. The excavation and placing of the concrete is done 
in the dry. Workmen are admitted to and excavated material is removed from the 
working chamh i through air locks. As excavation progresses and the caisson sinks, 
additional height is added to the top. Wlien the final grade is reached, the founda¬ 
tion bed IS cleaned, and a concrete seal is jmured while the necesbary air pressure is 
maintained. After the concrete seal has attained sulficient strength, the air is 
released and the remaining conciele jioured under ntmospheric prcbsurc. 

FOUNDATION PRESSURES 

The load from a foundation w ill be distributed ui some maimer to the foimdation 
material, and pressures of varying inteiisities will develop in the material somewhat 
as indicated in the left half of Fig. 3-7a. The j)H‘ssure Imes form what is called the 
“Irulb of pressure.^' The extent of the pressure bulbs depends upon the width of 
the loaded area. The pressure linos represent some fractional part of the unit pres¬ 
sure p P/Af where P is the applied load and A is the area of the foundation. 
Lines of equal pressure arc called “Lsolmm."' Studies by Terzaghi* indicate that 
for an ideal material (a perfectly clastic, isotropic, st'ini-infiiiite solid) about 80 per 
cent of the settlement of a foundation can bo accounted for by the distortion of the 
material within the 0.2p pressure line. The depth of the 0.2p preasure line below 
the bottom of the foimdation is about 1.5 times the width of the foundation. The 
load from piles develops similar pi’i'ssure bulbs. 

The pressure bulbs of closely spaced footings overlap and form a large bulb for 
the foundation as a whole. Likewise, the pressure bulbs of the individual piles in a 
group overlap and form a bulb for the group. The load capacity of a group of foot¬ 
ings or of a group of piles is not du-cctly pniportioiial to the number of footings or 
the number of piles. The total is less, llie settlement of a foundation covering a 
large area may be as much with piles as without piles. In other words, in some 
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vBMea there may bo no advantage in using piles. This situation is illustrated in 
Fig. 3-7.» 

Settlement. The principal part of the settlement of a structure is due to two 
elements—^thc lateral and pc)ssible upward movement of the soil and the compression 
of the soil under the foundation. For footings near the surface the lateral movement 
of the soil may produce heaving around the foundation. The depth of the footing 
below the surface is a factor in lateral movement. Foundations placed on firm sand 
or gravel underlain with a strata of peat or other soft material may settle a eonsider- 
able amount o-wing to the lateral flow of the soft material, and the heaving due to 
lateral movement may occur at some distance from the foundation. 



( b) 

1‘1G. 3-7. Pressure distribiitinn under a foundation. {'I irsaghi, Charles, The Science of 
Foufidations- Its PrtstrU and Futun, Trans. ASCE, Vol, 1929.) 

Distribution of Pressure. The dhstribution of pressure under an isolated footing 
placed at some depth below the surface' on clay vanes fiom a maximum at the edge 
of the footing to a mininiiiiu at the center. For a similar footing on .sand the pressure 
varies from a miinmum at the edge to a maximum at the center. The greal^T the 
depth, the more nearly are the edge and ciuiter pressures alike. Uniform pressures 
are usually assumed for design puriioses. I<'or isolated fooling the assumption appears 
to be on the safe side, but for combined or mat femndations the assumption may be 
on the unsafe side. 

Bearing Preanures. Klaboratc investigations of the soil properties at a given site 
eon be justified only in the case of a large, expensive structure. The cost of complete 
investigation for a minor job is prohibitive. Accordingly, the design of the founda¬ 
tion is usually based upon some allowable soil pressun* which is the result of experi¬ 
ence on similar sites. Building codes give a set of bearing pressures permittcvl on 
various soils. Tht're is not complete agreera*nt among the listed values. 

Examination of the surface is generally not suffirieiit to determine the character 
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of tho soil at various dopths, and unless data from adjommg structures are available, 
borings should be made to evaluate the kmd of material that exists to a depth of 
about times the width of the foundation The soil near the surface may be com¬ 


pact sand or giavel, which would mdieate 
a satisfactory material If, however, a 
strata of soft material exists below the hrm 
material, conbiderable settlement may be 
expected unless the appropriate bearing 
pressuics are Ufacd ^»me of the moie 
recently revised building codes lecognize 
this situation 

Presii'UTt on Plartth at Various Depths 
The computation of the mtcnsity of pres¬ 
sure on planes at varying depths below thf 
the use of mfluenco chails whic h ha\e beti 


Table 3-3. Suggested Permissible 
Bearing Values 


Ti/pe oi Botl 

Kvp%/n fl 

Soft cla\ 

2 

1 ina WLl c onfint d Hand 

4 

Band and clay mixed 

4 

Dry ooajBP sand 

0-8 

Raid t]a\ 

a-8 

(liavpl 

10-12 

Haidpan 

10-20 

Rock 

30-40 


foundation is most conveniently done by 
developed by N M Ncwmaik * 


6x8 



Uniform foofj- 4fops 
per sq ft 1 


Load on foundation per sq ft 
pjf^Verticol pressure at given depth per sq ff 



liG 3-3 Vertical proysuics on huiiaoutal planes along center liuo ol 8-bj 8-ft footing. 
Uniform load, 4 kips per ft 

Figiiie 3-8 gives the inlensit-y of \eilnal piessure cm \aiious horizontal planes 
under a smglo spread footing 8 ft square The values on the h^ft half of the chart 
aie the ratios p*/p of the intensity of veitioal prcssuit at a given pomt to the intcn- 
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sity of loading. The values on the right half of the chart are the vertical pressures 
in kips per square foot at various points due to a load of 4 kips per sq ft. Figure 3-U 
gives similar values for a foundation 40 ft square loaded uniformly with 4 kips per 
sq ft. Note the ratio of p* to p in both Figs. 3-8 and 3-9 at a depth of about 
times the width. Note also that for the 8- by 8-ft footing the vahu's aie given for a 
depth of 12.5 ft and for the 40- by 40-ft foundation the depth ts 60 ft, Comparispn 
at a depth about equal to the v ulth of the loaded area may also be made. 




Fio. 3-9. Vertical prosHures on horizontal planes along ccater line of 40- by 40-ft footing. 
Uniform load. 4 kips per sq ft. 


SPREAD FOOTINGS 

The design of wnll and eohinm spread footing is usually based upon the reeoin- 
iiiendaiions given by A. N. Talbot.® These reeoinmc^ndafioiis have been frequently 
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inrorporated into yarious codes. The current Building licgulations for Heinforced 
Concrete (ACT 318-41)* makes nllowanre for W.ndiiig inonienie appniximatcly 15 to 
20 per cent greater than those «!Oinputcnl under the rccomniendations of Talbot. 

The following design coinputatioiiB for plain wall looting, reinforced wall fcMiting, 
and spread footing for a single* column are based on tin* recommendations of the 1941 
Building Begulations for Hemforced Concrete of the American Concrete Institute. 
The combined footing is designed under the recommendations of the 1940 Report 
of the Joint Committee on Standard Specifications for Concrete and Reinforced 
CVmcrete. 


Wall Footings. Speeiheations: 1941 A( 1 Building Regulations. 

// » 2,000 psi i = 1 - 0.143 « 0.857 

. . 0.429 X 900 

/, * 18,000 psi p 


2 X 18,000 


0.0107 


n ■ 
k 


15 

900 ~ 2,100 


0.429 


18-in. concrete wall and applied load 
Allowable soil pressure = 5,000 psf 


„ 900 X 0.429 X 0.857 

E - 2 

25,000 lb per ft of wall 


165 


' 2 ft 0 in. projection each side 


d* * 


010 


Plain Concrete Footing 
Tension in coiicn^te ^0.03// == <>0 psi 
25,000 5,000 = 5 ft Use 5 ft 6 in. 

"1 ft 6 ill. 

4 ft 0 in. 4-2 

M = (26,000 -5 5,000) X 2 X 1 * 9,100 ft-lb 
9,100 X 12 
12 X 60' 

d « 30.2 in. Use 30 in. Wt = 375 psf 
25,000 -r 5,00(; « 4,550 
+ 375 

4,925 psf OK 

Diagoiinl tension OK d > projection 

Note* Sonu* saving in coiifiete may Ik* made by 
stepping footing as indicated by dotted lines. Added 
cost of formwork nia> lx* greater limn .saving in cost of concrete. 

liehiforced Foi)iing. Suiuc wall, load, and bearing pressure as above. 

25,000 5,000 « 5 ft 0 in. Use 5 ft 3 in. 

- 1 ft ^iii. 

3'ft 9in. -i- 2 1 ft 10>^ in. 

25,000 -- 5.25 = 4,760 psf 

- 4,760 X 1.87 X 0.93 - 8,300 ftr-lb 
V = 8,9(X) lb 

i;S)o >02 






P 

<-/-/ 

/-O" 

^ wa 

op 

-J- 


k"' 

i 

<7' 

Criftcat section hr 

t-O" 



diagonal 

tension 


.-V?: 

Try 


moment and bond 

Fig. 3-11. 


SO 


8,900 


X 7 X 112 


-- = 13 in. |)rr ft 


A. 

Too much 


105 X 12 
7 in. 

-f ^in. cover 
iO in. over-all 
= 7 X 12 X 0.0107 


7.1 in. 


0.91 sq in. per ft 
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Increase rf to 12 in. 16 in. over-all 
2X) “ 13.0 X * 7.7 in. per ft 
8.300 X 12 

= 67 86 X 12 X 18,066 - 

Use }^-in. diam, 3-in. centers Aa = 1 sq in. per ft 
V =* 4,760(1.87 - 1.00) = 4,150 
4 150 

V, * 7 ^ 12 x ~l2 ^ ^ lliaftonal tension OK 


8.0 in. per ft 


Diagonal tension OK 
r, allowable = 60 psi 


4,760 
+ 190 

4,950 psf OK 

Spread Footing. Speciticatioiis: 1941 AOI Building Regulations 

Column load = 325 kips f> = 18,000 psi 

(Viluinn = 18 in. X 18 in. // = 105 

Allowable pressure = 6 ksf w = 112 psi, deformed and booked 

f/ = 2,000 psi 

A = 325 ^ 6 = 54.2 sq ft 7.5 X 7.5 = 56.3 sq ft 325 56.3 = 5.78 ksf 

M = 7.5 X 3.0 X 1.5 X 5.78 X 0.85 = 166 ft-k 
Kbond = 7.5 X 3.0 X 5.78 X 0.85 = 110 kip.s 


^ on V inrv 


^_/-ff" •<-- ^ 90 X 165 

Ray 12 in. 

7 \ . ^ 160 X 12 

/ \ 0.86 X 12 X IS “ 

_XJ __iio^KL^ 

'—j-i—' 0.80 X 12 X 112 

i-0"A 1*.5-6".-4 Wl'-O' Too much 

Fio. 3-12. Spread footing bcctiou for Make d = 24 in. (1 
diagonal tension. 1 ,^ 


= 10.7 sq in. 

-2 = 91 in. 

Over-all depth = 28 


^ 10.7 X i: 

A, ^ ^ cj . 


- 24 ' " ^ ^ 

vn X 

SO = — -rz — = 47 in. 

24 

Use 20 34-in.-diam burs A, = 8.8 sq in. 

y _ t ^ ^ X 1.0 X 5,780 = 37,60011) 

37,600 , 

" " 66 X 24 X 0.86 ~ 

OK. Allowable = 60 j)si 

5,780 + 360 = 6,130pBf Little high, OK 

Length of dowels—column steel in. 
diam: 

, 16,000 X li . 

* " 4 X 112 

Use 26 in. X 26 in. X 6 in. pedestal 

, ^ , 16,000 XU . 

In column I = —“ 24 in. 


am burs A, = 8.8 sq in. 
X 1.0 X 6,780 = 37,600 lb 

-jnrj = 27 psi 


Co/ stoef not shown 


,^^Col te xi8 
f- - Dowets 


I 

- C • • ■ ■ ■ » ■ L ■■ n ■ 

j i, bars A J ^ 5 " 

spaced even/} each mty ^ 

--> 

Fiu. 3-13. Spread footing. 
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Transfer of compressive stress in concrete at })aso of column: 

Column stool 12 — in. diam At » 7.2 sq in. 

^ 325,000 - 7.2 X 16,000 

U *-“aoi-* 


Allowable on pedestal: 

(а) Full area loaded « 0.25 X 2,000 » 500 psi 

(б) or less loaded = 0.375 X 2,000 « 750 psi 

« . 11 .1 , 1 . . , r (045 - 500) (1 - 0.33) 1 ^ , 

rermissible ratio of loaded area to total an^a “ ^ --250- J "* 

Minimum area of pedestal = 324 -i- 0.61 *= 530 sq in. 

Area provided = 26 in, X 26 in. = 672 sq in. OK 

Combined Footing. Rpccificatious; 1040 Joint Committee Report. 

/c' = 2,000 psi = 105 

/. = 18,(K)0pai p = 0.0107 

M = 15 u — 112 psi 

k — 0.43 V = 60 psi 

j * 0.86 Use end anchorage. 

Exterior column No. 11 16 in. X 16 in. load, 176 kips 

Interior eoluiiiii No. 21 18 in. X 18 in. load, 272 kips 

Maximum distance from property line to center line of exterior column No. 11 is 
1 ft 1 in 

Columns are 14 ft Ojin. on centers 
Allowable soil pressure == 5 ksf 

I V . __ _ 272 X 14 „ 


(blurnii No. 11 to center of gravity of footing = 


= 8.5 ft 


Length of footing = (8.5 -f- 1-1^ X 2 = 10.2 ft U.se 19 ft 0 in. 

Estimated weight of footing — 50 kips 

Area required = (176 -|- 272 + 50; ^ 5 ^ 99.6 sq ft 

19 ft X 5 ft 3 In = 99.7 sq ft 

Lotigitutlinu lit am 

. ..fuil,600’x~T2 

112,700 

»„ 2 (t t<. loft „r ..alum.. 21 = 5 

= 87 psi Too high w ithoiit web reinforcement 
Make d = 30 in. Over-fill depth =31 in. 

.... 100,900 

2 ft « i... to l..ft of eolun.n 21 = — 


= 62 psi OK. 00 psi ullow^able 
^ 484.6 X 12 ^ . 

”0.80X30 Xfs” *"• 

16!),000 

“ 0.«0 X 30 X 75 x' 1.5 

Use 17 l-iu.-dijim bars, negative steel in top between eolumns 
At — 13.4 sq in. 2:0 = .53.4 in. Anchor bars 

Interior ejul, right of column 21: 

, 130 X 12 , _ . 

^'“ 0.86-X-30 xT8”®-®®‘'‘*’"- 

„ 70,700 , . 

" 0.86 X M X 75 X 1.6 ” ' 
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Fig. 3-14. Combiiu^d iootian b)ioar» and nionionts. 

Use 14 ^^-in.-diam bars in bottom 

A, =* 4.34 sq in. 20 = 27.4 in. OK 

Exterior end, left of column 11: 

1860 X 12 X 6 
~ 63 X 30 X ^ 


M 


Transverse Beams 

At exterior column 11: Assume effective widlh of 24 in. for compression 
176 X 1.96 X 1.96 


5.25 X 2 
176 X 1.96 

V « — ^r:— *= ^-6 lups 


64.3 ft-K 


d 

A. = 
20 


5.25 

^ yj64,300 X 12 


165 X 24 
64,3 X 12 
0.86 X 30 X 18 
_^65,600 


0.86 X 30 X 75 X 1.5 
Use 12 J-ij-in.-diam bars A, 
Diagonal tension OK 


14 in. OK. 

“ 1.07 aq in. 

= 22.6 in. 


30 in. available 


3 41 sq in. 20 23 5 in. 


Af 

V 


At interior eolumn 21: Assume effective wiflth of 36 in. for compression 
272 X 1.88 X 1.88 
S.25 X 2 

272 X 1.88 . 

--- 97.3 kips 


6.25 


no 











PILE DRIVING FOHMUIAR 




V 91,500 X 12 

" T65 X ^ ^ 

91,5X12 . 

” oinrioins * “*> “• 

97,300 _ . 

“ 0.86 X 30 X 75 X 1.5 ” ^ 

Use 17 ^l-in.-diam l)ars A, * 5.27 sq in. £0 ■= 33.3 in. 

Weight of footing = 19 X 5.25 X 425 « 42,000 lb OK. 50,000 assumed 

Transfer of stress at base of rolumm 
Column 11: 


Area of pedestal 


= (^Y 

\500/ 


X 266 * 626 sq in. Use 26 in. X 26 in. « 676 sq in. 


16 000 7 

Length of dowels into eolumn « . - J - ■ X « = 23 in. 

4X1 oU o , 

X . , . . . 16|000 7 „ . 

Ijcnf^k of aowpls into fontuiK = . , ■ X j; = 35 m. 

4 X IIa/ o 

Use pedestal 26 in. X 26 in. X 5 in. 

CJolumn 21: 


Area of pedi'stal 


= 

~ V500/ 


X 324 =» 794 sq in Use 28 in. X 28 in. «» 786 sq in. 


Length of dowels into eolumn * X 1 =* 27 in. 

16 000 

liength of don els into footing =* X 1 = 40 in. 

TTsp pedestal 28 in. X 28 in. X 10 in. 



Fiti. 3*15. Combined footing. 


PILE-DiavmG FORMULAS 

Formulas have been developed for eomputing the safe load on a pile based upon 
the observed pcmetiation umler stipidafed conditions, the properties of the driving 
hammer, and the properties of the soil into which the pile is driven. There are 
many uncertain elements, and different formulas give difftTcnt M^eights to these ele*« 
mcnis. Comparison of the ultimair* load capacity of piles as computed by various 
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formulas and the actual static loads at failure show erratic results.^ At best, the 
formulas can be used only os a guide to the judgment of an experienced foundation 
engineer. It should bo emphasized again that the load capacity uf a group of pilt'S 
is not the test load on a single pile multiplied by the number of piles in the group. 

BASES AND SURFACES FOR STORAGE AREAS AND FLIGHT RUNWAYS 


Table 3-4. Estimated Minimum Thick¬ 
ness of Concrete Runway Pavements^ 


Static wh(‘el 
load. Ih 

Miiiimuni dab thifkiiCsa 

Kxrelk'iit 
Rubgrudo 
support, in. 

Iiifeiiur 
Riibgrude 
Hujipoil, in.* 

10,000 

0 

7 

25,000 

8 

g 

40.000 

10 

11 

80,000 

12 

14 


*I2x<*clIrnt Miipport i** conHuleuHl to ho fur¬ 
nished by HOils of the A-1, A-2. or A-3 trioiipA or 
by a foil lid utiun eouiNO uf the.se muteitalH fiom 12 
to IR in. Ihirk pl(M ed on hoiIs of Oi A-4, A-5, A-6, 
or A-7 ffioujJB. Infeiioi HUjipurt uleitvi to 

be furmahed by noilh of the A-l, A-.l, A-b, nnd A-7 
groups without busecouiHis uiidi'i the paMunent. 

FLEXIBLE BASES AND SURFACES 


Table 3-5. Total Combined Thickness 
of Subbase, Base Course, and Surface 
Course, In.** 


WheiMloadfi, Ih 

10,000 

2.'5,OOf) 

40,000 

80,000 

ClOHB of &Oll 


Thirknfs*,, in. 


A-1 

0-fi 

3-0 

3-9 

4 12 

A-2 (friat.le) 

0 6 

.VO 

3 ‘) 

4 12 

A-2 (plaatic) 

2 8 

4 10 

6 12 

8 1.5 

A-3 

4-0 

r> 8 

0 9 

8 12 

A-4 

g 18 

15 2u 

18 30 

24 36 

A .<) 

9 24 

J5 .'to 

18 :to 

24-48 

A-fl 

12-24 

18 30 

24-3fi 

ao 54 

A-7 

12-24 

i8-;to 

24- .to 1 

30-54 
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REINFORCED CONCRETE 

BY C. E. O'Roukke 


Laie Professor of Strvctvral Eyiginvcringj Comell VvivarsHy 


MANUFACTURE AND PROPERTIES OF CONCRETE 


Definition. Concrete is a mixture of cement, fme aKfi;re^ate, coarse af^f 2 ;ref;atc, 
and water. The water reacts chemically wilh the cement, causinR the water-cement 
paste to harden and thus bind the aggregate particles t()geth(‘r. ('oncretc mixtures 
are defined by the relation betw'oen the amount of eeiiumt, the amount of fine aggre‘- 
gate, and the amount of coarse aggregate, ?.c., a 1:2:4 concrete contains 1 part 
eemenl, 2 parts fine aggregate, and 4 parts eoarae aggregate. These proportions may 
be speeified by weight or by vohimt^, the latter bemg the more common. 

Portland Cement. Portland eement is the principal binding agent or active 
ingredient in concrete. It is made by pulverizing the clinker olitamed in burning an 
intimate and properly proi)ortioned mixture of argillaceous and r'lilearwiiia materials 
with no additions subsequent to ealein.ation exceiit water and calcined or uncahdned 
gypsum. Portland cement is chi.ss(‘d as a hydraulic cement since it will harden under 
water. In order to be considered satisfactory for concrete woik, portland cement 
should pass su(‘h standard speeifieations as those of the AHTM (see ASTM Stand¬ 
ards, 1933). 

Natural Cement. Natural eement is a hydraulic cenumt obtained by grinding to 
a fine jiowdcr the elinker resulting from the calcination of an argillaci'ous limestone 
(cement rock) at a temperature below fusion. Natural eement costs aliout the same 
as Portland; it is not so strong as portland, it sets slower, and it is not so uniform iii 
quality. Some natural cements are more resistant to vanntiuns of temperature and 
moisture conditions than portland. The practice of eomlnning a high-grade natural 
cement with portland, in proportions fniin 1 :fi to 1:3, for use in making ennerete for 
structures with severe exposures is slowly coining into favor. 

Special Cements. White* jiortlaiid cement is made of selected materials, low in 
iron oxide content, burned wuth iron-free fuel. Its physical properties are practieiillv 
the same as those of normal portland cements. It is used principally in ornnmeiital 
structures in which the white color is desireii in the architectural treatment. 

Iligh-earbj-HtrnLgih Pffrtland Cemmts Jligh-early-strongth pfjrtland eeinents are 
made from mixtures with high lime content and are ground v<‘ry fine (about ninety- 
seven per cent passing through a 200-mesh sievr* as compared with about eighty-five 
per cent for normal poitland eementsj. The tune of setting is about the same as for 
normal poitland cemenlM, but they harden and gain strength much more rapidly. 
Concrete made willi high-early-strength portland eement w'lll attain in 72 hr a strength 
equal to that attained in 28 days by a similar concrete- made with normal jKirtland 
cement. 


Fine Aggregate. Fine aggregate usually consists of sand, although stone scToeii- 


Table 3-6 

PcTf»»Ti(ai7e 
hv vviffhl 

PasHiTiff through a >s’in. sio\c.. 100 

PassiOft through a No. -1 . RA 100 

Passing thiniiglj a Nr> 1G 4.1 80 

PaHSing thioiigh a No .lO Kic‘\e. 2-110 

Passing thi ough a No UK) sieve 0- 5 

Remuvad by decantation.Not more limn 3 


ings, or other inert materials with similar 
eharacteristics, having clean, hard, 
strong, durable, uricoatiMl grains free from 
iiijuriouF amounts id dust, lumjis, soft or 
flaky particles, shale, alkali, organic 
matter, loam, or olhc’- deleterious Mub- 
staiicos, may bi* used. At least 85 per 
iH*nt of the fine aggregate should pass 
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through a No. 4 wove (4 moshes jwr linear inch) and not more iluui 3 per cent ahould 
pasy through a No. 100 sieve. Betww ii iheso two limits the fine aggregate 8}u>uld be 
well graded. The gradation roeoiiiiiiendnd by the ASTM is as shown m Table 3-6. 

Coarse Aggregate. C'oarse aggregate should consist of well-graded crushed stone, 
washed gravel, or oth<n’ approved materials of similar charactcristies, having clean, 
hard, strong, durable, uneoated jiarfieJes free from injurious amounts of soft, thin, or 
lanunatod purees, alkali, and organic or other deleterious matter. (Joarse aggregate 
includes all particles larger than ^ in.; the maximum size allowable depends upon 
the class of work for which the resulting concrete is to be used. In small reinforced- 
concrete work, i.e., slabs, beams, and tl^ walls, a iraximum of H ni* is usually speci¬ 
fied. For larger reinforccd-concrete units, a maximum of from to 2 in. may be 
UB«*d. For mass concrele, derrick stones, or *‘plums,’^ varying in size up to large 
boulders Tvliich must be handled by a derrick, are satisfactory and desirable. 

Ckiarst* aggregi\te should l)c well graded from fine to coarse. A common recom¬ 
mendation is that at least 05 per cent should pass the screen designating the largest 
size; not less than 40 or more than 75 per cent should pass a screen of half the largest 
size; not more than 10 per cent should pass a No. 4 sieve or more than 5 per cent a 
No. 8 sieve. 

Artificial Aggregates. The artLfiejal aggregates include well-burned boilerhouse 
cinders, air-cooled blast-furnace siag, and burned clay, ('iiidera produce a i>ermcable, 
nailable, low-strength, and lightAveight concrete (00 to 110 lb per cu ft, as compared 
with 140 to 150 lb for fi<.ono or grin el concrete). In the best practice the cinders arc 
screened into two or three ^izc gioups—line, ineduim, and coarse—and the groups 
are mixed in jiropei proporiions to form a well-gradtHl aggregate. {Sometimes natural 
sand is used as the fine aggregate with eoarae cuulers as the coarse aggregate, but 
the resulling eoncicte is somewhat heavier than on all-einder concret(‘, and the nail- 
abilitv is impaired. 

Slag from lilast fiirimces is a hard though porous material of high compressive 
strengllt, which offers a verj'- rough suifacc for the adhesion of the cormmt Slag 
roniTcte is s.atisfactory in many cases for massive construction, but generallv, on 
account of its pornsitv, it should not be used in thin seciams exposed to the action 
of water. Th( weight will vary inateiially, depending upon the grading of the slag 
and the iiietho of manufaidun*, fiom about 70 to 100 lb per ru ft. 

Ihirned-elay aggregates produce concretes of praetieallv any desired strength, 
averaging about one hundred pounds per cubic foot in w eight. Burned-clay aggre¬ 
gates, fine and coarse, are sold under various trade n.inips, such as Haydite, Clravelite, 
etc. The aggiegates themst'hes \\(»igh from 40 tci 05 lb pur cu ft. 

Water. Water used for concrete should be cl{‘ati and free from oil, acid, alkali, 
organic matter, or other deleterious hubstancf's. Sea w^ater is not so desiralile as 
fresh water, although, where it has been useil in pltuii concrete structures subject to 
the w (‘atheriiig action of sea water, no greater disintegration has resulted. Sea water 
should not be used in n'inforeed-eoncrete work because of the corrosive effect of salt 
water on the steel reinforcement. 

Proportioning. It is a generallv accepted fact that the strength of mortar or 
concrete depends entirely upon the water-<*emont ratio, provided (1) that suitable 
cement and aggregates an* used, (2) that the amounts of the aggregates are such as 
to produee a workable mix, and (3) that proper ruring eonditions are maintained 
during the hardening period. Three problems are involved, therefore, in the design 
of a eoncrete mixture: (1) the selection of suitable materials, (2) the Selection of the 
proper water-eeinent ratio, and (3) the determination of the proper qaantitie.s of fine 
and coarse aggregates. A fourth faetor, the method of curing, must be considered 
after the uiixturn has been placed properly in its final position. 

Proiwrlioiiing i.s done either liy weight or by volume. PixijKirtioning by W’eight 
is more accurate owning to the fact that dampness in fine aggr<*gate, and to a lesser 
extent in coarse aggregate*, has a material effect on the volume of the aggregate. 
Proportioning by weight is expensive on a small job, however, owing to the cost of 
the ncccssaiy weighing hoppers. If proper allowance is made for “biilking,” propor¬ 
tioning by volume can be done with a reasonable degree of accuracy. In the follow- 
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FOUNDATIONS AND REINFORCED CONCRETE 


ing difiCUBsion, except where othervv iso stated, proportions are given by volume. In 
any ea^, one bag of cement weighing 04 lb is considered to bo 1 cu ft. Concrete 
strengths are invariably specified in terms of the unit ultimate compression strength 
at the age of 28 days of 8- by l(>-in. cylinders, prepared, cured, and tested in accord¬ 
ance with ASTM Standard C39-44. In actual construriioii, coiicrofc strengths will 
vary from 1,500 psi for mass concroto whore great strength is not required to 4,000 
psi for the more important structural unitH, with the most common values ranging from 
2,000 to 3,000 psi. Mixtures will vary from as lean as 1:3:0 for mass construction, 
such as large abutments and gravity retaining walls, to a rich 1 : 13 ^ 2-3 or 1:1:2 for 
comparatively thin and heavily reinforced structural elements where greater work¬ 
ability, durability, and strength are required. In general, the required strength being 
known (as assumed in the structural design), thc» pi*opcr water-cement ratio (see 
below) must be determined, and the proportions of fine and coarse aggregate must 
be selected so as to produce a plastic mass having the desired workability. 

Tests should be made during the progress of actual construction work to check 
the strength of the concrete W’hich is being used in that work. Quite frequently it 
is impractical to wait for the results of a 28-day test. In such cases samples may bo 
tested at the age of 7 days, and the probabh^ 28-day strength may be computed from 
the formula 

fi& = /? + 30 '\/fi 

in which/sB = probable 28-day strength, and/? = actual 7-day strength. 

Water-Cement Ratio. The selection of the proper water-cement ratio for any 
desired strength under average job conditions may safel}’^ be made from the specifi¬ 



cation for strength of the American (‘onende Institute (1928), which is illiistiated 
graphically in Fig. 3-10. The amoiint uf surface jnuislure coni iiined m the aggregates 
must be determined and considered as a part of the luixiug water. 

Quite frequently the strength retiuirenieiit alone cannot be used as the determining 
factor in selecting the watur-eenient ratio, ^^'ith present-day eeiiienth and fajr curing 
conditions, a 2,0()0-lb corierete, which might econoniic'ally sjitisfy ordinary design 
requirements, may be obtained with a very lean mixture, but the resulting concrele 
will be neither watertight nor capable of withstanding variations in weather condi¬ 
tions. Maximum water-cement ratios for exmeretes in various types of eoiistriietions 
and with various oomlitioiis of exiiosure are recommended by F. R. McMillan in 
Basic Principles of (^oncretc Making.’^ These vary from 53i gal of water per bag 
of cement for thin sections with extreme climatic exposures to 73? gal of water per 
bag of cement for normal structural eleiimits protected from thi- weather. 

Workability. A workable concrete is one that can be worked into all corners of 
the forms and around the reinforcement witlmut excessive puddling, without segrega¬ 
tion of the ingrediimts, and without the collection of free w^ater on the surface. Work¬ 
ability is influoneed by the nature and amount of the fine and coarse aggregates, the 
water content, and the amount of cement in the mix. A method of measuring the 
workability, or more properly, the eonsisteney, is the slump test (ASTM Tentative 
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Standard D 138-32T), whicli is niado as follows; A conical slwdl of 16-gau(|i;e f^alvauized 
metal with a base 8 in. in diameter, a top 4 in. in diameter and a height of 12 in. is 
filled to overflowing with conerotc rodded into the shell in three separate layers, each 
receiving 25 strokes of a ■’’s-in. bullet-ended rod 24 in. in length. The excess is care¬ 
fully slmck off, and the mold is at once slowly lift»ed vertically. The amount of drop 
of the top of the mass below the original 12-in. height, meiisurod in inches, is known 
as the slump.” Experience has shown that, to be workable in various types of 
construction, concrete must have mini¬ 


mum slumps as indicated in Table 3-7. Table 3-7. Recommended Slumps for 

With a given water-cement ratio, the Proper Workability 

larger the desired slump, the less is the concreie Slump, im. 

^o.int of ag^PRate that ran be included . 

m the mix. Hence, for a given quantity Thin avi tiinw and colummj. 6-7 

of cement the yield is reduced by an in- Heavy sertionh — 3-5 

crease in slump. To obtain the maxi „ Confined horizontal Bertionii . 6-9 

mum economy consistent with placing M.»itar foi floor fininh . 2 

requirements, the concrete should there¬ 
fore be made as dry as possible, within the limits of suc(‘essful construction. Meehani- 
cal vibrators, especially in thin-walled sections, will permit the use of slumps some¬ 
what less than those recomm(‘Juh*d in Table 3-7, and in large constructions the 
additional coat of vibrating as compared with hand puddling will be more than offset 
by the saving in materials, and honeycombing w'ill be reduced to a minimum. 

Mixing. Practically all concrete is machiue-iuixetl. Th(‘ materials for each batch 


Mass poncirte. 

Heinfoir-od roiurcti*: 

Thin aociiitnfl and columns .. 
Heavy sertionh .... 
Confined horizontal aertiojii^ 
Pavpmenft coni'ieif* 

Mmtar foi floor fininh 


are carefully measured or weight'd and placed in tlie rotating drum of the mixer. 
Most specifications require that tlie mixing of each batch shall continue for at least 1 
min after all the materials, including the water, are in the mixture. 

Hand mixing is expensive and diflieult, and the resulting concrete, is usually not 
so good as that which is mixed by machine. Hand mixing should be permitted only 
when a small quantity of concrete is required. Hand mixing is accomplished by 
placing the proper quantities of eoment, fine aggregate, and coarse aggregate on a 
watertight platform and thoroughly mixing these before the water is added. When 
the dry mixture* shows a uniform te.xture, the correct amount of water is added and 
the entire mat.,' is again turned and mixed to a uniform eonsisienry. 

Placing. ( oncrete is conveyed to the forms from the mixer by means of wheel¬ 
barrow's or two-wlioeled buggies or by inclined chutes or pipes. Chutes should ordi¬ 
narily have a slope not flatter than 3:3 or steeper than 1:2, depending upon the 
w^etiiess of the mix. The slope of the chute and the consistency of the mix should be 
so adjiusted to each other that the concrete w'ill travel fast enough to keep the chute 
clean hut not so fast as to cause segregation of the materials. 

(loncrcte should not bo dumped in one iilace and allow^ed to flow horizontally, but 
should be deiKisited in approximately uniform layers. Forms should be tight so that 
cement will not >)e carried aw^ay by the esc.ajHiig water. In hot, dry weather, wooden 
forms should be wetted thoroughly on the contact faces to pri'vent them from absorb¬ 
ing watiT from the mortar faces in eoiitact with the forms; such absorption causes 
these faces to b(* pulled away with the forms upon stripping. Where fresh eoncrete 
is to be placed on old concrete or on rock, the old surface should be wetted thoroughly 
before the new concrete is placed, hut it should bo free from standing water. 

The filling of the forms should be eoiit iniious vvliere possible. Where such con¬ 
tinuous deposition is impossible, the surface of the oltl concrete should bo cleaned, 
roughened, and welted before placing is resumed. Where forms have considerable 
height, some means should be provided for depositing the concrete without drop¬ 
ping it through too great a distance. Spading or puddling of the concrete is nec'essary 
to cause it to sprcacl laterally after it has been deposited in the forma. This puddling 
should be done in such a manner as to force the coarse aggregate against the forma. 
In a properly designed mix, sufficient mortar will follow and encase the coarse aggre¬ 
gate to ensure a good finish, but if all the coarse aggregate is forced into the interior, 
away from the forms, the surface is less durable. 

Vibrators arc sometimes used to aid in the flow of the concrete in the forma. 
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They arc opcsratocl either by comproMHctl air or by elertneity. They are Msed both 
internally and gainst the outside of the fonns. Since they allow the use of a very 
aluggish mixture, with its consequent lower water-eciaeut ratio, higher strength con¬ 
cretes may be expected. 

Pkbdng under f1’'ater. When concrete is placed under water, it is essential that 
the water he still and not flowing and that the eonerete be dumped as a batch in its 
final position so as to avoid the segregation that would take place if it were allowed 
to fall freely through several feet of water. For underwater placement, drop-bottom 
buckets or, preferably, the tremie method may be used. A tremie consists of a 
vertical pipe, Aviili the lower end resting in the fr(^shly deposited concrete, and with 
a hopper at the upper end which ia above the water. The tremie is kept at least 
partially filled with fresh concrete during the entire placing operation. From time 
to time the tremie is lifted slightly to allow part of tlie (‘oncreto in the pipe to flow out 
the bottom. A stiff but thoroughly plastic mix should be used. 

Cold-wecUhcr Precautions. If concrete is to be placed during cold weather, par¬ 
ticularly in near-freezing temperatures, the materials should be heated before being 
placed in the mixer, and provision should be made for keeping the concrete warm 
after it has been placed in the forms. Heating of aggregates on large jobs can be 
accomplished by placing perforated pipits under the storage jiiles and forcing steam 
through the pipes. On small jobs, wood tires built in sheet-iron pipes buried in the 
storage piles will usually prove satisfactory. The healing should be sufficient to 
ensure that the temperature of the concrete will be at loa.yt 50°F when it roaches the 
forms. 

Curing. Conen^te hardens because of chemical reactions which tak e place between 
the cement and water. These reactions continue indefinitely, so long as the tempera¬ 
tures are favorable and moisture is present to eoiiipletc the hydration. The strength 
and quality of eonerete, therefore, are dependent upon its age and the eondifions 
under which it cures. 

The strength of concrete, under favorable curing conditions, iiicreasps with age 
This increase is very rapid in the early ages but continues more slowly for an indefi¬ 
nite period The incre.'ise in stn'iigth from 7 to 28 days is about eciiiaJ to the increase 
from 6 months to 2 years. If concrete is cured under dry atmospheric eonditions, 
some of the water in the concrete will cvajKiraie before the chemical reactions have 
continued for a sufficiently long time to obtain a reasonable proportion of the maxi- 
mmii strength attainable. In general, good practice requires (hat all concrete should 
be protected against premature drying out for at least 1 week and for a longer time 
if the temperature is near the freezing point. This may be done, by spriiikliiig the 
concrete with water at intervals or by covering it with wet burlap, canvas, or 
straw. 

Tests show clearly that concrete gaiiLS strength very slowly, if at all, at near- 
freezing temperatures and that the strength of similar mixes at any' given age increases 
with an increase in the curing temperature. These facts emphasize (1) the desira¬ 
bility of placing eonerete in warm w^eather if iwssible, (2J the inijMirtanee of heating 
the aggregates and water in cold w^ealhcr, and (3) the necessity of keeping the con¬ 
crete warm after it has betni placed in the forms when the surrounding air temp*irature 
is close to the freezing point. TjoW' temperatures may so dela.v the hardening that 
the water in the concrete will evaporate before even a reasonable strength is obtained. 
When the water has evaporated, no further increase in strength is possible. If, how¬ 
ever, evaporation of the water can be prevented and the concrete can bo kept from 
freezing, the concrete wull ultimately gam strength when the temperature rises suffi¬ 
ciently to permit the hardening process to continue at its normal rate. 

Proper curing, in addition to increasing the strength, haji a marked effect on other 
qualities of concrete, particularly watertightness and resistance to wear. Building 
up the internal structure of the concrete through more complete hydration of the 
cement is one of the most effex'tive and economical int^ans of making it imi>ervk>UB 1o 
water, a characteristic especially important in walls, tanks, and other (Oeinenis sub¬ 
ject to hydrostatic pressure or severe weather C/onditicuis. (k)ntinuoiis dairi]) curing, 
particularly in the early stages of hardening, helps to produce a hard, dense surface 
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and to pment P.Wking and dustm^s, especially haportant in floors, pavements^ and 
other Burfaceg subject to abrasive wear. 

Modulus of Elasticity, C'-onrrete is noi a perfwtly elaatic iiiaieriHl, there being a 
slight deeretisc in the ratio of sireas to strain (deformation) as the stress inereascs. 
Concrete also shows a permanent set under the sniallesl loads, but -niihin working 
limits there is a fairly constant relation Ix'twerm stress and strain, Mhii'h may be con¬ 
sidered the modiiluH of elasticity of the conen te. This varies with the strength and 
the age of the couiTcte. In reinforeed-eonerele d(‘sjgn the prtmdjial use of the mod¬ 
ulus of elabtieity is in determining the relative amount of stress carried by the steel 
and the eonerete, assuming that there is perfeed bond between the two materials. 
The value of the ratio n between the modul is of elasticity of the steel and that of the 
eonerete, as ordinardy used in design for Inith tension and compression, is given by 
the relation 

n = 30,000//r' 


in \^hieh/i' is the ultimate compressive strength of the concrete at 28 days in pounds 
I)fir square inch. 

Contraction and Expansion. C^onerctes expand as the temperature is raised and 
eniitraet as the tempeiatuie is lowered. The coefficient of expansion per degree of 
teiiiperHtun* change iiuTcascb somewhat with the nehnebs of tlic mix, but the range 
of values is small. A value of O.OOOOOG is usually used in design. 

(Vmeretes expand in volume if kept wet or immersed in water and contract if 
p\p»)Hed to air. This property is not eonflned tc* freshly placed concrete but is char- 
act eristic of (Niiieretes of many yearb’ service. A (“onrrete that dries out in air may 
be expe<*tcd to contract from 0.02 to 0.05 per cent and when immersed in water may 
expand at least one-half of this ainount. 

This teiulency to cliaiige in volume with different moisture conditions and changes 
in temperature dues, of course, set up stresses of Ixith tension and compression in a 
restrained reiivforced-concrete structure. The tensile stresses often exceed the 
amount that the eonerete can sustain, and cracks result. Shrinkage or temperature 
reinforcenierit is jdaeed m^ixr the surfaces of concrete walls to minimize the formatjon 
of such cracks 

Bond. I'h* udhchion of new concrete ti) woik previoubly placed is an important 
roiisideralion ii certain classes of construction. I’he old concrete should be thor¬ 
oughly wetted, clejiiied, and roughened and <‘oated uith cement grout before the new 
concrete is placed. If the old concrete is init thoroughly wetted, it will draw the 
moisture from the new eonerete, often leaving insuflieient moisture in the now con¬ 
crete for a normal eonaisicnev. The rcMilt is weak concrete near the joint as well as 
an meftciont joint. Tests indicate that mere wetting of the old surface results in a 
joint effieieiicv of about forty per cent; v^elting and roughening about fifty per cent; 
wetting, roughening, and coating w ith cement grout about eight}' per cent. Several 
eommereial componnda are a^allable which, when mixed with W'ater and brushed on 
the old surface, result in joints w'hieh are just as strong as the concrete in the mass. 

Resistance to Fire. (\mrTete not only is incombustible but also is a poor con- 
dueUir of heat, lienee it is a splendid file-resisting and fireproofing material. The 
low eoefficjeut of expansion of concrete lessons its tendency to crack when heated, 
and the low conductivity prevents the transference of the heat of the fire to the 
interior of the mas.*-, and to the reiufoieing stock 

Weight, "riie eight of concrete varies with the proportions of the mix, the con¬ 
sistency, and the character of the aggregates. Weights per cubic foot of various 
typos of conereto as usuallY used are os follows: gravel or enished-stone concrete, 
145 lb if unreinforced, 150 lb, if reinfon ed; cinder concrete, 110 lb; biirned-clay con- 
erete, JOO lb. l*aleiiled nn'thuda of aerating concrete are in usk* to some extent. 
Finely divided ehenncals, uhieh generate gases, arc added to ordinary concrete, caus¬ 
ing it to fluff up so that uixm hardening it is full of air spaces. Weights as low as 
50 lb per eu ft mav be obtained liy nernting. 

Effect of Admixtures. Materials other than cement and aggregate arc* sometimes 
added to concrete (1) to increase the workability, (2) to reduce the freezing tempera- 
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turc of the mixture, (3) to accelerate the hardening, or (4) to make the concrete more 
watertight. 

Small quantities of hydrated lime (up to 15 per cent by weight of the cement) 
improve the workability, particularly for the leaner mixes. Jf the lime is added 
without decreasing the amount of cement or inc‘reasiug the amount of water, the 
strength is increased somewhat, but if some of the cement is replaced by the lime, a 
reduction in strength can be exjiec'ted. 

Sodium chloride (common salt) and calcium chloride lower the temperature at 
which the water will freeze. The addition of sodium chloride lowers the freezing 
point about 1°F for each J per cent of salt added to the mixing water; up to 12 per 
cent it is beneficial to the strength of concretes cured at freezing temperatures, but it 
is detrimental to the strength of concretes cured at normal temperatures. The set 
is retarded in all cases, and in reinforced concrete the salt is likely to cause corrosktn 
of the steel. Calcium chloride up Lo 4 per cent is bi'iieficiul to the strength of con¬ 
cretes cured at any temperature, and the setting is accelerated. I’erceiitages are 
expressed in terms of the weight of sodium or calcium chloride as compared with the 
weight of the mixing water. 

The accelerating admixtures that arn most generally used are calcium chloride 
and calcium oxychloride. They do not react alike with all portlaiid cements. The 
quantity of calcium idiloride should nut exceed from 2 to 4 per cent by vi eight of the 
cement, and the quantity of calciuiri oxyehloride sliould not evc(*ed from 7 to 10 per 
cent. The admixture should be dissolved in the mixing water before it is placed in 
the mixer. 

Variou.s waterproofing compounds in powdered or liquid foriii me soinetimes used 
to make a more impennous concrete. They are either added lo the ini\iiig water, 
mixed with the cement on the job, or added to the cement dining its manufacture*. 
Their function is to fill the voids or pores of the concrete with a more or less soapy, 
insoluble filler. The results obtained are varied, and practically all the criinpounda 
in use detract from the strenigth of the concrete. In general, it is better to depend 
for watertight ness upon correct methods of cojistnictioii, \nth the use of sound aggre¬ 
gates of low" poiosity, a limited amount of niixing water, thorough mixing, proper 
placing, and fayorable curing conditions. 

Surface Treatments, Hurfacc treatments are used on concrete floors in industrial 
buildings to prevent “dusting^’ and to protect (he concrete against corrosion by some 
oils and acids Kven w'here comparatively sin all abrasive forces are iireseiit, as in 
office.s and coiridors, an untreated concrete suiface will diint owing to the grinding 
effect of the abrasive forces. Thoroughly hard<*ned concr(*to is unaffected by mineral 
oils such as ordinarj^ petroleum or pure engine oils. Vaiions animal and vegetable 
oils mav have a slight disintegrating effect. Sfime acids, such as acetic, carDolic, 
carbonic, lactic, phosphoric, and tannic, have a slight disintegrating effect, while 
others, sucli as liydrochlorit*, hydrofluoric, muriatic, nitric, siiliiliiiric, and sulphuroua, 
have a marked disintegrating effect. »Some salts and alkalies, particularly nitrate 
and sulplmtc solutions, have a marked ilisintcgrating effect on (‘oncrete cured in the 
ordinary manner. 

Dusting may be minimized by painting the surface wuth any of the coirmereial 
cement paints w'hich are available. To prevent lime burns in the paint film, concrete 
surfaces less than 0 months old should be treated Ix'fure painting with a solution of 
3 lb of zinc chloride jicr gallon of water. The surface should be wetted thoroughly 
wdth the solution, allowed to dry for at least 24 hr, and then rinsed tliorouglilv w-uth 
cold water before painting. Dusting may also be reduced by hardening the mirfaee 
with two or more appliciitir>ns, apjilied as above, of a solution of magm'sium fluosili- 
cate or zinc fluosilicate. The first application should contain J lb of the crystals per 
gallon of water and the subBeciueii* applications 2 lb jier gal. 

Treatments requiii^d for protection against acids, oi's, and alkalies vary with the 
degree of disintegrating eff(*ct In some cases the niagnoHiiim fluosilicate treatment 
may be sufficient. Btiler proti'ctioii is obtained by applying two or threr coats of 
boiled linseeil oil, preferably hot, after the magnesium fluosilicate* treatment. Sodium 
silicate (water glass) of about 42.5® Baunic gravity, diluted in proportions of about 1 
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Kal with 4 ^al of water and applied in two or more applicatioDfl, is satisfactory for 
mild effects. To resist very strong acids it may be necessary hi cement vitrified 
brick or tile units, glass, lead, or shoeta of resin, rubber, or synthetic rubber to the 
coiKTcte with special adhesives. 

REINFORCED-CONCRETE BEAMS AND SLABS 
T 3 rpes of Reinforcement. Square and roimd bars of structural- or intermediate- 
grade steel, varying in size from J 4 to in., are used for reinforcing beams, slabs, 

//A- 

^— 1 ^ xm. . ----- 






Fig. 3-17. Standard bar and mesh reinforcements. 


waJls, and columns. Wire fabric and expanded metal in various forme are used to a 
considerable extent in hlabs, walls, and other thin soctions. Bars are almost invari¬ 
ably made with projections or indentations or both on the surf sees to increase the 
adhesion between them and the concrete. These bars are called **deformed bars,” 
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several types of which are shown in Fig. 3-17. Standard bar siaes are given in Table 
3-8. Some of the types of mesh reinforcement are shoan in Fig. 3-17. 

Table 3-8. Standard Reinforcing Bars 
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Sue extra, 
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pta/ 
100 1b 


0 U4U] 

0 7h5 

0 17 

100 


0 2500 

2 00 

U 85 

20 

H 

0 1104 

1 178 

0 38 

40 

1 

i 0000 

4 00 

3 40 

0 


0 nei 

1 57J 

0 07 

20 


1 2650 

4 50 

4 30 

0 

H 

0 30R8 

1 004 

1 04 

10 


1 5625 

5 00 

5 31 

0 

% 

0 4418 

2 3.^10 

1 50 

0 







0 0013 

2 749 

2 04 







1 

0 7B.i4 










Placing the Reinforcement. Most spcciiu'alioiLs require that the ininimuin clear 
distance between parallel bars shall be 1^2 tunes the diameter for round bars and 2 
times the aide dimension for square haia, but in no case shiill the clear spaeing between 
bars be less than 1 in. or le.ss than Itj times the maxininm size of the eoarse aggre¬ 
gate. The reiiiforcemcnt of footings and oUkt pi incipal sti u( tural memberb in w hich 
the concrete is deposited against the ground thall have not les^ than 3 in. of conereto 
between it and the ground contaet suifai'e. At surface^* of <*oncrete exposed t*) the 
weather, the reinforcement shall be protected bv not less than 2 in of conm^te. In 
structures in which the fire hazard is limitisl, remforec'inent at surface's not expostMl 
directly to ground or weather shall be inotceted by not less than in. of eonerete 
for slabs and walls, 1^2 in, for beams and girdeis, and 2 in. for cohmins. In struc¬ 
tures w’ith an abnormal fire hazard, the iniiumuin covering for slab leinforc'emenl 
shall be 1 in., for beam and girder reinforcement 2 in., and fur column ri'infoicement 
3 in. 

Standard Design Notation. For eonvenicnee of reference, the standard notation, 
as used in the following eejuatiuns for the design of reinlorced-eoiicretc beams and 
shibs, is given below: 

Aj, — effective cross-.sectional area of steel in tension, sq in. 

AJ — effoctivc cross-sectional area of steel in compression, sq in. 

Av =® total ar(*a fif web remforcement iii any one plane, sci in. 
h = width of reetaijgular beam, or width of llaiigc of T beam, in. 
h* aa width of stem of T beam, m. 

d = depth from coiiijiression surface of beam or slab to center of longitudinal 
ten.sion reinforcement, in. 

d* = depth from compression surface of beam or slab to center of CAimpression 
reiiiforeerneiit, in. 

Ec = modulus of elasticity of concrete in coinijrc'ssion, p.si 
Eg =e inoduhis of elasticity i)f .steel in len.don = 30 million psi 
/c = compressive unit stress in extreme filit'r of concrete, psi 
= tensile unit stress in longitudinal reinforcement, psi 
f/ =* compressive unit stress in longitudinal reinforcement, jjsi 
/, ■=* tensile unit stress in web remforcoment, psi 
j « ratio of lever arm of resisting couple to effective depth d 
jd * arm of resisting couple, or distance from c**Titer of gravity of tension forces 
to center of gravity of compn^ssion forces, in. 
k ratio of distance from compression surface to neutral plane to effective 
depth d 

kd « distance from compression surface to neutral plane, in. 
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I ^ span length of beam or slab 
M bending moment 

Me * resisting moment as governed by the eompression forces, in.-Ib 

Af, » resisting moment as governed by the tension forces, in.-lb 
n « ratio of modulus of elasticity of steel to that of concrete EJEt 
2)o = sum of perimeters of bars in one group at a given section, in. 
p «* ratio of effective area of tension reinforcement to effective area of concrete 
in beams » A^/bd 

p' BB ratio of effoctivo area of compression reinforcement to effective area of con¬ 
crete in beams =» A‘/hd 

r * ratio of unit stress in tension reinforcement to the simultaneous compressive 
unit stress in extreme liber of concrete in beams “ L/fr 
s “* spacing of web reinforcoment members, measured at the plane of the lower 
reinfurccniciit and in the direction of the longitudinal axis of the beam, in. 
t =» thiekiie.sH of flange of T beam, m. 
u == bond stress per unit of area of surface of bar, psi 

V * unit shearing stress, psi 

Vc * unit shearing stress that can l)e resisted by concrete alone, psi 

V = total shear, Iti 

Allowable Unit Stresses. The unit stresses rer'ommended by tlic “Joint Com¬ 
mittee”* of the engineering societies are stated ui terms of the ultimate unit compres¬ 
sive strejigtli // of the concrete at the age of 28 days, as determined by tests of 6- by 
12-in. or 8- by IG-in. cylinders. Concreti‘s used in ordinary’' ronstruclioiis have ulti- 
iniite compressive strengths varying, with the type of member involved, from 1,500 
to 4,000 psi, the most common values ranging from 2,000 to 3,000 psi, The required 
strength nf the concrete is o})iamed liy the proper proportioning of the cement, aggre¬ 


gate, and water. 

A. Direet ('om])re.sston 

Bearing on plain concrete piers and pedestals. 0.25/f' 

B. (’ompression in Kxtreme Fiber 

Extreme fiber stress in flexure. 0.45/r' 

C. Shear 

1 . Beams ilh no web reinforcement 

a. Tjoiigiriidinul bars anehort'd . 0.03/r' 

7). Ijungit udinal bars not anchored. 0.02/r' 

2. Beams with \^eb reinforcement 

a. Longitudinal bars anchored. . 0.12/f' 

h. Ixmgitiulinal bars not ancliored. 0.06/r' 

1). Bond 

1. Bctw<H*ri concrete and plain bars. .... 0,04/r' 

2. Between concri»te and deformed bars ... 0.05/c' 

E. Heinforceincnt 


Tensile or compressive unit stress not to exceed 

1. Structural-steel-gracle bars. 18,000 psi 

2. Intermediate-and hard-grade bars. 20,000 psi 

F. Modulus of Elasticity 

Values of n = Em/Ec 

For//- 2,000. n - 15 

For// « 2,500. « » 12 


For// « 3,000. a - 10 

For// = any value.n ■* 30,000/// 

Rectangular Beams with Tension Reinforcement. The equations for designing 
or reviewing reinforced-toiicreie beams are derived in a manner similar to that used 
for any lioinogcnoous beam, except that the difference between the elastic propertie.s 
steel and concrete ami the method of Hirers diHtnbiilioii require certain oi>vioii8 


• Tl»f .loint CnmniitItH' on StanJanl Specifi cat Iona for Ooncrcta and Tlcinforcwl Concr#*tc, lln 
Kei}uit on llecommoTificd Practice ami Standard Hpecifiraiioius for Conci-ctc and Reinforced CouenUe 
in known ‘‘Joint (.'ode" or "Joint Comnnttee Report. 
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Tafaf compression 

i Compression 
fc i farea 


modifications in the derivations. The tensile strength of the concrete is disregarded 
because of its low value, and hence all the tension force is concentrated in the steel; 
the amount of this tension is equal to the area of the steel in square inches (As) mul¬ 
tiplied by the unit stress in the steel in pounds per square inch (/.), as shown in Fig. 
3-18, which represents the elevation of a portion of a simply supported rectangular 

beam and a cross section of the beam. It is as¬ 
sumed that the unit compression force is a maxi¬ 
mum at the extreme fiber and derreases uniformly 
to zero at the neutral axis. The total compression 
is therefore equal to the area of the shaded triangle 
in Fig. 3-18 times the width of the beam. Tliia 
total compression is assumed to be mneentrated at 
the center of gravity of the trijingle, which is one- 
third of the distance kd from the upper (or com¬ 
pression) surface. The internal moment in the 
beam, as determined by the compression forces, is 
therefore equal to ihe total compression times the, 
distance jd between the centers of gravity of the compression and tension for(‘es. 
Hence 

^fc = OifrM • b)jd = 

Similarly, the intemal moment, as determined 1)5’ the tension forces, is 



Tofaf; 

Elevation Sectfon 

Fig. 3-18. 


= AJod 

Formulas for the value of k, which locates the neutral axis, and for j, which deter¬ 
mines the lever arm of f he resisting couple, and the formula giving the relation between 
the unit stress in the steel and the unit stress in tlie concrete, are derived from the 
usual assumptions made in the theory of flexure*, rf)iiii)licated b.v the fact that the 
moduli of elasticity of the Nl(‘el ami the eouerete are not the same (£% — 7iEr). A 
compl<*tc derivation of all these equations is given in any reeognizod text rin rein- 
forced-e/Oncrete design. The necessary equations follow (sec page 122 for notations): 


ilfc = (1) 

M, Asfjd = pfjhd^ (2) 

/, =/,A’_/[n(l f3) 

\^2})n -f- (pn)- — pn (review only) (4) 

k = 7i/(^f -[-/•) ^^desigu only) (5) 

i = 1 - k/S ' t«) 


Method of Design. f\)mpute the bonding moment cauLsed by the external loads. 
Assume the weight of the beam and add the bending moiuenl due to this assuini'd 
weight to that caused by the extennU loads to g(‘t the total b(*iiding moment in the 
l>CBm. This must be revised later if the actual w'cLght of the beam does not agree 
with the as.sumed weight. Dclcniiiric k [Fq. (5)], j [lOq. (6)], eross section of beam 
[Eq, (1)], area of steel [Eq. (2)], Unless it is governed liy architeetural Or other limi¬ 
tations, make b from one-half to three-fourths of d, and keep h in multiples of 2 in. 

Method of Review. Determine k [Eq. (4)|, j [Eq. (6)1, Me or fr [Eq. (1)1, ii/, or /» 
[Eq. (2)j. If the safe load is required, use the smaller of the values Me or deduct 
the moment due to the w'cight of the beam, and compute the live load whicn will 
produce the remaining moment. 

Design of a Rertangidar Beam with Tinsion Rvinforcemehi. Determine the 
required cross section and area of steel for a simply supported rectangular beam with 
a span of 18 ft 0 in., which is to carry a unifr>rm live load of 1,000 lb per liii ft. A 
2,500-lb concrete and reinforcing bars of structural-grade steel are to be used. 

Assume weight of beam 220 lb per liii ft. Total load = 1,220 Ib j»er ft. 

M = (1^^ X 1,220 X 18*) X 12 * 593,000 in.-lb 

From Eq. (5), fc = 0.430, and from Eq. (6), j = 0.857. Then from E(i. (1), 
693,000 Vi X 1,000 X 0.430 X 0.857 X 
(required) 2,860 in.* 
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Select 6 ■« 10 and d * 17 in. The total cross section of the beam (see Fig. 3-19) 
“ 10 X 20 in., and the weight ** (10 X 20/144) X 150 « 210 lb per lin ft, approxi¬ 
mately as assumed. From Eq. (2), 

693,000 = X 18,000 X 0.857 X 17 
A, (required) « 2.26 sq in. 

Three 1-in. round bars will be used, as shown in Fig. 3-19. The purpose of the 
stirrups, shown in Fig. 3-19, and the method of determining their size and spacing 
are explained on page 12K. 

Review of a Rectangvlar Beam with Tension RFinforcement 
A rcetangular rcinforeed-eoncrete beam has a total cross sec¬ 
tion of 8 by 14 in. and a length of 20 ft 0 in. It is reinforced 
with four ^ 2 -in. square bars in one row, the center of \vhieh 
is 1^2 ii' above the lower surfaee of the beam. Assuming a 
2,000-U) eoneretp and structural-grade steel, whal is the 
greatest concentrated load that can be placed on the beam 
at mid-Hpan? 

4 X 0 25 _ 

" = s x-m ' "•O'"’ 

From Fiqa. (4) and (6), k — 0.418, and j = 0.861. 

Me -= h X 900 X 0.418 X 0.861 X 8 X (12.5)2 

« 201,000 in.-lb 

Me = 1.00 X 18,000 X 0.861 X 12.5 = 194.000 in -lb 

Hence, this beam is sliglitly vieaker in tension than it is in 
eonipi ession, and the maviTnum bending moment cannot exceed 194,000 in.-lb. Owing 
to Its own weight (117 lb per Im ft) the bending moment is J^g X 117 X (20)* X 12 
= 70,200 111 .-It). The maximum moment available for the concentrated load is then 

194,000 - 70,200 = 123,800 in -lb 
The maximum bending moment caused by the concentrated load is 
' iPl = MP X 20 X 12 =- 60/^ in.-lb 

hence 607' — 123,800, and P (maximum allowable) = 2,060 lb. 

Slabs Supported on Two Sides. A slab supported on only two sides is essentially 
a rectangular beam of eoiniiaratively large ratio of uidth to depth. Such a slab is 
analyzed by euUiiig out a 12-in. strip at right angles to the supporting beams and 
applying the same formulas a.s given for reel angular beams on page 124. Slabs are 
usually designed for uniformly distributed loads only, and the load per square foot 
on the slab becomes the load per linear foot on the imaginary 12-in. strip. Since all 
the load on the slab must ])e transmitted to the tuo supportuig beams, it follows that 
all the reinforcing steel should be jdaced at right angles to these beams, W’ith the 
exception of any bars Ibid may be placed in the other direction to take care of shrink¬ 
age and temperature stnsses. A slab that is so supported thus consists fin theory) 
of a series of rectangular beams 12 in. wide, placed side by side. The steel ratio p 
is equal to the area of one bar divided by the product of the effective depth d and the 
distance between bars, renter to center. The areas furnished per foot of slab width 
by various sizes of bars and spaeings are given in Table 3-9. 

Slabs may be of one span only, resting freely on the supports, in which event 
they are designed for a moment of ^ iwP. They may, however, be continuous over 
several supports, in which case moment coefficients for continuous or partly continu¬ 
ous beams may be used. Usually, for slabs of only two spans, a niomeiit of igU)?* 
is used, while for slabs of scveial spans, a moment of is used for the interior 

spans and for the end spans. C^mtimious slabs must liave some steel near 

the upper surface over the supports to pn)vide for the tension near this surface 
caused by the negative moment. This negative-moment steel is usually furnished 
bv bending up some of the posith o-monicnt steel at about the quarter points of the 
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span and oontinuinK this ctteel near the top surface to the corre^sponding points in 
the adjacent spans. 


Table 8-9. Areas of Bars in Slabs, Sq In. per Ft 


Spacing, in. 

Si CO of round bar, 111 . 

Size of feiqiiHre bar 

in. 

n 




?4 

H 

1 


1 



3 

0 20 


0 78 

1 23 

1 77 


3 14 


4 00 

5 06 

6 25 

ZH 

on 

0 38 

mmtvm 

I 0.5 

] 51 

2 06 



3 43 

4 34 

5 36 

4 

0 15 

0 33 

0 59 

0 92 

1 32 

1 80 


0 76 

3 00 

3 80 

4 69 

4M 

0 13 

0 29 


0 82 

J 18 

1 GO 

2 09 

0 67 

Kaijrfl 

3 37 

4 17 

6 

BimH 

0 2B 

0 47 

0 74 

EEI3 

1 44 

1 SB 

0 60 

2 40 

kBiTI 

3 75 

5^ 

0 n 

U 24 

0 43 

0 67 

0 96 

1 31 

1 71 

K!K24 

2 18 

2 76 

3 41 

6 

■iWTil 

0 22 

0 39 


0 88 

mmrn 

1 57 

0 50 

2 00 

2 53 

3 12 



mEm 

0 3B 


0 82 

1 11 

1 45 

0 40 

1 85 

2 34 

2 69 

7 


0 19 

■iKfl 

OSI 

0 76 

niFl 

1 36 

0 43 

1 71 

2 17 

? 68 



0 18 

0 .31 

0 40 

0 71 

0 06 

1 26 

■igTll 

1 00 

2 02 

2 50 

8 


0 17 

0 29 

0 46 

0 66 

0 90 

1 18 

0 37 

■Kil 

1 89 

2 34 

9 


0 1.5 

0 20 

0 41 

0 59 

0 80 

1 OB 

0 33 

1 3.1 

1 69 

2 08 

JO 


■iMIM 


0 37 

0 53 

0 72 

0 94 

0 .30 

1 20 

1 52 

1 87 

12 


0 11 


0 .31 

0 44 

0 00 

0 78 

0 25 


1 27 

1 56 


Design of Om-way Slah, D(‘sign a fully eonlinuous roiiiforrod-roncrete slal), 
supported on two sides only, to sustain a live load of 120 paf. Each span of the slab 
is 11 ft 0 in. Use allowable unit stresses of 800 and 18,000 for the ronerete and 
steel, respectively, with n *= 15. 

Assume weight of slab as 02 psf (5-iii. thiekuess). For a 12-in. atrip at right 
angles to the supports, 

M = >1 2 X (120 + 02 ) X (ID* X 12 « 22,000 in.-lb 
From Eqs. (5) and ( 6 ), k = 0 100 and j = 0 807 

22,000 = X 800 X 0 400 X 0 807 X 12 X 
d (required) = 3.0 or 4 in 

The total thieknesB, with 1-iu. insulation, is 5 in., and the slab weight is 02 psf, as 
assumed. 

72,000 = A. X 18,000 X 0 867 X 4 
A, (required) = 0 353 sq in. 

Use round bars on 6 ^ 2 -i". centers. 

Slabs Supported on Four Sides. When a slab is square or nearly so and thc^re 
are beams at the four edges of the panel, the slab should be reinforced in two direc¬ 
tions so as to transmit the total load to all four beams. If the panel is square and if 
the construction is such that the same degree of restraint exists at each edge, one- 
half of the total load will be transmitted to each pair of beams. If the panel ia 
longer in one direction than in the other, more than one-half of the load will b*' trans¬ 
mitted in the shorter direction, and the remainder will b(‘ 
transmitted in the longer direction. 

A satisfactory assumption for distribution for ordinary 
panels is that recommended in the Jotnf Building CocU fl028i, 
where the part wu of the total load w>, which is transfer! cd 
in the short direction (see Fig. 3-20), is 

= (? - D « (7) 

in which / = the longer dimension and V the shorter dimension, Ixith in feet. I’hen, 
if lOz is the part of the total load that is transferred in the loiigi'r direction, 

W 2 =» M' - «?i (8) 
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Two strips, oach with a width of 12 in., must be designed (or investigated), one strip 
parallel to tlu; short dimension of the slab and one parallel to the long chincnsion. 
The values of d for eaeh strip differ by one bar diatneter. Tlit* shorter bars arc usu¬ 
ally placed beneath the longer hnrs, with the two layers in direct contact. 

Dcsiffn of Two-ivay Slab. A typical interior (fully continuous) floor panel is to 
be 9 ft 0 in. X 10 ft 0 in. in plan. The slab is to l>e reinforced in two directions and 
is to carry a uniform live load of 300 psf. Assume fc = 1,000, L *= 18,000, and 
n » 12 . Design the slab. 

Assume weigh of slab as 50 psf (4-m. slab); then w = 300 + 50 360 Ib/ft. For 

a 12-in. atrip in the short direction^ 

MJi ** (1?^ - 12)350 215 Ib/ft 

iW « ^12 X 215 X (9)* X 12 17,500 m.-lb 

From Kqs. (5) and ( 6 j, k = 0.400 and j =» 0.867. 

17.500 « M X 1,000 X 0.40 X 0.867 X 12 X d* 

d (required) = 2.9 in. 

Use d = 3 in.; with l-in. insulation, total tluckness ^ 4 in., as assumed. 

For a 12 -m. strip in the long direction, wi — 350 — 215 = 135 Ih/ft. 

= }i 2 X 136 X (10)* X 12 - 13,500 in.-lb 

13.500 = K X 1,000 X 0.400 X 0.867 X 12 X d* 

d ^required) =» 2.55 in. 

With a 4-in. slab, the d furnished for the long bars (aasuiued as *2 hi diameter) 
is only 4 — 1 — = 2.50 in. While sufficiently close for practical purposes, theo¬ 

retically the slab should be made thicker to furnish at least 2.55 iii. of effective depth 
for the long (upper) bars. A 4 * 4 -in. slab will be used. Then, for the short bars, 
d = 3.25 in., and for the long bars, d » 2.75 in. 

Short Bars: 

17.500 * A, X 18,000 X 0.867 X 3.25 

A a = 0.3-15 sq in. 

From Table 3-9, 3 ^ 2 -in. round bars, 6*2 hi. center to center are satisfactory for the 
short direction. 

Long Bars: 

13.500 = A, X 18,000 X 0.8C7 X 2.75 

.it, = 0.311 sq in 

I’roin Table 3-9, ^^-hi. round bars, 7*2 center U* center are satisfactory for the 
long direction. 

Shear and Bond. In addition to the design for bending stresses as previously 
discussed, reinforced-concrete beams inu.st be designed to resist shear and bond 
stresses. The latter tend U> cause the steel to pull away from the concrete when 
under stress and thus dc'^troy the unity of thu bean*. 

The maximum unit shear v (jKiuntlH per square ineh) at any cross section is 

V = V/hjd (rectangular beams) ( 9 ) 

V = \'/b'jd (T beams) (10) 

In any beam, the absolute m.axirnuin unit shear oc'curs at the .section where the. total 
shear V is a ninxiinum. Allowable unit stresses are given on page 123. 

The maximum unit bond stress u (iwiinds per square inch of contact surface 
between the longitudinal reinforcement and the concrete) occurs at the section where 
the shear is a maximum and is equal to 

V = r/Soiri ( 11 ) 

in which So =» sum of the perimeters of all the tension bars at the section. In all 
computations for shear and boml, a value of j = % may be used. 
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Ebu.im.B; A rectangulai beam with an over-all eroas bertion ot 11! by 22 in. supporta 


asoow. 


SOO&perft. 

imnilumuijunii 


., 

If"iG. 3-21. 


bve loacU as bliown ui lie 3-21. The beam la roinfoired with 
four ^^-lu rouud bars iti one row, the center of which is 2 in. 
above the lower buiface of the beam A 2,000-lb concrete is 
assumed Deternune the maxiinnni unit slieannR stroHsoH m 
sections at the left and right supports and in sections just to 
the left uiid light of the concent i aied load Dcternime also tho 
maximum unit bond stiess 

The dead weight of the boani is 275 lb per Im ft, hence the 
total umforto load is 875 lb per ft. At the left suppoit, 

(% X 12.000) + X 875) - 14,50011) 

14,5t'0 


’ = 12X^8 


At the right HUpport, 


V = Gj X 12,000) 4- X 875) 
10,500 .. 


10,500 lb 


Just to the left of the concentrated loaii, 

V = 14,500 - (5 X 875) - 10,180 lb 
10,180 

® *=■ — - 41) PBl 

12 X ^8 X 20 ^ 

Just to the Tiglit of I he ooneeiitrated load, 

\ = 14,500 - (5 X 875) 12,000 -= -1,820 lb 

I 820 

XIJO 

The muximum unit bond stress o( turs nt (ho left support, sinre tiie shear i*- a inaxiininn 
at this point 

14.5(i0 


4 X 2 J50 X *^8 -8 20 


80 psi 


The above computations indicate that tho beam is ‘•uie from shearing or bond fulures 
provided adeQuate web remfoicoirient is used tnroiighoiit those portions of the span wheiu 
the unit shear is gieutci than 0 02 X 2,000 - 40 p j Tlie design of the well lemfune- 
ment is given in the following paiagiaphs 


Diagonal Tension and Web Reinforcement, liicljiied tension stresses ate pro¬ 
duced by a combmalion of vertiial and horizontal sheaimg forces and llie flexural 
stresses in the truision fabers These stresses tend 
to cause diagonal cracks m rogions of large sliear- 
mg btresso, as shown in Fig 3-22 The niiigiii- 
tude of the diagonal-tension stress vanes piiinanly 
with the amount of the shearing stress at the 
section By hmitmg the aliow^able unit shearing 
stress to a value w hieh has bf*en found ai'tual 
tebts to be low enough to ensure against faihue by 
diagonal tension, it may be considered that the 
danger of such failure has been eliminafed. 

When the unit bheanng stress ai any section cxcei'ds 0 02f/ (or 0 03/"' if tho lon¬ 
gitudinal bars are hooked at the ends), some form of web reinfoi(*e*ncnt must be used 
at that section in order to pi event the diagonal cracks from opening up Sepaiatc 
vertical stirrups may be used lor web rcmforceinont, or some of the longitiidmal bars 
may be bent up where they arc no longer required for the tension fibei stresses so as 
to cross the planes of the probable cracks and thus nieviuit the formation of the 
cracks. Stirrup bars are usually bent in the form of the Icttei V and placed as shown 
in Fig. 3-19 The effective area A, of the stirrup is then twice the area of the bar. 
For very' wide beams, more legs than two might be used, in which cAhO the area A, 
would be equal to the number of vertical legs times the area of the bar. 
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f Bent-up bar 
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/ ' Probable crack 
Diagonal tension stress 
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The wze and spacing of vortical bturups (if reqiiiri^d) aie dclcrmmed from Kq. 
(12) The spacing should not exceed about 


A \ f ijd 
V - Vc 


( 12 ) 


In ICq (12), V is the total sheai at the section under consideration, and Vc is the 
amount of shear that can bo takem bv the eonerete itself, i e j Vc ^ Vcbjd for rectan¬ 
gular beams, or Tc * v,b'jd tor T beams, in which Vc is either 0 02/r or 0.03/, 

Example. Referring to the example on page I2S, il tin longitudinal bars are not hooked 
al the ends, the allowable unit shear that can be lesisted b> the concrete is 0 02 X 2,000 
= 40 phi Over what portions of the beam is web ioinforcement requiied, and what 
arrangement of Ji-in lound U stirrups is necebsary to piovide for the diagonal-ten <31011 
stresses^ 

A study of the imit-shear computations nn page 128 shows that web 1 eJnforcement is 
lequirod from the left huppurt to the concentlatcd load and from the light suppoil for a 
distance j. to the section at w hich 1 he unit shear is 40 lb pci bq in. Tlus dihtance is obtained 
from Kq. (9) as followb. 


10,5h0 ^R75x 
12 X X 20 
X = 2 47 ft 


I he timximum Hpiiciiig of stirrups at the left support, from Efi (12), is 

^ 2 X 0J)491 X 10 000 20 ^ 

*' 14,5(>U - (40'x 12 XX ao) “ * *” 

Just at the left of the < one entrated loid the total shcai is 10 180 lb, and 

2 X 0 0491 X 10,000 X X 20 , ^ ^ 

* “ 10"lS0 (40 » 12 i<7s X20j “ 

Heinenihenug that the spuing of voitKal ‘-tiriups sliould not exceed ^ 2 ^^ or 10 m in this 
(ase, b> siiiiplp i»ioportion llie following seleilion oi siiacuigs may bo made ioi the region 
between the left ipport aiidthe roiuenti itcd load plaimgthe hrst stiiiup alioul two mchc'- 
from the edge of iJje suppoil Ihn e at four in , two at six in , and four at ten m 

\l the right support the totil sheai is 10 5h0 lb, and s = 12 7 iit , foui stiiiupb will lie 
used at this end, spaced 10 in on centers 

T Beams. AA hcii a reiiilorced-eoncrcte floor slab is cnnstruftfMl as a monolith 
with the supfiortiiig beam, pail of the slnb may be assumed to assist the uppet pint 
of the In am 111 resisting compres'sive stresses 

These tw o ait mg together constitute w bat is know n _ , f 

ub ti T beam (hbg 3 23) The blab is called the 
“flange,” and the portion of the beam below the 
blab IS iMlJed the ‘ web” 01 btem ” The exact 
width of slab that can be assumed effective m 1 esist- j ij, 3.23. T beam, 

mg lornpicpsive htresseb dejipiids upon the tlijck- 

nes** of the slab, the span of the beam, and the spaemg ol beams This efleotive 
width h IS detcimined as followh. 

1 It sliall not exceed oue-fourth of the span length of the beam, except that, for 
beams with a flange on one side onlv, it bhall not exceed one-tenth of the Hjian. 

2 Its overhanging width on eithei side of the btiun shall not excised eiglit tunes 
the thickness of the blab 

3 It shall not exceed the distance center to center of beams. 

Ow mg to the relativelv large w idth of flange, it is safe to sav that the compressive 
strength of a T beam which is pail of a floor system will seldom (if evei) govern the 
design The effective cross section b'd is detennmed trom the shearing requirement, 
Eq (10), with e =* 0 Ofl/f'. web reinforcement being providi'd as necessary and m 
accordance with the methods outlined on page 128 In all computations involving 
shearing strength of T beams, the width of the stem N is used, instead of the width 
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i)t />, IxM'iiUttu of Iho fact tUat the unit shear involved is tlio unit shear aluiij; 

any horizontal plane between the tension steel and the neutral axis. 

ForinulaR for the resisting nionientu, and for k and j, are derived in a manner 
siniUar to that used for similar funetions of reel angular beams. The bniail amount 
of oompressiun in the stem (l)etweeii the n utral axis and the tKittom of the slab) is 
disregarded, so that the total (‘ompresbinn is (‘onsidered to be a trapezoid with bases 
equal to /« and fc\(kd — t)/kd\f an al itude equal to and a length equal to the effee- 


Tah/compr.s 

^2kd-n 


2kcijr 


yipNeufra! 

h plane 





Elevotion 


Tofalfension 




Section 
Fiu. 3-24. 


-Note 

Compression 
in skm IS small 
and nof considered 
in computations 


tive width of the flange h as shown in Fig. 3-24. Approximate resist ing-inomcnt: 
formulas for use in design are obtained by assuming that jd = d — s-t^d that the 
average compression stress in the trapezoid of depth f is ■ The essential equations 
for T-beam design and revie\^ are tabulated b(‘low; 

b « span or lOf + b' (maximuni) 
p — A /bii 
M, = AJ^jd 

Mt. = — ]'ii) ('appioxinuUc, for design only) 

Mr — ^2/rb/(d — ^20 (apjjro\iiiial(‘, for design only) 
b'd =5 Vfvj 

_/■*_ 

np + 

np + (t/d) 

. 6 - m /d) + 2 (f/rf)« + (l/d)>(l^i) 

^ (i - 3(//rf). 

Method of J^eteruiine b'd [Lq. (19)1 Ji-Anl select proper values for eaeli (b' 

is usually from to }id); IKq. (16)]. It a more exact design is required, leview 
the beam (see following paragraph) to determine / and f If f, is too great, the 
beam must be deepened; if /, is too small, less ste(*l may bo ust^d and the review 
repeated. In rare cases only will the cross section be governed by the bending stress 
in the concrete. 

Method of Review. l>etermino k [Eq. (21)], j [Eq. (22)1, Mr or /, [Eq. (17)1, M, 
or[Eq. (15)]. In all (computations p =* AJhd [Eq. (14)|, in which b is th(^ width 
of the flange [Eq. (13)]. After the resisting moment has been determined, the safe 
live load may be computed as explained on page 125. 

Design of a T Beam, A series of parallel continuous floor beams is spaced 11 ft 
0 in. on centers, supporting a monolithic 5-m. slab whicli siistaiiis a live load of 
100 psf. The span of the beams is 23 ft 0 in. Design one of the beams, assuming 
/. « 20,000 and f/ = 2 , 000 . 

Weight of slab *= 62 psf. Ijoad on ]>eam from slab = 11(100 4-62) *= 1,780 lb 
|>er ft. Aasunie weight of stem « 200 li) per ft; tlien Ihe total load on the beam is 
1,780 +200 » 1,9801b per ft. 


(13) 

(H) 

(15) 

( 10 ) 

(17) 

( 18 ) 
( 10 ) 

( 20 ) 

( 21 ) 

( 22 ) 
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fSBo. 9 


M ^ 
V 

Nd - 


>12 X 1,980 X (23)* X 12 • 1,046,000 in.-lb 
1,980 X 2^ - 22,700 lb 
22,700 

- -215aqin. 


H X 120 

Select b' 10 in., and d ^ 22 in. Allowing for two rows of bars, the total height of 
the beam must be 22 + 3 = 25 in. (see 


(fs 


“7“ 



fc' 

CEE 








! 

_ 


. 



Fig. 3-25). The cross section below the 
fclab is 10 X 20 in., and the weight of the 
stem is 210 lb per ft, approximately as 
assumed. 

. 1,045,000 „ . 

20,000 x"(22 - 2.5) “ ^-Msqin. 

Six •'* 4 -in. round bars (area 2.65 sq in.) 
will be usnd. The re<|uired size and 
{^pacing of web reinforcement bars are obtained as explained on pages 128 and 129. 

Beams Reinforced for Tension and Compression. Design. Quite frequently a 
beam is limited by eertain structural conditions or architectural Imiitatiuns to a size 
which is not adequate to furnish the required compression resistance. Additional 

compression resistance is furnished in such 


Ffo. 3-25. 


5' 

Li_. 


IfcM-b 

ii J 


4 

«- b ->1 

m 


d' 


I 

.A _ 


d-d' 

I 

JL 


Fig. 3-20. 




cases by placing reinforcing bars near the 
extreme (‘ompression surface of the beam, 
of ftufficiimt area to xirovide for the moment 
in excess of the carrjdng rapacity of tin’ 
concrete l^'onnulas for the design of a 
beam reinforced for tension and compres¬ 
sion are derived by determining first the 
amount of moment (M\) which the given 
concrete area can develop in eompression 


An_ = * /rj 


(24) 


[Fjqs. (1), (5), and (6)1 and computing the area of tension steel (A«j) required to 
develop this moment [Eq. ('23)1 

As, =: (23) 

Jf the tolnl moment ( M) in the beam is greater than the amount (Mt) still to 
be taken care of by the compression steel (As'j and additional steel (.4,^ is M — Mi. 
The lever arm of this additional stress couple (Fig. 3-2G) is d — d'. Hence 

M 2 = A./(d - d') 

from whi(’h 

J /2 

■ Md - dO 

I'he total tension steel area required to develop the moment ilf is, then, 

(25) 

The area of conipresbion steel required is determined from the assumptions that, 
for equilibrium, the additional tension resistaiiee must be equal to the added (xmi- 
pression resistance, and that unit stresses vary as the distance from the neutral axis. 
Thus, 

A,'// » A,/. 

/. d-kd 
f/ “ Ad - d' 

Henoe 

<*» 

£xampi.&: a simply aupjiorted rectangular beam with a span of 20 ft 0 in. is limited in 
cross section to 8 by 18 m. The lieain supports a live load of 580 lb per Hn ft over its entire 
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length. Using 2 in. of insulation and aHsuming « IS.OOOt f< * 1,000, and n 12, 
determine the area of steel required for tension (A«) and for comproBSion (A/). 

The weight of the beam is 150 lb per ft; henre 

M => H(680 + 160) X (20) > X 12 438.000 in.-lb 


From Hiqs. (5) and (6), A; » 0.400, and ; — 0.867. 


Ml 

Mz 

A,j ' 

A,, = 

A. 


« X 1.000 X 0.400 X 0.867 X 8 X (16)* 
' 438,000 - 355,000 = 83,000 in.-lb 

366,000 , . 

--= 1.42 BQ in. 

18,000 X 0.807 X 16 ^ 

83,000 

18,000(16 - 2) ^ 

> 1.42 + 0,33 = 1.75 sq in. 

1 - 0.44 


> 355,000 in.-lb 


A/ = 0.33 X — , 


0.72 sq in. 


' 0.400 - ‘-“ie 

Four 9i-in. round bars in toiibion and two ^-in. round bars in oompression are selected; 

each set is placed in one row. the center of which is 
2 in. from the bottom and top surfaces of the beam, 
respectively. 

Review. The equations for k, and the resist¬ 
ing inonients to be used in reviewing a doubly 
reinforced rei tangular })eain are derived in a 
manner siiiiilar to that used in deriving the eor- 
re.sporiding equations for rectangular beams witli 
tensile reiiiforeemeiit only. The resulting equa¬ 
tions are as follows (see Fig. 3-27): 



Elevotion 


Section 


Fig. 3-27, 

p * A./bd 
p' = A//bd 
M, - A f.jd 


Mr = (l - I) 6d« +/,'p'6d(i - d') 


f. 


nd - k) 


// = —7 




1 — A- 


'^2n (p + P' ■ ^ ) + ’*’(P 4 p')’ - n(p + p') 


k> + 


2p'n (* - J) 


(27) 

(28) 

(29) 

(30) 

(31) 

(32) 

(33) 

(34) 


If the unit stresses for a given loading are required, determine k fEq. (33)], j (Eq. 
(34)J, /, fEq. (29)1, />' [Kq- (32)1, [Eq. (31)]. If the resisting moment of a given 
beam is required, determine k [Eq. (33)], j [Eq. (34H, A/, [Eq. (29)| and Mr [Eq. (30)]. 
The smaller of the two latter values is the resisting moment of the beam. 


HEINFORCED-CONCRETE COLUMNS 
Types of Columns. The two general types of nohimns are (1) square or rectan¬ 
gular columns reinforced with longitudinal bars which are stayed laterally with J4“Or 
J^-in. ties spaced from 8 to 12 in. on centers (Fig. 3-28o); (2) round or octagonal 
columns with longitudinal bars wrapped with a continuous spind wire to in. 
in diameter, with a pitch (spacing) of from 1 to 3 in. (Fig. 
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Reinforced-conchete columns 


CjQi\\uaxn& oi 


( 36 ) 


Col^B with Longitudhial Remforcement and Lateral Tlea 

type which support doiicentiic loads are designed by Eq. (a5>. 

p *= 0.18/c'A„ + 0.8A./, - 0.18//il, + O.Bp^ 

in which P ■* total load that the rolumn can or must support 
Ag ^ over-all cross-seetionai area of the column 
At = area of longitudinal steel 
p steel ratio = A t/Ag 

/o' = ultimate strength of the concrete in compression 
ft =* the i\orking stress in the longitudinal reinforcement, at present speci¬ 
fied as 1C,000 pai for intermediate-grade steel 
The longitudinal reinforcement sliould (onaiat of at least four bars with a mini- 
mum diameter of Ja in., and the value of the steel ratio p = >4 „/j 4 „ should not be leas 
than 0.01 or more than 0.04. The lateral ties 
should be at least ^4 in. in diameter, spaced not 
more than 48 tie diameters, or 16 bar diameters, 

Mpari, and so arranged as to support all the bars 
against lateral displacement when the concrete is 
placed in the form. In designing such a column, 
the value of p may he ahsuincd (usually the inini- 
iiium value of p will give the most economical, 
although the largest, column) and the recpiired 
value of Ao can be obtained from the secoiul form 
of Eq. (36). The size of the column can then be 
selected and the value of A, obtained from the 
relation A, = pAg. The thickness of cone/ete 
outside the lateral ties should be at least 1 *2 


r T/e tor corner bars 
^ j-Tie for sida bars 




Exami'I.e: Design a squaic column, using the 
iniiiijiimu aTiiouiit of 1 unitor cement, to support an 
axial load of ll4U,0(H)lb, us-«anijiig/c' 3,000 p^-i and 
iisiiifr intorincdiiite-gi ado ■^teel. 

240,000 = 0.J« va.OOOA, |-0« XOOl.ly X IC,000 
Ag ^ 360 - in. 10-in. stiuaie column 
A, M.Ol X 300 - 3 6 SCI in. 

I'hO sir 'J'lj-iii louiid baia 

Columns with Longitudinal Reinforcement 
and Spirals. Wlieiie\er a riinterial is subjected 
to compression in one Jnection, there viill be nn 
expanbioii in the din*Ption perpendicular to the 
compression axis. Spirals tend to resist this e\- 


l===t 

I 


— ^ 


Ji’m. 3-28 T>ppb of columns. 


jiansiun and thus develop lateral eoinpiessive stresses which neutralize to some extent 
the effect of the axial stre ss Such columns can, therefore, i^iipport greater loads than 
the same size of column m ithout sjiirals. Equation (36) w used in the design of spirally 
reinfor(‘cd columns which support concentric loads. 


jp = 0.226/,'AH- A./, 0.225//AB + pA,/. (36) 

in which the terms have the same significance as in the preceding example. The 
design procedure is also the same. 

At least six bars uith a minimum diameter of ^ ( in should be used, and the value 
of p should be not leas than 0.01 or more than 0 08 The size of spiral wire and the, 
spacing or pitch of the spirals are obtained from the fact that the ratio p' of the vol¬ 
ume of spiral reinforcement to Ihe volume of the spiral core (out to out of spirals) 
should not be less than 

p' = - 1 )^, 

111 which R = ratio of ovtT-all area of column to core area, and // =“ useful limit 
stress of spiral reinforcement, 40,000 psi for hut-rolled bars of iuteniiediate-grade, 
50,000 for hard-grade, and 60,000 for cold-drawn wire. 
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The center to (enter < 3 pacin(i; of the upirals nhould not excfc d onc^sixlh of the core 
diameter, and th( (I» ir dubttanie between bpiials Oioidd not he morf than 3 in or 
less than Pg m Hit Ihicknrss of concrete outside the spirals should not be le^s 
than P 2 in 

FiXVMiLB Desitrn a round column with bpirals to support an axial load of 202 000 Ih, 
ansuming // = 3,000 psi and usiiif( the mininiuin amount of lutermediate-srado 
reinforcement 

262 000 0 225 X J OUO X -f 0 01 X X 16 000 

Aq = 314 *’ri in Diameter of column — 20 in 
Ai 0 I X 314 = 3 14 sq in Lsc eight ^4 in round bars 

Hot-rolled mternudiito-gr'idc spirals m in diarnetci -aith a pitch of 2 m , are 
required to satisfy the above equatjoiL for p' 

FLOOR SYSTEMS FOR CONCRETE BUILDINGS 

Floor and Roof Loads. Ihc niimmum li^e loads for vhich the floors and the 
roof of an\ budding must be designed arc alwa\'s speiifmcl 111 the Imilding code th it 
go'i erns the site of the constnii tioii Ttpic jl \ iniaimuin In e-load \ ilut s iiic given 111 
Table 3-10 In all c isc 1 the dt ul weight of the floor and suifaciiig must be induderl 
in the totil design load \\ he 11 pi istrrcd ceilings arc sptnfied, as is frequenth the 
case where iibbed flooi foiistiuctioii is used, an additional allowaiuc of from 10 to 
15 lb pel sq ft is nndi foi the lith ind planter In certain t\pes of buddings par¬ 
ticularly office buildings whcir all paititions are not definittl> located on the plans, 
an extra allow aii< c of from 10 to 20 lb per sq ft of floor arc i is fre qutntlv made for 
the weight of these piititioiis 


Table 3-10. Average Mmimum Live Loads for Buildings, Lb per Sq Ft 


Apartment <3 

50 

Oflif( 1 iiiMinfrs firat fluoi 

100 

^kBReiubly halls 

100 

I 1 |H 1 fl i rs 

75 

D^ellinjiSt 

50 

Eo >(s slopi undi 1 20° 

40 

lloepitals 

(lU 

^ilio K 

73 

Hotela lobby floor 

80 

fcarages 

100 

Upper floors 

60 

Mo rt* au3 'virart hDimes 

200 

Manufat tiirmK buildingn 

150 

St iinivn\ s 

75 100 


Types of Floor Systems. The difTcicnt flooi s\stems tbit an Cfirrimonh used 111 
icinforeed-i onci c t e buildings nla^ he dn ided into fi'\ e gem 1 il 1 1 isst s is follow s 

1 Beim-aiid-gndr r floors 

2 Beam-and-slah floois 

3 Flat-slah flooi s 

4 Rihhcd floors, with 1 1i>-tilr, g\psum-tlie 01 stef 1-1 de fillers 

5 Stecl-jo’st 01 precast-conerete-joist floois 

/?pani-fl/a/-( 7 //c/fr / Inors The t»f ain-and girder floor 1 onsints of a rc ries of parallel 
hc'ams suppoiltd it then cxtiemitics In giidirs which in turn frame into concrete 
polumns placed at more 01 less rc^gular intcivil'! o\rr the entire floor area This 
fiamework is covered by a rcmfoiced-concrctc slib the load from which is trans¬ 
mitted first to the hcims and thence to the girders and columns The bcHins are 
usually Rpacfd so that they come at the mid-points, at the third points or at the 
quarter points of the girders As the slabs, beams, and gliders are built monolith¬ 
ic ally, the beams ind girders are designed as T beams, and advantage is taieem of 
continuity 

Btani-and’sJah h loors Beun-aiid-slab floors arc those m w hie h a solid rpii foreed- 
eoncrete slab is supported on beams that transmit tho loads diiec fly iio the c olumns 
The beams aie fiHiuecl into tho eohinms, usuilly in both icctangular directioiis the 
slab 18 pou’*<‘d moiiolitliically with the beims, with reinforeement panllel to each side 
of tho flooi pane 1 Occasion ilh the beams in one duertion are omiltc d, and (be slab 
IS supporb d on the beams between the columns in the other directum the nisin slab 
re infoieeiiiLiit is then all placed at right angles to the beams, and only shrinkage rein¬ 
forcement iR plai t d in the other direction Two-way ^lab constnietinn is economical 
only for panels that are approximately '•quin, with f^pinsnot exceeding 16 or 18 ft 
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One-way slab odiistruration Ls Huiled to Fpctauf^ular panclb if the ahorU*r span is not 
g^reatcT than 10 or 12 ft. 

Flalr&lah Floors. A flat-slab floor roiis^ts of a roiiiforcod-ooncreto floor slab, 
built raonolitliioally with the coluinns and fiiipi«)rt<^d directly by tho columns without 
the aid of beams and girders. The slab may be of uniform tliickness throughout the 
entire floor area; or part of it, syninietrieal about the colunin, may be made some¬ 
what thicker than tho rest of the slab, the thickened portion of the slab thus formed 
constituting wliat is known as a dropped panel or ^^drop” (see Fig. 3-21t). Dropped 
panels are usually square, the width being ap¬ 
proximately equal to one-third (Joint t^ommittce 
Report specifles 0.35) of the longer dimension of the 
panel. The]thickness of the drop (below the slab) 
varies in practice from 0.25^3 to O.SOis, in which 
ti is the thickness of the slab outside the drop. 

The columns themselves in practically all cases 
flare out toward the top, forming a capital of a 
shape somewhat similar to an inverled truncated 
cone. The capital gives a wider support for the 
floor slab, reduces the sln‘aring sirt'Hscs in the slab, 
and tends to make a more rigid stnichire. fn 
practice, ihe effective di.'imetcr c of the capital is 
usually equal to 0.225/, in which / is the average 
span of the panel. 

Klat-slal) coiihtTuction is the ideal type for in¬ 
dustrial buiUhiigs lu which the live load is 100 lb 
or more per sti ft and where the spans are 18 ft or 
greater. The piiiwls slioulrl be as inMirly square as 
jK)S.sible. If 1 ect angular panels are necessary, the 
longer sjuin shoiihl not he greater than 1.33 times 
the shorter and preferably not greater than 1.1 
times the shorter. 

Tlie two mo.it eonimon metliods of reinforcing flat-slab floors are (I) the two-way 
.system and {2, the four-wny system. In the two-way syf,tem small bars are placrnl 
parallel to the lines of columns over the entire area of the floor at short iiiter^^als. 
The inaximiiiu sjiaciiig allovvHhh* varies in the different codes and specitications but 
is .seldom greater than 1^2 times the thiekiicHs of the slab, or 12 in. The four-UHiy 
sysLim consists of two main bands of steel running ])iirall(d to the lines of columns, 
each liaml centered about the column lines, and two diagunal bands of suffirient 
width to fill up tin* floor area left uncovered by the direct bands. 

Ribhd Floors. For apartments, hotels, schools, hospitals, etc., where tho live 
loads are relatively light and the spans ndatively lung, ribbcd-conercte floor systems 
are usmilly the most ecojiomical. Tliis type of construction consists of a scries of 
small T beams spaced fairly closely, framing into beams or girders which in turn 
frame into the supporting columns. The T beams are formed by the use of fillers, 
which may be terra-cotta tiles, gypsum tiles, steel (lores, or wood forms. When terra¬ 
cotta or gypsum tiles are used, the tile blocks are loft in place, giving a flat ceiling 
W'hieli may be plastered underneath. Steel cores arc either permanent (left in place) 
or removable; the latter type permits the reuse of the cores. If a flat ceiling is 
desired, metul lath is placed in contact with or hung below the bottom of the ribs or 
T beams when stiK‘1 cores are used, and the lath is plastered. 

Th(' ribs are usunlly 4 or 5 in. wide, but for unusual loads they may be made an 
inch or two wider; ribs directly under partitions or concentrated loads arc generally 
made from 1 '2 to 2 h'nies the normal width, with a proportionati* increase in rein¬ 
forcing steel. As it is not easy to place stirrups in these narrow ribs or bearas, the 
shear resistance of the rib will often govern the depth required. The rover slab 
forniuig the flange of the T is generally 2, 2^2, or 3 in. in thickness. The floor con¬ 
struction is designated by the depth of the tile pieces plus the cover-slab thickness, 
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Terra-cotta TiU Blocks. Torra-f*o1ta tile blocks are 
n MI m y W 1 rWTTt Q usually 12 in. square and can he c»htained in thirkncHSOs 
varying from 4 to 12 in. Tlir blocks are placed flatwise 
c^CjujlJlIHlJljuICXjIIIlj' and end t»^ end, in rows between, and at right angles to 

-the girder form.s, as sho^\n in F]g. 3-30. They are 

[']Mnr"in["']ririr"]|n["[n supjxirted cither by a solid decking similar to that used 

• ijni [[ || ![ [|Rlj {[ Ij ij Ij , for regular concrete slabs or on 2-by 8-in. planks called 

j Ji|j I'l ji II I “soffit boards,” which arc centered under the space 

I ij ji ij jj Ij i| jj |i ij Ij jj J between the rows of tile. The decking or sofht boards 

J jj 11 Ji^lj |i jj ij j| |[ II || 1 are supported on light shoring from the floor below, 

j ji jj [| j| jj jj Ij ij jl jj i[ j The usual clear distance between rows is 4 in., so that 

I j! II Ij li M II l| Ii iI II l| I the distance center to center of the rows is 16 in. 

Fillers. (lypsum-tile fillers are made of 
densr‘, specially prepared gypsum, in two sizes, one 12 
LJLji-jejLJuJLJuJLjLj[jUJ wide and 30 in. long, with thieknosses of 3, 4, or 5 

in., and the other 19 in. wide and 18 in. long, with thiek- 
f «ui. nesses of 6, 8, 10, or 12 in. The 19- by 18-in. fillers are 

f T I I I S east wit h one integral end, whicJi provides a seal for caeh 

jtiJj Section A“A row at the girders. The 12-in. tdes are usually plai'ed 

[ I 16 in on eeniers (with 4-in. rib), while the 19^in. tiles 

Via. 3-30. One-way tile 3-31) are usuallv placed 24 in. on centers (with 

ribbed fltwjr, widths can, however, lie vnrierl to suit 

any conditions. Open centciing, consisting only of 
planks or soffit boards for the bottom forms of the ribs, is usually used. 

When special steel cores are used, the formwork agani consists of open centering, 
in which plaiiks or soffit boards are 

placed only under the coiierete ribs or .. 

joists. The steel cores arc available r r ; p r:» [►.*.»>» ' « ' » • ' p \ 

usually in lengLhs of 30, 35, and 36 in. ^^ j 

and in depths of 4, 6, 8, 10, 12, and It } ^ * ►I 'ffTb/?" 

in. Tliry an; .1 

as show'n m T ig 3-32; tho most common Joist with 

width at the bottom is 20 in., although facer facer 

other widths between 10 and 31 in. are Vio. 3-31. Itibbcd floor with gspsuiii ijJe 

also obtainable. With permanent fillers. 

cores, if a plastered ceiling is desiied, 

metal lath / (Fig. 3-32) is placed under the cores before they are put in position and 
anchored to the concrete ribs by suitable metal clips which project up into the ribs. 


Section A“A 


Via. 3-30. 
ribbed floor. 


One-way 


(al-Jfust wiftiout tb) Joist with 

facer facer 

Vto. 3-31. Itibbcd floor with gspsuiii ijJe 
fiUore. 



1 lo. 3-32. llibbed floor with sieol cores. 


The entire ceiling is plastered after the formwork is removed. W'ith removable cores, 
the ceiling may be plastered by fastening metal lath to the concrete after the cores 
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““de 5 in. 

at tne botw^, bo timt the distance eeutet to center oi ribs is ordinaniy 25 in. 

The girders which support the ribs are r<»c- _ 

tangular beams or T beams with a maximum 

flange thickness equal to the to1 al floor thn‘kneas, f »., irj^ g^£u ? .l ^ — 1 - . yj ;—J 

as shown in Fig. 3-33. If the maximum flange s/nJer'^M sfeeH//econs 
thickness is to be used, the rows of tiles are 8toi>- 
ped at the proper distance from the stem of the* 

girder. If a flange thickness lcfc.s than the maximum is desired, the end pieces of tile 
in each row are short sections which are dropped down on the forms so that the tops 

__ of the pieces are at the proper elevation to 

fuiuibh the required slab thickness above 
them. Knd caps are used at each end of 
^ ^ girder concrete 

^ position. 

Stet l-jout andPrecast-concreU-joist Floors. 
^ st (^1-joist floor consists of a series of closely 
spaced, parallel, shallow joists or trusses of 
^ Pratt, >^arren, or double-Warren type, 
sujiported at the ends on steel or concrete 
bpMiia, or on masonry w^olls, and covered with 
a thin concrete slab. Two common types of 
steel joists are showm in Fig. 3-34. Ordinary 
steel joisis are manufactured in depths of 8, 
10, 12, 14, and 16 in and aic carried in stock 
in a range of depths and lengths to meet all 
usual condit ion s of load and sjian. The span 
\\ limits vary from 4 to 32 ft. The joists are 

\\ // \\ spaced from 12 to 30 in. on centers, depend- 

\\ fhe load and span, and are covered 

\\ j with a 2- or 3-in. concrete slab poured on 

metal rib lath which rests on aud ih fastened 
^ upper surfaces of the joists. The 
joists are braced transversely by some form 
of rigid diagonal bridging placed between 
p' ^ adjacent liusses, at intervals of from 5 to 7 

Fiu. 3-34 Htecl joi‘'ts One type of bridging is shown in position 

in Fig 3-35 The bridging iiipinbeis are light 3 i-m channels w hich are notched at the 
ends to rest against and be clijiiied to the chorda of the trusses, 


(bl 

Fiu. 3-34 



Fio. 3-36. Steel-joist construction. 

Special long*epan steel joists are also available, primarily for roofs or very light 
floors with depths up to 32 in. for spans up to 64 ft. Roofs supported by these 
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lung-Rpan joists have wood-plank, gypsum-plank, or ])ropasi-ouncrete-plank decka 
with built-up roofing or poured concrete decks. The spacing of the joists is limited 
by the safe span of the floor slab or roof deck. Tx)ng-span joists are bridged with 
cross bracing of not less than II 4 - by \ by H-u\. angles, bolted together at the 
intersection and spaced not more than 10 ft apart. 

Steel-joist floors are economical for light 0 (‘cupancies, but they are unsuitable for 

heavy or vibrating loads. They are 
easily installed, ami the cost of construc¬ 
tion is low because no forms are required 
for tlie concrete slab. Ceiling lath for 
plaster is attached directly to the lower 
chords of the trusses. Sinee the webs of 
the joists are open, all pliind)ing and 
si'rciee pipits may be coiiceBl(‘d 111 the con¬ 
struction without interfering with the 
stiuctural members. Joists are selected 
from the inanufaeturers* catalogues, 
which give the total load which may be 
supported safely by joists of various 
depths, spans, and spa rings. 

Precast-concretc joists may be used in 
much the same w ay as steel joists, f’on- 
crete joists are made of lightw^eight aggregates in depths vaiying from 6 lo 14 in. and 
in lengths up to 36 ft. They are of I cross section, reinforced top and bottiuii. A 
2 - or 2 j 2 -hi‘ fllti'b is poured over the joists after they are set in position, as shown in 
Fig. 3-36. (Vmcreto joists are selectiHl from th«‘ inaimfaeiurers’ catalogues. 

RETAINING WALLS 

Typos. Concrete retaining walls are of three chisses: (1) gravity (Fig. 3-37f/), (2) 
cantilever (Fig. 3-376), and (3j counterfort (I^g 3-37f). The latter tivo are reinforced. 
The gravity tyjje is commonly used for low walls, the eantihwer type for walls of 
medium height, and the counterfort type for the highcT walls No marked lino of 
separation exists, in general, counterfort construction ih not economical for walls less 
than 18 ft in height. 



(«) (6) (r) 

Fig. 3-37. (a) Gravity wall- (6) Cantilever wall, (c) f’ounleifort wall. 

The width of the base of the wall will, in geniTal, aveisge alwmt 0 45 of the total 
height of the equivalent earth cohuiiu at the hed of the wall, inea.sured from the 
base of the wall. Greater eennoiny is obtained in the n*inlorci‘d walh by plaeing 
the vertical arm at some* distaiiee ])aek of the toe 

Conditions of Loading. Four general easiss aie ixissible; (1) w ills with no sur¬ 
charge, the lup suifiice of tin* fill being hoii/oidal -iiid le\el with the top of the wall; 
( 2 ) walls with ail iiiehned suiehuige, the litp .surl \t•^ <d tlu* fill e\ten bug ujtward and 
back from tin top of the wall (the angle of iiehiiMlion uf the slotting ^'Urclmrge is 
usually taken as the angle of reixise of the material m the fill); ( 3 ) walls with a hori¬ 
zontal surchoi^e exteiidmg some distance alxivc the top of the wall, and ( 1 ) loadings 
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lio. 3-30. Prccast-ctmcrete-joifet construc¬ 
tion. 


SETAWim WAIJjS 


[I3BC.S 

in whidli the actual surface of ctirtfa does not extend above the top of the wall but 
supiwrts an external load such as a building, railroail tracts, etc. Such loads are 
fonverted into an equivalent height of earth abovi* the top of th(‘ wall hy dividing 
the weight of the additional load per squats foot by the weight of the earth ]w*r cubic 
foot. The pr(*HHuie against the wall is then computed for this equi\alciit height of 
i'lirth surcharge, as in case 3. 

Formulas for Earth Thrust, liankine’s development tiie theory of earth pres- 
Mire leads to the general equation, 

P (wh,y2) 

vhere P is the h>tal thrust per linear foot of wall upon the back of a retaining wall, 
w the weight of Die earth per unit volume, hi the h(‘ight of the earth eoluinu, and C 
a constant depending upon the angle of incUnation of the back of the wall, the con- 

Hpnzonial Surchar;g9 i$topitj^ Surchaj^e LoadedtSurchat^ 



Fio. <1-38. Earth prosj^ures on letainiiig wallb. 

ditions of loading, aiul tJie phvt'ieul ])iopeitj('b of the earth fill. Equations for P are 
given in Fig. 3-38 lii the equations, h is the height of the wall in feet, h' the height 
of surcharge in feet, and the angle of rejiose of the retained fill. The location of 
the line of action of P is also given in Fig. 3-38 for each of the eases shown. The 
value of ijt is usually taken as 33‘'42' (slope 1^2 to 1} for ordinary earth fills. The 
amount of pressuie on any given hurizuutai strip 1 ft in height at a distance z ft 
below the flurfac‘e of tlie earth is 

Pi = Cwx 

Overturning and Crushing. In order to prevent overturning 
of the \\all, the resisting moment of the weight of the wall and 
the earth «ho\ e the Ijms'o of the wall alxuit the toe must la* greater 
than tlu'overtiirniiig inniiient of the eiirth piessure aliout the same 
point. A factor of ‘Safety of 2 is generally required, i.i., in Fig. 

3-39, IFiJi II 2 X 1 -h il iXi must he greater than 2Pu. 

In order to iireven! iTushmg of the soil at the toe of the wall, 
the soil pressuie at that ixniit should not be greater than the 
allowable pressure for the soil uiid(‘i the wall. Formulas for the Kio. 3-39, 

toe and heel pressures are given in Fig. 3-40, 

where E — resultant of the total earth pressure and the resisting weight (concrete 
and earth aliove base of w^all) on a 1-ft strip of w all, lb 
F vertieal comptment of E 
I « length of base, ft 

a ~ distance, ft, from toe to intersc<*tion of E with the base 

Figure 3-40 illustrates the desirability of having the resultant jiressure E intersect 
the bas<* of the wall within the middle third in order that the base will bear on the 
soil for its full length. 

Sliding. In order to prevent sliding, the frictional rosistiince of the base against 
I he foundation niuteruil must be grcalcr than the h<irizont!Ll component of the earth 
jiressure P. A safety fuctor of 1 >2 is usually specified, i.e., /(i’M'') must be greater 
than 

whore f = coefficient of friction, concrete' on earth 

SIF « total vertical load on base of wall = F in Fig. 3-40 
Pa = horizontal eomponeiit of euith pressure P 
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Values of / may be assumed as follows: on dry rlay, 0.5; on wet rlay, 0.33; on sand, 
0.4; on gravel, 0.6. In case an adverse condition of sliding exists, the base may be 
widened, thus increasing the weight of the wall; narrow shallow trenches may be dug 
in the foundation, forming projections which will materially increase the resistance to 
sliding; or the base may be inclined upward toward the toe. 

Design of Gravity Walls. Assume a cross section (see Fig. 3-37a), and investigate 
for sliding, overturning, and crushing of the soil as previously outlin(*d, basing all 
computations on a 1-fl length of wall. If any of these factors is unsatisfactory, 
revise the entss section and repeat. 

Design of Cantilever Walls. Assume a cross section (see Fig. 3-371 j), and investi¬ 
gate for sliding, overturning, and crushing of the soil as for a gravity wall. The 



Fesuffonf' in mitHfe Htirll 

Ik&vihnfafedgtipfmiikilefhini 




Fig. 3-40. Foundnlinn pressures. 


vertical slab is then designed as a cautde\ei (using a wall length of 1 ft) with a hori¬ 
zontal h)ad equal to the horizontal component of the total f‘arth prcHSurc on the vei- 
tical slab The horizontal slnb is designed as a cantilever which supjiorlH au upward 
load equal U) the leactioii from the soil undiT the cantilever and a dow'iiward load 
equal to the weight of the slab and earth above it. 

Design of Counterfort Walls. Assume a cross section (see Fig. 3-370, and investi¬ 
gate for sliding, overturning, and eruslung, ba‘<ing all comxnitations on a length of 
wall equal to the distaneo center to center of counteiforts A spacing of about ten 
feet for the counterforts for walls of medium height will usually jirove ecoiioinieal. 
The thickness of counterforts vanes from 12 t ;0 18 m. The face wall is built w ith a 
vertical back; the front might be haltered slightly for aj)j)i‘firani*e. This wall is 
designed as a simple or partly eoiitimiouh slab, hupported by the counterforts w ith a 
horizontal load equal to the horizontal component of the earth piessure. The base 
slab is designed as a simple slab supported by the counterforls; someliines as a partlv 
or fully coiitimioiis slab. The steel is pla.’od parallel to the wall and may be in tlu^ 
top or in tin* bottom of the slab, depending upon whether the resultant moment 
causes tension in the upper or lower poi-tions of Hie sleb. The rt^sultant mornoiit is 
the algebraic bum of the* iiiomeiits caused by the upw’ard earth pressure and the 
downward load of the filling. 

The counterforts are designed as wedge-shaped, vcrticfil cantilever beams support¬ 
ing a horizontal load equal to the total horizontal component of the earth pressure 
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on tho face wall between two counterforts. The effective depth of the counterfort is 
the perpendicular distance to the steel near the roar edge of the c ounterfort from the 
point of intersection of the counterfort, the front face of the vertical waU, and the 
upper face of the base slal). The rniiut,crfortR must be tied to the vertical wall and 
to the base slab with horizontal and vertical bars, respectively. The main steel in 
the cX)UiiterfortB is placed along the back or sloping edge. 

Details of Construction. The front face of a retaining wall is usually built with 
a batter of from ^2 to 1 in. in 12 in. A coping, projecting a short distance beyond 
the wall, adds the architcM'tiiral appearance and, to a certain extent, protects the 
masonry in the body of the wall from dripping water. A top width of less than 10 
in. is generally undesirable; heavy gravity walls should preferably have a top width 
not less than 18 to 24 in. The base of the foundation should be a suffieient distance 
below the surface of the ground to prevent damage by frost, a minimum of about 3Ji 
ft being satisfactory in ordinary climates. Expansion joints should be provided at 
intervals along the wall, preferably not farther apart than 30 ft. In the reinforced 
walls where cracks would not only bo unsightly but also detrimental to the integrity 
of the wall, additional sled should be placed at right angles to the main reinforce¬ 
ment to provide for temperature and shrinkage stresses An amount varying from 
O.IO to 0.33 per cent of the cross .section is u.sually specified. Proper drainage of the 
fill l)ehind the wall may be oflFec'tcd by in.serting 4-in. draui tiles through the wall 
near the bottom, at intervals of 10 to 15 ft, aiul piling crushed stone, gravel, or other 
coarse maU^ial around the holes. At least one drain should be provided for each 
poeket formed by counterforts. 
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MODERN MATERIALS OF CONSTRUCTION 

BY llussELL D. Rogers, B.S. 

Senior ArchOeclural and Cw\\ Engineer^ E. /. du Pont <h Nemours & Co. 

Numerous excellent texts are available on analj^tical design of structures, strength 
of materials, and methods of erection of simple and ''oinposite structures of wood, 
metal, and masonry. The plant engineer can find volumes of t hesc data in any public 
library, but he will have considerable difficulty in locating a text that will assist him 
in hiB maintenance and repairs. 

Usually the plant engineer inherits his job after the plant has been designed and 
erected, Eind it is his duty to keep the plant operating with a miniinmu of interfer¬ 
ence with operation and with a minimum of expense. 

This section will therefore consist of information relative to proper selection of 
materials for construction and repair with a description of the advantages and disad¬ 
vantages of these materials for certain uses. For useful coverage, the discussion must 
be limited to floors, walla, and roofing. 


FLOORS 

Probably 90 per cent of all rccentlv constructed large industrial plants have con¬ 
crete floors, and the remaining 10 prr cent have wooden floors 

The types of finishes for coiKTeie floors, each of which is suitable for a specific 
use, are listed below and discussed in the paragiaphs following. 


1. Cement 

2. Mastic 

3. Wood block 

4. Wood, laminated 

5. Brick 

6. Rubber 


7. riastie, resin type 

8. Linoleum 

9. Mastic tile 

10. Mastic block 
U. Cork 

12. Magnesite 


Cement Finish. A cement finish should not be used when the surffloe is continu¬ 
ously subjected to extremely high temperatures, above 250T. The effeid of 
heat on the strength of concrete, as re¬ 
ported by Poitland (Virient Association’s 
Bulletin ST32, is shown in Table 4-1. 

While the above statistics apply 
specifically to monolithic concrete, the 
effects are relative in so far as the cement 
finish is concerned. The finish will dis¬ 
integrate owing to a combination of tem¬ 
perature change and impact from floor loads. 

Where heat resistance is necessary, the use of a special cement such as Atlas 
Lumnite is recommended. 

Cement finishes are susceptible to attack from 
Coal-tar disUllafrs —pliimol, cresol, lysol, creosote, earbolinium 
Adds—ncviic, nitric, liydrochloric, hydwifluoric, lactic, carbonic, carbolic, hurnic, 
phosphoric, sulfuric, sulfurous, and tannic 

Salts 071(1 aUalies —carbonates of ammonium, pota^Miuiii, and sodium 
Chloridfs —ealcium, potassium, sodium, strontium—i'speeially when in presence of 
innisture, also chlorfiles of ammonia, eopper, iron, magm'sium, merniry, rinc 
Hydroxides— \mmonia, potassium, sodium 
Nitrates —Ammonia, potassium, sodium 
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Reductum tn romj/ngftnp gtrenfdh, 


Temp., dpg F 

per cent 

200 

18 

SOO 

40 

BOO 

52 

1100 

85 

1400 

06 

1700 

97 
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Sulfatea —Practically all 

Vegetable otle —Almondi castor, cocoa nut, olive, peanut, poj^py seed, rape seed, 
and walnut 

Additional valuable information on this subject may be secured from Portland 
Cement Association’s BidlHtn ST4. 

Ihreparatioii of a proper base is necessary to maintain a proper finish. The fol¬ 
lowing precautions will assist in obtaining maximum service with minimum mainte¬ 
nance costs. A sound coarse and hne aggregate meeting ASTM Specification C33 
should be used. 

Mix. A laboratory-designed mix to obtain a 28-day compression strength of at 
least 2,500 psi should be prepared An arbitrary but safe mix would be 1 part port- 
land cement; 2)^ parts fine aggregate, Avell graded from H down; and 3H parts 
coarse aggregate, well graded from down to in. Not more than 6 gal of water 
should be used per bag of cement. ' 

The base should be poured in alternate areas bounded by the column center lines, 
preferably not exceeding 1,000-sq ft areas. Tests and experience have indicated that 
the initial shrinkage of concrete is greater than any subsequent expansion due to 
either moisture or temperature changes. By pouring in alternate areas, this initial 
shrinkage will have taken jilace before the adjacent area is poured. 

If a separate finish is used, it is the general opinion of experienced contractors 
and engineers that it is jiroferable in the average industrial plant to permit the finish 
to crack on a straight line directly over the construction joint rather than deliberately 
to construct a tooled groove. If a seored finish is desired and not objectionable to 
traffic and op(Tations, it should always be placed on the center line of columns or at 
the corner of large foundations projecting above the floor. 

Where the unit pressure on the floor is greater than that on the footings, especiaUy 
in heavily loaded one-story structures, an expansion joint should be placed at all 
walls and around all column and machinery foundations to j>ermit differential settle¬ 
ment The joint should be free to move 
vertically without resting on its edge, thus 
causing "dishing,'* A typical expansion 
joint is shown in Fig. 4-1. 

The top surf^ice should be screeded to 
the proper elevation and roughened if a 
separate topping is to be provided The 
topping should eoiisist of a mix of 1 part 
Portland cement, 1 part fine aggregate, and 
]®4 parts coarse aggregate*. The fine aggregate should range from No. 100 mesh to 
No. 4 sieve and the eoaise aggregate from K to ^2 

For severe service a mcfalhc aggregate of from 50 to 150 lb per square, 

0.5 to 1 5 lb per sq ft, may be used. This type of topping and all heavy-duty toppings 
require experience and skill beyond the average for proper installation. Specialists 
such as the Kalman I'loor C'o. or Master Builders C’o. should be eonsultc'd for assistance. 

Patching. In sj)iic of advertising to the contrary by manufacturers of patching 
comjHmiids, no patch should be "featheredged.” The sides should be chipped to 
secure a vertical surface and thoroughly soaked until they cannot absorb further 
moisture Then a grout of pure cement and water of llie consistency of paint should 
be broomed into the* area. While still damp, the patehing material should be applied 
and thoroughly tamped into place. This material should consist of a mix as nearly 
like the original material as possible. The mix should be so dry that it will just 
retain its shape yhen squeezed in the hand. It should then be troweled to match 
the adjacent surface. 

As an addLiioiuil precaution against shrinkage, pulverized pure grey Iron such as 
Master Builders lOinbeco may bo added in the proportion of 25 lb of iron to each bag 
of eement. An exeellent proprietary patching eompound identified as llydroment, 
manufaetuied by Fpeo (’o., of Cleveland, Ohio, is also available for emergency use. 

Where a wearing surface is to be added for trucking aisles, the method shown in 
Fig. 4-2 should l>e used. 


J- expansion jotnf 
compound 

I' • y- ; , 


Fiu 4-1. Typical expansion joint for 
floating floor. 
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Proprietary compounds are available to assist in securing a good bond between 
new and old conerete surfaces. Examples of such compounds are Bondsit, mode by 
the A. C’. Horn Co., Hydronieiit, by The TJpeo (V)., or Jlond-tite, by the American 

Fluresit A prime coat of cement and 
iron with an oxidizing agent can also be 


vertical -Prepared surface - see "Patching * 

Cut^ / I ^rTopptng not ^ss than /“ 

Fig. 4-2. Trucking-aisle patch to oliininaie 
*'foathorcdge.'’ 


secured from L. Sonncliorn Sons, Master 
Builders, A. CJ. Horn, and others. 

Mastic Topping. Mastic topping 
consists of the Ix'st grade of asphalt, 
especially Trinidad I.ake natural asphalt, 
silica filler, silica sand and pebbles, carbon, and other similar fUlers. 

'riiis topping is satisfactory where it is free from heavy or concentrated traffic, 
especially heavy wheel loads. It should not be used where constant temperatures 
exceed 1()0°F or in the presence of oils unless spceial oil-T 2 sistaiit mastic (similar to 
Ralph V. Ruloii (’o. mastic) is used. 

If properly installed, mastic tojiping is excellent prfitection in extremely wet and 
wet-acid areas, is odorless, diistless, slippruof, and easily repaired. It is also satis¬ 
factory as a tank or pit lining. 

If installed by a specialist in this line of work, no waterproof membrane is required 
for proteetion against acid leaks and their resultant attack on the roTicrelc base. If 
membrane is used, the use of Filu^rglas (Owoiis-(’ornmg) cloth insti^ad of cotton 
fabric is recommended. Graded carbon is added where resistance to hydrofluoric or 
hydrofluosilie acid is required. 

A method proved satisfactory is to prime the concrete surfiiee, ay>plv approximately 
} i in. of asphalt matriv consisting of a pure grade of low-melting-yioinl asphalt simi¬ 
lar to the Trinidad Lake matrix of the Ralph V, Rulou (V)., Atlas .\fmeral Produets 
Co. No. 31, or Johns-ManvilU‘ No. 60 flux. Over this a ^s-in la.\er of aeid-resistiiig 
mastic is appln^d. The aggrogatiss used should be free from limestone or materials 
that are easily attacked liy acid. The material should be n\aiiitninpd at a ternpern- 
ture of betw'oen 350 and 4^°^ and combined to produce a jdastic mixture. A second 
layer of in. tliiekness should then lie applied v^ilh all joints broken. Hot mastic 
should overlap tlie cold almut four inch(‘S to make a soft edge. The top layer should 
be proportioned for its intended loading. It should be remembered that the softer 
and more elastic material is more acid-rc.sisting but also unsatisfactory for either 
static or moving loads. 

The finished surface should be given a sand- or silica-dust sprinkli' while hot and 
rubbed to a smooth finish witli wood float.s. 


Fveess for base tf 
possible to prevent 
scouring behind base - 


- Paint with Amercoat 23 or simitar Vinyl coaling or coat" tar 
soivent-cut-bock itke Koppers Bttumostic SO where dork 
colors are not objectionable 

wearing top 

§ base 

^ ^ Soft fflux) bdumint 

Concrete primer 
Fnj. 4-,'b Acid-proof inu.stic floor. 




Fillets and coves are as necessary as the fllooi and should be uscrl throuw:hout to 
prevent the accumulation of salts and dirt in shaip corners Isoc I’ig. 4-3). 

The maiutenanee on this type of floor is very low if it is instiillcil by a reputable, 
experienced contractor. It can also be c stremely high if so jxmrly constructed that 
frequent repairs are necessary to tliMir aiul damaged equipment. IVoiniums paid for 
expert application in this work will result in a long-1 ii e economy. 

Wood Block. Wood block is available in treated and untreated end-grain blocks. 
The advantages of this type of fUmr fini.sh are that it is comfort able for footwork; 
dustle.ss; has a low iioi.si* factor; is odorle.ss if necess.'irv; cushions the fall of tools, 
castings, ote., in machine-shop service; insulaU's against ground coldness; is repellent 
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to injgcct attack; sparkproof; skidproof; has a low niaiiiicnancc oost; do(i 8 not »liver; 
is easy to repair; and has excellent resistance to mechanical abus^. It is also iiiedium- 
pricod for its service. 

Its disadvantages are that it is dark-colored except in redwood and unfroaUMl 
block and cannot withstand frecpient wetting without a drying period, although the 
treated type is immune to wet wi. Also careful workmanship is required to wnrure 
true and level surfaces, or the surface should be sanded and refilled. 

Typical Available Typee. 1 . Kreolite (Jennisoii-Wright (k)., Toledo, Ohio), single 
end-grain yellow-pme lug blocks, 2 to 3 in. in thickness, 3 to 4 in. in width, 4^ to 8 
in. in length. This block is treated and provided with lugs to secure proper S])acing. 
it is installed on a concrete base with a coat of primer, ^8 In. bitumen. The joints 
arc filled with pitch. The surface may be buffi^d or varnished after a trip coating of 
coal-tar-pitch emulsion. It is also available in flexible strips with metal splines, 2 to 
8 ft long to secure a true and level surface. Dark or light blocks are available. It 
may bo waxed. 

2 . Worth wood (Worth Lumber (k)., Seattle, W^ashington), end-grain Douglas fir, 
with the wood spliued in lengths of 2 to 8 ft, by in. niiiiimuin, by 4^2 hi. 
maximum face, thifknc.SH of 2 or 2^ 2 hi., width of 3)^2 to 4^2 hi. It has a grooved 
base, shaveil edges, and sanded face to secure uniform thickness. I’here are two 
grades, select and clear, Tlie strips are set in mastic over a concrete primer. Sul>- 
floors on grtiund or basement should have a thrw‘-ply W'aterproof membrane under 
the blocks. 

3. The Kojjpers Cki., Ck'iitury W^ood Trciserving Division, has a wood block which 
is the same as the Jennison-Wright without lugs. It cun be secured with V-cut 
faces to assist the placing of bitumen. 

4. Palco llc<lw'CK>d fl’aeifie Lumber C^., Chicago, Illinois) consists of 3^ ^- by 5'^s- 
in. redwood v(‘rtical-graiii blocks, 2, 23, ami 4 in. in thickness. I’hcre are also 
fancy fiinshetl flixirs for parquetry, herringbone, etc., m patterns 2 in. thick. The 
w^eight of 2 in is 4.3 lb. It has a compressive atrengHi of 1,000 psi. It is set on a 
concrete hubbasc with special mastic. 

PtvcauiioriH. In trackways and wherever possible, the loose blocks should be set 
w'ith lluur leijgtli at right angles to th(‘ linc^of Iraific. The joints should be staggered, 
and expaiihjoji jfimts should lie provided around the room and adjacent to columns 
and other vertical obstructions. Muclihiery should not be Ixilted to blocks. \ 
three-ply ineiubraiic should l>e used over subfloor when at or below grade. 

PilK'b extending through floois should be encased in sleeves firmly std in vsubfloor. 
Ooiicretc curbh should be provided at all openings, stairs, elevators, edges of platfoniis, 
(*tc., to act as stopping points for blocks, liaiiips should be pro\dded wdth curbs at 
both top and I Hit tom. 

Wood Floors- -Industrial-laminated Type. The advantages of laminaU'd flotirs 
are that they are resilient; easily maintained; easily obtainable; flexible for moving 
maclunery; economical; long lived owing to freedom from tcrmiWs and dry rot or 
dampness; will stand medium to heavy loads with good foundation; and expert skill 
is not required for installation, 

TJie disadvantages are that multiple joints cati-h dirt; they are hard to k(»ep clean 
if the w^ood is not jirojierly dried or oil and dust or grit are present in oiieratioii; and 
they are not suited to extremely wet operation continuously. 

Advaiitagixms use of this type of construction naturally cannot b(‘ oblaLiied with¬ 
out piojier construction. A type of uoiistruotion proved satisfactory and w Inch should 
be usi*d as a biisic type for any necessary variation is the Tar-lb)k constniction as 
recommended by the Barrett Division of the Allied (’heniical A Dye Ckirf)., illustrated 
in li’igs, 4-4 and 4-5. 

The construction of subfloors over earth is shown in Figs. 4-4 and 4-5. The. 
foundation course consists of 4 in. of dry crushed stone or screened gravel thoroughly 
mixed with No. 5 Barrett tar. The proper amount to use is 

6 gal per cu yd of 1 - to 2 ^<i-in. crushed atom* 

9 gal per cu yd of > 4 - to 2>^-in. crushed stone 
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7 ga.1 pfT cu yd of uoarsc screened gravel 
10 gal per cu yd of fine screened gravel 

The tar should be heated to not more than 200'’F. After it is uniformly spread, 
the foundation courses should be rolled and compneioil with at least a 300-lb roller 
(per foot of length). Over this foundation course the final dampproof course should 
be installed. 

The dampproof course is made by thoroughly mixing in a suitable mechanical 
mixer Barrett tar No, 7 with clean, dry sand which has been preheated. Thirty 
gallons of tar are required per cubic yard of sand. The temperature of the tar should 
not exceed 225°F. If a thick, white smoke, indicating overheating, rises from the 
mix, 5 gal of tar should be added for each cubic yard of sand. The dampproof 
course should be spread evenly to a depth of to in. (so it will compart to 1 
in.) over the concrete, leveled with a straightedge, and followed closely with the 
plank, which is set and hammered level in the soft mix and firmly tocnailed in position. 



For intermittent wet use, or for local areas subjected to wet processes, it is most 
advisable to use lumber that is treated with 1 Ib of chromated zinc chloride sails per 
cubic foot of wood or at least 8 lb of pressure-treatt'd creosote in accordance with 
the American Wood Preserving Association specification. 

Brick. Brick floors arc so seldom used for other than acidproof areas that their 
installation will not be described; and all details and diRcussions will be confined to 
acidproof floors. 

Brick floors arc immune to attack of acids or alkalies; are capable of withstanding 
high temperatures and extremely heavy static or moving loads; can be made attractive 
and sanitary; are easily incorporated with construction of cquipnieni foundations, 
curbs, sumps, trenches, etc.; are easily patched; and have low maiiiteiiaiife cost if 
properly constructed. 

The disadvantage of brick fludrs is their high first cost. The bricks used should 
be a dense deaired acidproof shale, having an absorption of approximately 1 per cent 
or less, equal in quality to Claycraft, Hanley, Bclden, Atlas, Knight, Duro, Summit- 
ville, (leneral Refractories, etc. The niosi cominoiily used sizes arc (nominal sizes) 

by 4 by 8 in.; by 4 by 8 in.; 2^ i by 4 by 8 in.; 1^2 by 6 by 12 in.; by 4^^ 
by 8 in.; 2^2 by 4^2 by 9 }2 bv 1 by 8)^ in. Special shapes, such asbullnoso, 

internal and external corners, cove bases, jnmb tiles, etc* , are generally available, 
especially for the 1?^- by 4- by 8-in. size, which is an excellent general-utility size 
for all but extremely heavy moving loads. Abrasive-surfac,ed or nonskid-type firieks 
should lie used in wet areas. 

Acidproof Mortars. There are many reliable sources of supply for a variety of 
mortars, each of which is designed for a specific purpose. It is evident that this dis¬ 
cussion can Indicate only a ver^” small portion of the technical details and precautions 
essential for proper installation. 

If a considerable amount of this type of construction is necessary, more economy 
will be realized if the engineer will present his entire problem to oiie of the many 
reliable manufacturers and profit by their extensive field and labi^ratory tests on 
similar problems. 
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An abbreviated list of products and their manufacturers is provided for guidance. 
It is not intended to be all-inclusive, as each manufacturer has available special mod*- 
iiications of those cements for specific uses. 

The type of material used, width of joint, moisture, temperature, mixing, and 
placing are all cxtnmicly important for proper workmanship. If work of this type is 
contracted, it should be kept in iniud that the lowest bidder may not necessarily be 
the most economical, unless he has had considerable experience in this type of work. 

There are three major types of hard-setting cements available, sulphur, resin, and 
silicate. The proper joint thickness and method of mixing are given in Table 4-2. 


Table 4-2 


Sulfur type 

Ream type 

Sodium ailipate type 

1. Teteul Vitiobonil, ToruI Tilpsei 

8 Korea 

20. PenphloT 

2 Caibo Vitiubond 

D Caibo Korea 

21. Vitrex 

3 Baaolil 

10 ALkor 

22. Saueroisen No. 31 

4 Carbon Baaolil 

11 Duiiaile 

23. Glaaeal 

5 Plasul Baaolit 

12 Alk-Li-Pruf 

24 Duro 

(). Sauerpison No. 48 

13 Pennsalt PRF 

25 QuirIcv Black 

7 Wi'ldtite 

14. PennHBlt HF and IIT'K 

15. Caiiaplit 

IG Permanito 

17. Aaplit 

18 Nukem-ALKA 

19 Niikem-Carbuu Rpaiiioiis 

20. ^ight No. 2 


Appioximale RVMaRe rharartiMihliis 



Sulfur tvpi 

Kfsm tvpe 

Sodium Bilirate type 

Wei(;Uti atandaid lx pea, Ib/oii ft 

137 

120 

120 

Carbon iNpea, Ib/ru ft 

137 

90 


Tenaile strenRtli, i>hi 

()50-900 

050-1 500 

376 

Coinpiea'iive stf^nKlh. psi 

0.200 8 000 

’C (KK) 12,000 

2.800 

Absoiption, pel lont 

1-2 

1 2 

10-15 

Setting tune (n TO^F 

Elabluily, m dcfledion, bai 24 X 1 X 

5 nun 

] to h hi 

25 nun to 1 hr 

in thick 

U 20 0 25 

L 3 

0 17 

Bund atienttlh iwi 

500 

000 

185 

Max KiTVU'C temp , deg F 

200®1 

350°r 

1600-2000°F 

Coef of expansion 

8 3 X 10 •* 

6 5 14 Y 10'» 

02 X 10-* 

Ready for sei vii e 

1 nun 

10-24 hi 

2-4 daya 

Joint tliukiiesa 

' 1 ^ / in max 

’l6 to in. 

(20) H-hm. 

(21) H-Hin- 

(22) 

(23) Me-Hin. 

Application . . 

MpIIidr and 

Mix liquid and 

Mix and apply 


pourins at 280°- 
300°If 

powder to foim 
plastir mix per 
inf I 'adiiectiona, 
apply with 
trowel 

with tiowel 

i 


^ Tt»Kul Tiloaet « 5 X 10 ■. 

Nrrrv'. Tho valuea gixen aie axoraKCW fui tlio gioup Ac'lual ^allleH fur the apecifip niaterial should 
ho aerurpfl fiom the* inaniifaotuier before instalUtiou of ^ork. The width of joints must ohviousls' be 
ini reaaed i n at least in for repoinfms. 

It is important to note that sulphur cements should not be used where operating 
temperatures exceed 200‘'F, resin cements at 350“F, and siliCHtc cements at 2000®F, 

In all cast's, bricks and concrete base must be dry; the temperature of the brick 
should be between 65 and 80®F. Resin and silicate are extremely sensitive to changes 
in teiniMjrature. 

Resins and silicates must not come in contact with Portland cement or any mate¬ 
rial having an alkali content. The surfaces must be neutralized with dilute hydro- 
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chloric add or the surface primed with an acid-rpsisting bitumen approved by the 
manufacturer. An acid-soaked surface should be neutralised with a 5 per cent 
caustic soda solution, water-washed and dried. 

All sodium silicate joints should be washed down with a 5 to 10 per cent solution 
of hydrochloric acid before use. In a food industry, the hardened joint should be 
treated with a 10 per cent solution of calcium clilorido and then washed with 
water. 

Eesin and sulfur cements do not require any acid wash or curing. They are 
ready for service when hard. 

Since the jointing material comprises a major portion of the cost of the floor, it is 
essential to select the lowest priced cement that will fulfill the requin‘ments. Silicate 
mortar and sulfur-baso mortars can be purchased for approximately one-fourth the 
cost of a resin mortar. However, the resin and silicate mortars arc mixed cold, and 
the elimination of the heating process with its inconvenience reduces the labor cost 
for these mortars to a competitive basis. 

When using either resin or sulfur mortars it is necessary to provide good ventilation 
and goggles. Some resin cemeuts may cause skin irritation to those allergic to the 
cement, so the material should not be left on the skin for long periods of time. Yellow 
vaseline may be used as a good protection against skin irritation. Sand soap and 
plenty of water will remove the cement from the hands. Solvents should never be 
used on the skiu. It is always advisable to consult a physician in case of irritations. 
Tools should be cleaned with 5 per cent caustic soda. 

Hesin solutions that have soliditied are useless. Resin powder will not deteriorate 
in dry storage. 

Resistance Data. Sulfur — Standard Titpes (1, 3, .5, 6, 7, Table 4-2). These 
cements are resistant to abrasion, mechanical abuse, and sudden changes in temper¬ 
ature. They are inert to such acids as sulfuric, hydrncliloric, phosphoric, acetic, 
lactic, nitric, and corrosive siilts of these acids. They ttn‘ uttackc'd by strong alkalies, 
chromic acid, hydrofluoric acid, and some organic solvents. 

Sulfur — Carbon Types (2, 4, Table 4-2). These cements will resist attack of 
hydrofluoric acid; otherwise they have the same charactcristicH as the standard types. 

Resin Types (8 to 19, inclusive, Table 4-2). There are two types of resin cements 
in general use—^phenol-formaldehyde resin and furaiic resin. 

The phenol-formaldehyde type is subdivided into two groups, one without carixin 
(8. 15, 17, Table 4-2) and one \Nith carbon (9, 13, 14, 19, Table 4-2). The plain 
phenol-formaldehyde resin is resistant to most acids, including hydrochloric, phos¬ 
phoric, sulfurous, acetic, chlorac(‘tic, chlorasulfuric, oxalic, lactic, sulfuric up to 50 
per cent concentration; neutral salt solutions, water, steam, and oil, to 350“1»'; also mtld 
alkalies, ammonia, benzine, methylene chlorite, phlon>benziiie, oleic acid, naphtha, 
ether alcnhol, and acetone. Some of the resins require heating to 300®F to resist 
alcohol and acetone. They are not resistant to nitric acid, hydndluoric acid, chromic 
acid, causLic soda, sodium hypochlorite, or for aniline or other orgHiiic bastes. 

The carboii-typc phcnol-forraaldohyde resins have all the characteristics of the 
plain resin and in addition are resistant to hydrofluoric acid, sulfuric acid of any 
concentration up to 1.50°P, sodium carbonate, calcium hydroxide, ammonia, fats, 
oils, most organic solvents, and corrosive salts except chromates. They are atta<'ked 
by nitric acid, chromic acid, and sodium hypochlorite. 

The furane resins flO, 11, 12, 16, 18, Table 4-2) have more favorable oharaetcr- 
istics than llic phenol type. They are resistant to strong alkalis or alternate cx^kusurc 
to alkalis and acids. They are also resistant to inorganic acids such as sulfuric, 
hydrocliloric, phosphoric, and hydrofluoric, as well as most solvents, oils, and greases. 

The furane resins arc not resistant to highly oxidising acids such as nitric and 
chromic, phosphorous bromides, nitroglycerine, nitroioluenc, iodine, iodoform, and 
sulfiu- oxychloride. 

While it is advisable to use the furane resins (10, 11, 12, 16, 18, Table 4-2) where 
It is known that alkalies are continuously present, thi! sulfur and phenol types will 
stand up if the solution is alkaline for short periods folfowed immediately by acid 
solution. 
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Sodium Siucaib Typb (20 to 26, Table 4*2). Silicate eements are rebiatant to all 
inorganic acids except hydrofluoric and to almost all orgfanic acids, solvents, oda, 
paraffine wax, hot and cold water, and steam They are attacked by hydrofluoric 
acid, alkaline solutions, and acetone oil 

The sodium sihcate types are not rocomraendod for floors owing to their hi gh 
porosity The salts recrystalhze and expand, thus destroymg the joints. Neither 
should they be used m Irtnches where the liquid level vanes sufficiently to permit 
dicing of the liquid with resultant crystallizing 

They are niuth moie stable m strong acid solutions and where always saturated 
With the acid liquid 

Installation Deiaih figures 4-6 to 4-11, inclusive, show typical aoidproof floor 
and trench piotection Note particularly the limilation on joint thickness Refer 
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< j asphalt 
\^Asphatf primer 


-//, 2^ or 3;} acid proof bnek 

’ fsu/pharar-^ 

' resm joint 

resm bed or ^ 
sulphur 

Concrete base ^Asphalt pnrrmr 

Im 4-7 


% I, f 

t3 4 ° o. 4 

“s. I '® 



y Furane resmjomt 

Asphalt pnmer 
"Levaling bed! 3 grout 


\ t§-Bf orS^bnek 

I \ j -s Furane resm tomt 


Concrete base 

Pin 4-8 


Membrane waterproofing 


^ Cl 0 

- 


Combination membrane 


ei<^ Asphalt pnmer 


" Concrete base 

iiG 4-9 



Mm-‘IB membrane 

\ Shoulder bnrk cover 


y ft a " n I h Pnmer 

^ 2-Membrane 

1 A^ltpnmer 3. fsulphur A 

2 y asphalt or^resm ^ I 
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liu 4-11 lio 4-12 

1 n»s 4-0 to 4-12, Atidproof brick floors 


to the schedule for type of material and temjK'rature limitations. Figures 4-8 and 
4-9 have more lesislantc than Fig 4-7, and Fig 4-7 has more than Fig 4-0 Ihc 
cost IS in direct propoition to the (piality Figure 4-8 is ideal for use m dairies and 
food plants 

The membrane waterproofing should be con'^tiacted of alternate layers of inipicg- 
nated <otton fabric and acid-iesisting asphalt Glass tlolh (Fibtrglas by Owens- 
Commg) ina> be used with considerable advantage mstead of cotton fabric, as poor 
workmanship often permits exposure of the cotton to the ncid-bearmg liquid with 
consequent delr 1 loraiion 

A typical section through an arid-bearing trench is shown in Fig 4-11 Note 
particularly that the shoulder and seat bricks are turned at right angles to the trench 
for iigiditv Tile membrane, preferably ol two-ply Fiberglah, is earned at h^ast 12 
in past the shoulder brick 
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The leveling acidproef mastic is used to permit the use of whole bricks for the 
side wall of the trench and at the same time to secure a uniform slope for the bottom 
course of brick. The method of stepping the depth at intervals so that only full 
bricks are used is shown in Fij;. 4-12. Cutting of bricks is one of the most expensive 
labor items involved and should be eliminated. This is especially so when bricks 
are cut to a bevel. It is unnecessary, uneconomical, and results in a poorly con¬ 
structed trench. 

Table 4-8. Manufacturers’ Index 

1, 2, B, 9, 10, 21 Atlaa Mineral Produrta Co., Meitzlowu, Pa. 

3, 4, 5, 18, 19 Nukem Produrta Co., Buffalo, N. Y. 

6, 22 SauemHen Cements Cu., Piiteburt^h, Pa. 

7, 23 Installed by Ralph V. Kulon Co., Pkiladolphia, Pa. 

11 U.H. Stoneaare Co., TalmadKe, Ohio 

12, 24 Elertn>-Chpinical Supply & Enje. f'o., Puoli, Pa. 

13, 14, 15, 17, 20 Pennsylvania Salt MIr. Co.. Philadelphia, Pa. 

26 Quigley Co., New York, N.Y. 

16, 26 Maurice A. Knight, Akion, Ohio 

Similar materials are available from Tlaiog Coip., Nenark, Dol., La f'lede Christy Clay Piodurts 
Co., St. Louis, Mo., The Robinson Cla.\ Pioducts Co., Akion, Ohio. 

Rubber. Rubber is a “dress-up” finisli suitable for offices, laboratories (espe¬ 
cially neoprene base), locker rooms, dining rooms, cafeterias (gr(*ascproof type only), 
stores, public buildings, churches, hospitals, etc., where the surfai'c is subjected to 
extensive foot traffic. It is only occasionally used in industrial work. It is a vc»ry 
comfortable floor finish and has good resistance to abrasion. 

Rubber should not be used on ground floors or for exterior use. If it is desired 
on ground floor, membrane waterproofing or mastie untlerlaymcnt should be provided 
to keep out moisture, and a waterproof type of adhesive should be used. 

Rubber is supplied in thiekne8se.s of J g to e to in. Tile sizes arc 4 by 4 in., 
6 by 6 in., 9 by 9 in., 12 by 12 in., 24 by 24 in., and 25-yd rolls 36 in. wide. Some, 
producing firms arc (Goodyear, H.S. Rubber, Ohio R\ibber (Willoughby, Ohio), Arm¬ 
strong Cork, American Tile & Rubber Co. (Trenton, New Jersey), Akron Rubber Co. 
(New York), B. F. Goodrich, and Helby-Battersby. (See Table 4-4.) 

Plastic—^Resin Type. Resin-type plastic is manufactured for lx)th dress-up*’ 
and industrial uses. It has charaetoristics similar to asphalt tile but has greater 
flexural strength and impact ri'sistaiice. Hence it will stand industrial uses to a rau(*h 
greater extent than asphalt tile, cork, rubber, luioleum, or mastic. Flastic may be 
secured made of highly fire-resistant ingredients and also resistant to oils, gasoline, 
greases, acids, alkalkis, and moisture. Installation is similar U) that of other tiles, 
but it may bo put in use iiuniediatply. 

It comes in the same sizes and thickness as asphalt tile, although some manufac¬ 
turers have sizes up to IK by 24 in. 

Since each manufacturer has his own specific mixture of plastic binders, plusli- 
cizers, asbestos fiber, pigment, etc., the chemical and physical resistances vary con¬ 
siderably more than any type of tile and should be thoroughly checked before 
purchasing. 

Resin-type plastic is produced by Tile-Tex, Bird & Son, Armstrong (Virk, Ihomas 
Moulding, David E. Kennedy, Selby-Battersby, etc. (See TabU^ 4-4.) 

Linoleum. Lmoleum is strictly an interior, above-grade floor finish. It will not 
stand subfloor dampness and should not be cemented directly to wood or metal, but 
installed over felt or mastic nuderlayment. Linoleum is supplied in rolls )«- to -^in¬ 
to jyi-in. and 6-nim (0.236 in.) thiekness, as well os medium gauge (0.095 in.) and 
standard gauge (0.079 in.), both plain and miirbleizcd. 

Linoleum is not suitable for rolling loads. In Bureau of Standards Tests, Report 
BMS80, however, inarbleiz('rl ImoJeum withstood abrasion tests very satisfactorily. 

It is not suitable where exposed to acids, alkalies, oils, gasoline, greases, or moisture. 
It is ideal for light foot traffic owing to resilience and resistance to abrasion. 

Linoleum is manufactured by Armstrong Gork Go., Gongoleum-Nairn, Sloan- 
Blabon, etc. An ccxmomicul industrial grade in. thick, identified as Mastipavc, 
is also manufactured by Paraffine Industries. (I^e Table 4-4.) 
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Mastic Tile. Mastic tile is a general-purpose lioor finish for both public buildings 
and industrial uses. It is economical in cost and maintenance if properly selected 
and installed. It is one of the few types of finishes that can be used on fioors below 
grade and subjected to moisture. 

Mastic tile should not be used for exterior exposure. The binder, filler, asbestos 
fiber, etc., may be changed to secure a considerable range of resilience, hardness, 
toughness, brittleness, colors, etc. It can also be secured with oil, chemical, and 
greaseproof resistance. 

Although it is available in thickness, lower maintenance and longer life 

makes the fie-iu. thickness much preferred. Four price groups, A, B, and D are 
usually available, Group A, plain colors, being the lowest priced. Available sizes 
are 6 by 6 in., U by 9 in., 6 by 12 in., 12 by 12 in., 9 by IS in., 18 by 24 in., and 12 
by 24 in. Octagonal and hexagonal shapes may be secured on special order. 

When placed on wood fioors, an underlayment of at least fie should be used. 
Where installc^d below grade, it is advisable to use a mastic underlayment to reduce 
maintenance. Aluminum or brass edging strips should be used on stair treads or 
other teniiuiation edges. 

Some producers are Tile-Tex Co., Johns-Manvllle, Armstrong C^irk Products, 
Thomas Mouldmg, David E. Kennedy, Duraflex Co., Uvalde l^tck Asphalt (k)., 
Sclby-Battersby Ckj., Mastic Tile Corp, of America (Newburgh, New York), etc. (See 
Table 4-4.) 

Mastic Block. Both mastic block (bricks) and planks are available for interior 
or exterior use as 

Industrial floors—Factories; airport hangars, ruiiviays, etc. 

Piers and docks—Bridges luid apjiroaches 

Hoof decks—Parking space, misc'ellaneous traffic, storage 

Warehouses—Packing and canning factories 

Driveways—(kmrts, terraces 

Blocks are obiainalile in such sizes as 4 by 8 in., 4 by 12 in., 4 by 16 in., 12 by 24 
in., and hexagonal (Hastmgs). Planks are obtainable in 12 - by 24-in. and 12 - by 
36-m. sizes as standard. 

The thicknesses of blocks generally available are 1 ^ to 2 to 2^2, aud 3 in. 

Planks a»‘e available from J 2 to 2 in. in thickness, and special thicknesses may be 
ordered. 

The weight of the blocks usually averages 9.5 lb per sq ft per 1 in. thick; weight 
of the planks is somewhat lighter, u.sually 8 0 lb per sq ft per 1 in. Material con¬ 
sists of asphalt, asbestos or similar fiber, mineral filler, silica flour or crushed lime¬ 
stone, healed and pressed. 

The advantages of mastic block are that it is self-healing, water-resistant, resistant 
to wear, acid, and trucking abu.se It is resilient ami frei* from deeay and dry or wet 
rot. It is (juiet, slipproof, odorles.s, and easily rejiaired. >Special nonslip surfaces are 
available, usually identified as "muieralized plank” or “mineral surfaced.” Johiis- 
Manville, (Vrey (\) , Asphalt Block J’aveinent Go., Fk^rvicised Products, and Hastings 
Co., are typical of the more reliable producers. 

The usual thickness for heav>-duty fioors where blocks are necessary is 2-in. For 
light-duty tralFic the surface may be as thm as J 2 bi., but in all cases the installation 
should be discussed with the manufacturer’s engineers. 

Blocks an^ usually bedded in a 1:3 portland-cement base in. in thickness. 
Blocks are set tiglit with stagger(*d joints. Vertical joints in acid-resisting work 
should not b^ filled, but if is necessary to set the blocks or planks in asphalt or over 
a two- or three-ply waterproofing inenibrane. For nonaoid work, the joints may he 
filled with fine sand or a cement grout. (See Table 4-4.) 

Cork, (kirk is a sjiecial-purpose floor finish usually selected for elevator ears, 
working spai^e in high-oecuponcy otficeK, bathroonis, and stair treads and landings, 
Jt is exceptionally quiet and comfortable, but its resistance to abrasion is low. The 
resistance may be increased by applying lacquer. 

Cork is obtainable in to to }^-iiL.-thick tiles; 6 - to 9- and 12 -in. squares, 
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which are cemented to floors with a special adhesive. A special cork-cellulose binder 
tile is made in thickness by Bird & Son. 

Rectangular sizes such as 6 by 12 in., 3 by 36 in., 12 by 18 in., 6 by 18 in., 6 by 
36 in., 3 by 12 in., up to 18 by 36 in., etc., arc also available 

Cork is not recommended for bclow-gradr installation or where the surface is sub¬ 
jected to continuous moisture or heavy moving loads. 

Cork is produced by Bird & Son, David E. ICennedy, ArmstronR Cork, Goodvear, 
Cork InBulation Cb , Selby-Battersby, etc. (See Table 4-4.) 

Magnesite (Magnesium Oxychloride)* Magnesite has a high compressive 
strength varying from 8,000 to 12,000 psi. Jt is resilient, excellent for standing or 
walking operators; attractive, as it may be secured in many colors; and sanitary. 

Table 4-4. Characteristics of Floor Finishes 



Cost index . 

S'* 

7» 

Kaae of repair 

S 

1 

Fast iiistailaiion— day a 

5/ 

2 

Compressive atrength 
Tensile strength 

2 

t<r 

2 

4 

Tougliness 

2 

3» 

Hesistaiice to dLnting 

2 

4 

Abrasion resistanre 

0 025 

0 007 

(wear), tn 

1 

0 03: 

Bparkprnol* 


N' 

Self-healing 

N 

1 

Hesistaiiec to moisluie' 

3 

2 

Easy wheeling 

1 

3 

Nonskid— walking* 

3 

2 

ilesilieiit, fomfortablc 

n 

9 

Variety of color 

4 

N 

Quiet 

11 


Odorless (after 7 da\sl 

4 

3 

Acid- and ulkali-proof 

0 

2 

Fire resistaiu-e 

1 

0 

Nominal tliicKnei»s, in 

4 6 

IV, 

Weight, Ib/sq ft* 

5 







Notf: Lowe^!!! niimbei inditalPH quaUly, m loflt indc*', the lowest i tj«t. Y =- Yet N 

No or None 

o Separate topping, nietallu hanlpnci 

^ With aridproof indubianc under niaslie 
' Creoflote-iinprpKnatcd end-Riain lug block (Kieohte) 

* Tar-Rok 

* Acid proof 2 K in brick 

/ 24 hr for Lummte cemomt 

9 Can be haidened if necewary, but increases tendency to rraek or chip 

* Foi hard U pe 

i Soft base, tou/h top 

* Haid to classify for toughness Will stand cuneideinble merhajiie.d abuse. 

* Based on 1.2,4 imv. Hcaular 1:1.2 nu\ with fluosilirate wash shuuld Ite app ox. 0.012 
*■ Based on maple finish 

* High densitv, “fs daik 0 020 m lu light “ 0 011 iu., in. light 0 019 in, 
p No available tests—probably ali ut 0 m 

V No available tesla, pnibaVdy about O.OUA to 0 010 m for shale 
' Concealed or copiiei nuile 

* Cement, maatic, lubboi, liuoleiiiT, inantic tUe, and luagnoHite may be purr based writh eonductivo 
quality to prohibit spaiking from staUr diarhaigcs 

'Moiatuie to extent that material annol diy between peiioda 

* Not lecominended 
Without wax or lacquer 

* Can be obtained on special older 

* Di y Burfaeea, designed foi traffic 

* For thiokneaa indicated. 
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When copper saltfl are mcluded/growth of bacteria is discouraged, hence magnesite 
IS excellent for locker rooms (Hubbellite, H. 11. llobertson Co. patent) It is also 
avoided by msccts. It is ?io< wtkMe for extenor use owing to absorption of moisture 
and disintegration. It will stand flushing with water if dramed or mopped oflF so 
that Ihe material can thoroughly dry between wettmgs It can be supplied with 
cxinductive quality (Kompolite Co., Thomas Mouldmg Co., etc ) to eliminate static 
discharge when desired for use around explosive vapors or solvents. 

Magnesite is suitable for heavy loads such as trucking aisles—^has a fast-trucking 
finish 

Thickness over concrete should preferably be m. or over. When installed on 
wood, it should be approximately to ^4 ui. thick to permit the mstaUation of a 
leveling underlay men b over chicken wire tacked over building pc per. Use a metal 
molding to separate plaster walls from a magnesite base 

Fillers such as wood flour, silica floui, etc, aie often used to build up thickness. 
Probably no type of floor finish has caused so mueh grief from improper use or 
more satisfaction fiom propc^r use and installation as the magnesium oxychloride 
type It is essential that an experienced contractor install the floor and that the 
ingredients lie properly blended for the mtended use 

Other typical types are made bv Selby-Battersby, Federal Floormg Corp (New 
York), Marbleloid Inc (See Table 4-4 ) 

ROOFING 

Next to floors, tlieie is probably no other part of a building, especially an mdustnal 
building, thal causoh as maii> maintenance headaches as loof toxenng, especially on 
large buildings 

In spite of this, the rules goveniiiig pioper construction and repairs are well known 
by all the reputable roofmg manufacturers and arc a\ailable to all interested parties 
if thei request assistance from the manufacture!s' technical division and not every 
Tom, Di(k and llany who has applied a piece ol lelt at some time m his life If 
your local roofer is capable of advismg you, the manufacturer will so advise >ou 
Volumes could be prepared on proper msiallation, selection ot proper bitumens, 
flashing, repairs, etc , so it will be obvious that the following data can describe only 
a few of the pertinent points to be obserxed for minimum maintenance 

Basic Application Requirements. The use of asphalt or asphalt-baturated felt on 
a roof of extensive area having a slope of }2 ^ pt'r ft or less should not bo permitted 
Foi slopes over m such maleiial may be used if dcsiitd. No slag or gravel sur- 
fa<*e is lequired 

( onl-tar-pitch-saturated fc’ltjs and coal-tar pitch with slag or gravel limsh should 
be us(‘tl for all flat roofs, especially those having slopi* of 3'2 m per tt or lehs A 20- 
>eai bonded roof can be seiuicd with thib type up to blopes of 5 in in 12 ui. 

The mixing of asphilt and tar should never be permitted if it is iieeeHsary to 
repaii an old smooth-surfaced asphalt roof and convert it to a coal-tar-pitch roof, a 
15-Ib unsaturated felt or a 15-lb asphalt-saturated osbestob fc‘lt should be employed 
as the separating medium In this case the telt raav be cc^mented to the roof with 
asphalt, but the tc»p mopping should be pitch Asbestos felt is pic.fcured because the 
amount of saturant is leas than that of rag, and it is less liable to eaube ticubic owing 
to the presence of the asphalt undercoat and pitch oxereoat. 

No more pitch should be poured at one tmic than can bo iinmcdiatcdy coveied 
with slag or gravel It ib essential that the pitch be hot to hold the blag properlj 
The temperature of pitch should not exceed 400”F in the kettle The pioper tem¬ 
perature for placing is from 325 to 375'^F If the white vapor commg from the 
kettle turns yellow, the fire should be reduced and cold pitch added 

The temperature of asphalt should not exceed 450®F in the kettle Pouring tem- 
poratures should be from 350 to 100°r 

The top coal of asphalt on smooth-feurfaced roofs should not exceed 25 lb Too 
heavy an apidication will result in clieckiiig 01 "alligatoiiTig " 

All maviinv bhould first be primed befoie applying asphalt Polished couerete 
buifaces should be primed with a creosote pnmer before appljiug pileh 
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Majaufacturers will not issue a 20>year Sashing bond where 8-in. thick parapet 
walls exceed 12 in. in height owing to possible leakage through the walls. 

Parapet walls over 12 in. high should be waterproofed with a transparent solution 
similar to Sonnebom & Sons Hydrocide Ckilorloss if the flashing is carried up to the 
ooping. Trouble is certain without it. 

The flashing is the most difficult part of the roof to construct and the first to 
become defective. Each manufacturer has liis own pet method of installation which 
he is willing to insure with a guarantee bond. 

If a high parapet is necessary and a watertight installation is desired, a through- 
wall flashing should be us(h1 immediately above the eoiinterflashing so that all water 
penetrating the wall will spill out over the roof and not under the flashing. 

DfmH put a new roof over a wot)d deek having warped boards or open joints. A 
reputable roofer w’ill not guarantee the installation, and you arc inviting perpetual 
trouble if you insist. 

DonH waste your money on insulation by leaving out a moisture barrier under the 
insulation. If you use 3 m. or more, ensure the job by installing a barrier of at least 
two-ply saturated felt. 

Considerable research has been conducted by the various roofing manufacturers 
during the past 5 years on the elimination of ^’bhsterb.” One of the contributing 
elements is “green'' concrete, especially w'here there is a “pressure head" within the 
building due to air conditioning or a fairly high temperature below the roof. The 
moisture is thus driven out of the slab, and the vapor makes its way upw^ard and 
through the layers of roofing material, forming “lilisterb ” It has also been discovered 
that, where roof insulation is blanketed off into squarts^ the tendency to form blisters 
is greater because the gas is sealed in within the “square.” Itooflng speeifieations 

should indicate the plaeijig of the moisture 
seals 111 parallel strips about 20 ft 0 in. 
apart. In other words, the cutoffs should 
all run in tlie same direction. A cutoff is 
also recommended around large openings, 
not more than 18 in. aw ay from the face of 
the opening, curb, or wall. The simplest 
method of making the cutoff is to divide a 
15-lb sheet into three parts (about 11 in. each) for 1-iii. msulatioii and two parts 
(± 16 in. each) for 2 in. or over and install it as shown by Fig. 4-13. 

In areas where wmd is a factor and w'herc you desire the most satisfactory roofing 
over wood, insist on the first felt bemg seeiirely nailed ^Mth either “simplex” nails 
Of nails with disks at least Th hi- m diameter. The first felt should be 30 lb or two 
layers of 16 lb. Over concrete, the first layer may be 15 lb, Imt it should be thor¬ 
oughly mopped under its entire area. 

Where a slag or gravel roof is used, be certain that slag stops arc useil at the eav(‘s 
and at the drain head. The roof drain, if properly selected, will have suitable slag 
and flashing rings. If the slag or gravel is properly installed, you will not have loose 
material to clog up your gutters or drains. 

Where a metal deck is used, at least }i in, of roof insulation must be used in order 
to secure a guarantee-bonded roof. All reputable manufacturers have thf* same 
requirement. 

Felts. With the modern mctliods used by manufacturers today, there is little 
difference in the efficiency or ease of sat mat ion required for either rag or asbestos 
felts. In the case of rag felts, the fibers as well as the interstices are filled wi^ h pitch 
or asphalt, while in the case of asbestos the fibers are coated with pitch or asphalt 
and the remaining saturant is in the interstices. While this difference in impregna¬ 
tion may give the impression that the rag felt is superior bet^auae the fibers arc fflied 
with saturant, it should also be kept in mind that tb^rc is nothing in the chemical 
make-up of asbestos which w^ould permit it to oxidize or disintegrate even if not satu¬ 
rated with bitumen, and its life will depend ujwn the tensile strength or quality of the 
fibers. Its waterproofing quality will depend only on the interstiecs being completely 
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lilled with a waterproofing medium. The degree of saturation and weights of the 
two types are as follows: 

Asphalt-saturated asbestos felts—ASTM D250^0T; desjaturated weight 9 lb 
min, saturant to be 50 per cent dry weight of felt, mm 

Asphalt-saturated rag felt—ASTM ])226-38T, desaturated weight 6.2 lb min 
saturant to bo 140 per cent dry weight of felt, mm 
Weights arc for 100 sq ft of fabric 

Rag felts have a higher tensile strength tlian asbestos felt, and their proponents 
contend that the field applieatiun of the hot asphalt or pitch adheres and spreads 
easier over rag than asbestos felts In a long U- or Ij-shapcd buildmg, the rag-felt 
roofs withstand the strain from expansion and contraction at the corners better than 
asbestos felts. A saturated eotton fabric is btroiiger for this purpose, usually having 
a Umsile strength of between 50 to 00 lb per m both ways 

Asbestos felts arc more fire-resistive than rag felts, even though the asphalt or 
pitch ma^ i)P mflaramable in both cases 

\sbesto& f(*lts withstand direct exposure to the sun and heat much better than 
lag felts, especially when the roof surface is alternately wet and dry Hag felts rot 
out rapidly if used on a flat or semiflat surface if alternately wet and dry, espe- 
fiallv if not protected by sufficient bitunicn, slag, or gravel 

Asphalt versus Pitch. Tliore is no doubt that a good grade of either asphalt or 
pitch will pro\e absolutely satisfactory it used properly 

Even a medium giade of asphalt or pitch will last many years if protected from 
the sun by a slag or giti\ el finish, but if it is not protected, the oils will burn out and 
the surface will crack oi ‘alhgatoi ” 

Pilch should 7imr be used on a steep sloping surface because it will run in hot 
weather '\Steep” pitch should be specified when used on a surface slojied more 
than 2 in m 12 in 

Asphalt, on the other hand, should lie used on steep slopes and may be ubcd on 
anj^ Riirfac r where water will dram (Jiitnli/ ojf the roof areas and not stand m puddles. 
Pitch hah a self-healing qualitv and th< abiht\ to withstand exposure to water 
and huii The jiropc ity of being self-h(*ahng is advaiilageous when water manages to 
get under a layer of felt through a leak or eraek, as it does not prevent the layers 
from sticking together later after the water has e\apoiated and does not affect the 
waterproofing qualities of the pit eh 

Material Specifications. ^ here reference to standard nuiteiial ih required, it is 
rccoiiiiiiended that the* follow mg be used as a guide: 

Table 4-6 

Tnriitl frltb, 4STM sjier 
C oal tai pitrh foi luoftn^r 
Uh master «jppc 

1 M spec 

Cnosotc primer, ASIM hpi< 
riaatK rouf Ltiiieni Ftildal epti 
Anphalt pnmtr, A^IM spec 
Aflpliali fLlia (ratO, \hTM ■iIkc 
4Hphah foi rnohnfc, ASTM s])il 

AbbeatOH ftUa, asphalt-aatuiairil with mm 85 pei itnl asbeatoe fibei 
sper 

♦Cotton fabric—asphalt-aatmated, A^TM apee 
Cotton fabiir—coal-tai-pitch aatuiated ASIM spec 

* bee btloH for more definite npeiification, which u. prefened 

The use of an impiegiiated cotton fabric for repairmg flashing, especially eaves, 
corners, or long parapet walls where expansion and contraction occur is excellent 
because of the inherent tensile strength of the fabric I^ead flashing has proved 
imsatihfactoiv on long runs because of bueklmg from expansion 

An excellent hpecifieation for the fabric, where used as roof flashing, waterproofing 
membiane, or spandrel flashuig, is as follows: 

AapJiali- or Coal-tar-^mturated Cotton Fabric, An asphalt- or eoal-tar-saturated 
all-rag woven fabric shall have a tensile strength, both directions (grab method), of 
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not less than 50 lb per lin in, and not less than 10 per cent elongation. The fabric 
shall weigh before saturation not less than 4 oz per sq yd and after saturatiou not 
less than 12 02 per sq yd and shall have a thread nount between 18 by 18 in. and 36 
by 36 in. In all other respects fabric shall conform to ASTM D173. 

WALLS 

Brick is one of the oldest of our building materials and is still one of the 
most extensively used. Our modern methods and constructions are the result of 
long usage instead of theoretical analyses, which is so essential with most building 
materials. 

The masonry of this period has deviated somewhat from that of our ancestors in 
that we have combined brick with numerous shapes and types of units such as tile, 
concrete, terra cotta, etc. The greatest improvement, however, has been mado by 
the development of textures and colors, especially in the ceramic field, and improve¬ 
ment in deairmg and baking. 

For industrial use, it is essential to select the most economical wall both in first 
cost and maintenance and one that is suited for special conditions such as extremes 
in weather, moisture, acid-fumc lesistance, and often for sanitary reasons such as in 
plants processing foods 01 inedieines. 

Structural requirements uith hints on special precautions be followed in con- 
Btruetion ill be discussed followed tiy comparisons of various types of walls. 

Structural Requirements. Usually local building codes limit the thickness, 
height, laterally unsupiMiried lengths, etc., of all types of walls. However, for quick 
reference a few limitations are prosenU'd. 

1. Height of lOxtenor nonlx'aring walls arc usually limited to a height of 

twenty times their thickness for solid inaaonry, fourt(‘en for cavity walls, and eighteen 
for hollow walls whore the maxinuim horizontal distance between supports is not 
over 20 ft 0 in. 

2. Inivrior ParUiiom. (VinsidiTiible variation exists in the requirements for 
interior nonbearing partitions, but thu*ty times tlu‘ thickness is usually considered 
maxiiiiuni height where loads ai<‘ not bracketed or supported by the wall, especially 
for industrial buildings whoie vibration is piesent. A few of the building codes are 
more lenient where an interior jiartition is built solidly against the ceiling. 

3. Ma^onr\f Walh. For general cod(> limitations on masonry walls an excellent 
bulletin, CP33, may lx* seemed from the Portland t'enient Associntion. 

4. Weoihtr TighinesK. ^^ith the finest material and workmanship, an 8-in, wall 
may be made watertight, but the ehanees are about 10 to 1 that if will leak. A 
questionnaire to over one liiiiidred of the largest and iimM repiitablr* contractors in 
the entire United States failed to re^eal a single eontrartor who w'ouhl guaiaiitee a 
tight wall under 12 in. thick. FiXperieuce has iiulieated that it is extremely dillicult 
to make a tight vertical through joint. 

For maximum imjxTnieabilitj’', solidly filled mortal joints, low-absorption brick or 
tile, preferably sViale, a minimum of 12 in. in thiekuoss should be used, and a mortar 
having a Ingh-plasticity lime, high water retentivity, and low' shrinkage mix, as 
describi'd below should be used. If an 8-in, w'all is desired, besides the above require¬ 
ments, a good stearate waterproofing admixture should be added to the mortar and 
then an extra 3 cents per sq ft spent in applying a good transparent wati'rproi'f wash 
to the exterior, siinilar to SonnelKini Sons’ llydroeide Colorloss. Joints in all eases 
should be tooled to secure a dense concave joint. 

For a good treatise on permeability, refer to ihireau of Standards Report H\IS-82, 
and for strength, absorption, and resistance to freezing and thaiving of bricks through¬ 
out the United State.=i, BMbVGO. 

Brick and Tile. For maximum resistance to frei'zing and spalling, moisture pene¬ 
tration, stmigth and volume ehange, a dense deairr*il unit, preferably of shale, having 
a 5-hr iMiilirig absorption of loss than 8 per cent, should be used. 

All brick having an absorption of over 20 g per min when the flat side of the 
brick (32 sq in.) is immersed in )u in. of w'ater should be wetted sufliriently to decrease 
the absorption to that ratio when laid. 

As a general rule, all-brick w'alls offer the greatest opposition to moisture penetra- 
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tian, brick and tile next, and tile lojst. Quoting from Bureau of i^tandardn R^twrl 

Twelvu-inrh walls fared with brick and backed with hollow iitiith were more pormetiblo 
tliau siniilai all-brirk wallti. The kind of liollow iiiiil Uhoil in tiio hacking had nu roneuNtent 
or important efTert on pGr]npnbj]it.>» hut the waJlh rcmtaimiig riid-beanng uiiiti« appeared 
to bo abghtJy loss pcriiipabJo lliaii tJiose ooutaiuing sido-liearmg hollow uniti>. 


Bricks exposed to weather should ronforni to AHTM C’02 grade IMW; structuiul 
clay tile, to A 8 TM ('34, grade LB for bearing walls or jiiers, grade IjBX when exposed 
to weather; ceramic glaatni tile, ASTM C126, nnnload-bearlrig tile, ASTM ('5(1; cem- 
erete hollow load-bearing masonry units, ASTM CtM); concrete solid load-bearing 
units, ASTM ('145. 

Tile for exterior walls and interior partitions may be classlfi(*(] as (a) plain dense 
deaired red shnic (often designated as red industrial tilej; (If) buff, iron-spot (ferro 
glaze), or manganese-spot unglazcd facing tile; (c) ceramic glazed tile of many colors, 
the most economical color of which is “clear glaze“ or “lustre glaze,” which is a buff 
or light ivory. 

Salt-glazed tile is not due any consideration as the price differential docs not 
justify its use over the “clear-glazed” unit. The salt-glazed finish is not an imjn^rvi- 
ous finish but merely provides a “sheen ” If it is exaniiiied under a magnifying 
glass, its numerous cracks will become evident. The clear-glazed tile has an imper¬ 
vious surface, is easily cleaned and pleasant in appearance. Manufacturers will 
provide the salt-glazed finish upon request, but they much jirofcr to supply the clear 
glaze because greater satisfaction will ensue. 

Sizes. The standard brick is 2*4 by 3’^'^ by 8 in. for smooth-surfacecl; 2 ’i by Sfi 
by 8 in. for common and wmgh-faeed brick as cstahJiblied by ASTM. Space does 
not permit discuHsion of the many methods of manufactuiing or classifying the types 
and surface limshes. 

The ('dazed Biiek and Tile Institute has classified tde sizes as shown in Table 4-0. 


Table 4-6 


N 01 D SoiifH in 


in 

3Jh 


Uses. For excellent appearance, low Table 4-6 

maintenance, good housekeeping with 

iniuimum effort, dustless, sanitary eon- „ , 

struction for food or pharmaceutical firo- ems ic neas 

cessing, ccrauiic or clear glaze bliould be 

used. A disadvantage is its high first .'j x 8 m N 01 D Sont-H in 

cost. 5 X 12 in T Solu'H 1} tn 

For modification of the above, as rc- x 8 m SSrjic?H 3 Jh 

(luired for manufacture of dustfree prod- - 

iicth, the buff uiiglazed facing tile may be used to within about 5 ft 0 in. of the floor, the 
wainscot being eilher cleai-glazed bufl, iron spot (ferro glaze), rr manganese spot. 
This provides a clean liglit-ieflectmg surface above and a wainscot that will not show 
elliow or hand smudges down the trucking corridors and will eliminate the usual 3- 
lo 5-year periodic maintenance painting. It is suflicueiitlv hard to w itliRtand nie<*haii- 
ieal abiasum. A disadvantage is that it is luediuni higli priced. 

For good api>earance, impervious exterior and interior, low mamteiiance, low cost, 
and good housekeeping, deaired red siiaie facing tile (industrial red tile) may be used. 
Walls have the color of noruial red brick but have fewer mortar joints owMng to 
larger size and a smoother and more dense face. It has been demonstrated that a 
mason con lay up 10 sq ft of this type of unit in the 5- by 12-iii. face in the same 
time it takes him to lay up 7 sq ft of brick wall. Immunity from attack by acids 
may be afforded by pointing the mortar joints with a phenol- or furane-resin mortar 
(see Brick for floors, pp. 148^140). 

For maximum strength, maximum impermeability for the same thickness, maxi¬ 
mum mechanical abuse, good to fair appearance, good resibtance to freezing, iliawing, 
and acid atmospheres, the dense shale brick is hard to beat. Some disadvantages 
are that housekeeping is more difficult, and there is no decorative appeuranci^ with¬ 
out maintenance painting. Also more numerous mortar joints are exposed to 
attack from acid vapors and liquors, but this may be remedied as noted above fur 
tile. 
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Mortar. Next to workmanship, the quality of the cementing modium is most 
important. The conclusions expressed heroin are the result of 30 years of intimate 
observation. Strange as it may appear, substantiation appeared in an excellent 
article by Watstein and Scese m the August, 1947, issue of ASTM BvUetin. 

There are four important typos of masonry mortar, which for the purpose of this 
article will be designated as typos T, II, III, IV. 

Type 1—1:0.25 :3 mix by volume of portlaud cemeiit, lime, sand 

Type II—1:1:3 mix by volume of portland cement, lime, sand 

Type 111—1:1:6 mix by volume of portlaud cement, hiiio, sand 

Type IV—Commercial masonry mortars iiLooting Federal Specification SSC- 
18lB-typo 2 

Type I has the highest compressive strength—approximately 0,000 psi, with 
types II, III, IV decreasing in order to about 1,000 psi. Bond strength of type I is 
approximately 65 psi, decreasing in order to about 40 p^i for IV. Water retentivity 
is approximately 70, 75, 80, and 80 per cent in order. (Type I is frequently varied 
by some authors to 1 ;0.1:3 ) 

For all types of tile, wuth the possible exception of glazed furring tile, whether 
horizontal or vertical cell, type II is emphatically recommended. Where the fineness 
of the sand is suitable, a 1:1:4 is also satisfactory. 

Type III is recommended for all brick vluIIb except where walls are over twenty 
feet high, run over one hundred feet, or where high winds are frequ£*nt. In such 
cases a 1:1:5 or even a 1:1:3 should bo used to aeimrc the necessary compressive and 
bond strength with reduced volume change, Watstein and Seese, in the ASTM 
BulleUrij have expressed the following conclusions: 

Tliere was no cousistent relation between the shrinkage of the various mortars and any 
of their other properties. How'ever, for mortars of similar composition, such as the port- 
land ceiiienb-liine mortars, the shnnkage increased roughly with the amount of mucing uxUer 
required. Oi tliese ntoilarb, the uiimnnim shrinkage wan shown by the group 1FL (type I) 
in winch the average foi fi\e mortars, alter 0 months’ drying, was about O.lli per cent. 

(The average shrbikage of the 1:1:6 mix w^as 0.148 in ; 1:2:9 mix was 0 157 in., 
and type IV w^as 0.143 in. On the basis of proportions, the type 11 should therefore 
have a shrinkage value of between 0.13 and 0.14 in.) 

For ceramic glazed furring til(‘, t> pe 1 would bo preferred if the mason could be 
iiiflueneed to mix an additional typo. 

Mortars arc no different from concrete. The more w’ater put in the mix, the 
greater the amount of water that must be eliminated, with eomsequently greater vol¬ 
ume change. Volume change induces cracks. 

Lime. Lime should conform to the National Lime Association specification for 
mason’s hydrated lime tyjie S, having a plasticity of more than 2(K) aftei welting 
(not soakuigj and a water retentivity of mor" than 85 per cent when tested in a mortar 
made from the dry hydrate. The ordinary run of commereial hydrated lime docs 
not oonforiii to the above requirements, however. If it must be used, insist on a 
soaking period of not less than 24 hr before use. 

Typical examples of several very satisfactory commercial limes are Miracle by C'l. 
& W. II. (\>rson, Plymouth Meeting, Pennsylvania; Rocklaiid-ltockport Lime Co., 
Boekland, Maine; Flamingo Hydraulic Lime by lUverton lime & Stone (b., Ri'*erton, 
Pennsylvania; Sujier Liinoid by W arner Co. 

Bconomic Comparisons of Walls. Fourteen of the most oonimon combinations of 
brick and tile are presented on p. J 02, and their cost factors are indicated. 

Cost factors arc based upon brick and tile prices for the Philadelphia area and 
are listed below. La)tor rates are also indicated, (’oiiversinns are therefore readily 
made for any local costs. One hundred square feel of plain wall is ust^d as the basis. 
Mortar quantilu^s are minimum with no wraste allow’^nnee. No profit or overhead is 
included. Therefore, cost fachirs are to be considfred as -purely relative costs. 

One-quarter-inch mortar joints are included in all types except 1.0, 4.0, 4.3, 8.0, 
8.1, 8.2, 11.0, 11.1, 120, 12.1, 13 0, 13.1, 14.0, 14.1, and 14 2 (sec Figs. 4-14 to 4-22, 
mclusive, and Table 4-8), for which •'•^-in. joints are necessary. Mortar costs are 
included with labor costs. Labor costs include tooled joints, both faces. 
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Fig. 4-14. Fig. 4-16. Fig. 4-16. Fig. 4-17. Fio, 4-18. 



i2.0*i2J t3.0*t3.l 14 O'*-14.1-14,2 


Fio. 4-19. Fig. 4-20. Fig. 4-21. Fin. 4-22. 

Figh. 4-14 to 4-22. Brirk and tilo wallb. Pioper bondiUK plain and composite con¬ 
struction. 

BaHifi) of costs for tabulation: 

Table 4-7 


Type 

Buff facing 
tile, /M 

Ivoiy luster 
glaze—clcai, 

j /M 

lion npot- 
feiro glaze— 
facing tile, 
/M 

Red zhale 
facing tile, 
/M 

TA—2 X 5 X 12-PlS 

f 90 

$150 

S 92 

I 53 

TAK—4 X 5 X 12.S1K 

124 

284 



T—4 X 5 X 12-SlR 

116 

197 

119 

1 

TD- 4 X ft X 12.S2R 

130 

292 

132 

88 

TOO 6 X 6 X 12-blS 

145 

277 

164 

139 

T60D -6 X 5 X 12-S2R 

172 

360 

179 

147 

T80—8 X 5 X 12-81S 

195 

333 

210 

151 

T80D—8 X 6 X 12-P2B 

220 

449 

336 

102 


Brick—icd hhaU imlustiiitl, wire tut, suuMjth fact*, $H0.M 

IaIiof lates- niaaoii at S2 2.5/hi and lieliici at $1 30/hi 

Niiiiibei of nnith pei snuaie foot of Mali—4 in. bink hbU = b,2!>, 8 in. *■ 12.50; 12 in. 18.6; 
5 by i2 in. — 2,2. 

Whpi p 4- and 2-in arc uflcd on same -aall, it is assumed that 4-in. Koifed tile (TAK) will be used 
ioi the 2-in. tile. Where 2-in. tiles are used with units other than 4-in , the 2- by 5- by 12-in. unit (TA) 
IS used. Mndulai units are not considered, but their use will not alter the relative unit costs. No allow¬ 
ance is mode for hreakaae or defects. 

K&t: ft - buff faciiiK tile, iinglased; GT - idazed (clear); FGT - ferro glased facing tile; 
RFT ■ rerl shale intiuptrial facing tile; H »= header couiso; B - strolchei couise. 

The uso of 4 + 2 or 6 -b 4, etc., self-bonded walls with reversed or staggered 
joints results in a superior wall both structurally and physically as no through vertical 
joints exist, and both exterior faces may be easily lined up to secure a smooth, properly 
aligned face. Variation In size of tile is compensated for by variation in vertical 
mortar joint. Unbonded walls should be tied together with metal ties, preferably 
with bronze or monel w’ire ties, every 24 in. horizontally and every 15 to 18 in. 
vertically. 

A saving in material price may be obtained by using a 4-in, Kerfed unit where 
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]>nB 8 iblef especially when both 4- and 2 *in. units are usod^ as the 4-in. type may be 
split in half (tile symhM)l TAK). 

Types T^D and TBOD are not supplied by all manufarturers, Wall types 2 . 0 , 
2.1, 4.1, and 4.2 are not ho satisfai'iory as other types of the same thiekness because 
of the lack of unifonii Ihickiicss with the resultant uneven appc'iirance of the finished 
surfaces. They are inferior structurally and are more iienneable than the staggered 
construction of types 3.0 and 5.0. Typ<‘S tabulated are based uptui having the same 
surface on both sides. For vatiation, the quantities tabulated with the eorrespouding 
price lists may be easily adjusted (ace Table 4-8). 

Five- by eight-inches 1) senes tile is not tabulated, since the 5- by 12 -in. T 
series has a lower labor cost. The D series, however, generally presents a better 
appearance owing to easier alignment and less variation in diineiisioiis. There aro 
2.2 units of 5- by 12-in. tile per sq ft of wall and 3.3 units of 5- by 8 -in. tile per sq 
ft. A yi-m, mortar joint may be advantageously used wdth the 5- l)y 8 -in , tile, but 
masons usually prefer the ^ji-in. joint foi the 5- by 12-in. tile, although I 4 in. is 
preferable for both maintenance and apiiearancc. 

Table 4-8 


Type 

WaU, in. 

Thick- 
ncBH, m. 

M Ahnnt\ 
unitib. 
100 ft 

Moi tfti, 
til ft 

Mortal 

cost 

Labor, 
100 MI ft 

Tiital 

Bq ft 

Goat 

fai'tni 

1 0 

4D 

3'^ 8 

IS 7S 

7 0 

3 29 

42 00 

0 61 

1 

1 1 

4 FT 

3^8 

28 ftO 

3 4 

1 ftO 

50 0l> 

0 79 

2 

1 2 

40T 

3^^ 

ft4 21 

3 4 

1 60 

50 00 

1 14 

.5 

2 0 

6FT 


37 84 

5 0 

2 3.> 

72 Of) 

1 10 

4 

2 1 

fiGT 


79 20 

5 0 

2 .35 

72 00 

1 51 

12 

3 0 

4 4- 2FT 


39 IG 

10 0 

4 70 

85 00 

1 24 

7 

3 1 

4 + 2GT 

6« 

71 58 

10 0 

4 70 

85 00 

i 60 

13 

4 0 

8B 

8 

37 50 

18 5 

8 70 

78 (K) 

1 16 

6 

4 1 

8FT 

8 

48 40 

7 0 

.3 29 

SI 00 

1 32 

10 

4 2 

8GT 

8 

98 78 

7 0 

3 29 

84 on 

1 83 

19 

1 3 

8RFT 

8 

35 W 

7 0 

3 29 

72 00 


3 

5 0 

6 + 2F1^ 


4S 51 

11 4 

5 .16 

lib 00 

1 62 

14 

h 1 

6 + 2GT 

8»g 

92 18 

11 4 

5 36 

ilG 00 

2 08 

24 

6 0 

6 4 FT 

\m 

hi 42 

11 8 

5 .'iO 

lift 00 

1 73 

1ft 

6 1 

ft + 4<iT 

10‘h 

104 28 

11 8 

5 .50 

116 00 

2 20 

27 

7 0 

8 f 2 FT 

10% 

50 54 

12 5 

5 88 

128 00 

1 85 

20 

7 1 

8 + 2GT 

10% 

104 50 

12 5 

5 88 

128 00 

2 33 

28 

8 0 

8B + 2FT 

io?« 

47 40 

21 0 

9 87 

128 00 

1 75 

17 

8 1 

8B 4 2GT 

10% 

54 00 

21 0 

9 87 

128 00 

1 82 

18 

8 2 

8B + 4GT 

12% 

80 84 

23 5 

11 00 

128 00 

2 fK) 

25 

0 0 

8 4. 4FT 

12% 

68 42 

13 7 

G 44 

128 on 

1 96 

22 

9.1 

8 + 4GT 

12% 

116 60 

13 7 

6 44 

128 00 



10 0 

12B 

12% 

55 50 

28 5 

13 40 

114 00 



11 0 

4B + 8FT 

12% 

G1 65 

17 7 

8 32 

126 00 



11 1 

4B + 8GT 

12% 

92 01 

17 7 

8 32 

126 00 

2 ig 


12 0 

8B + 4FT 

12% 

03 02 

28 5 

13 40 

122 00 

1 85 

20 

12.1 

SB + 4GT 

\lli 

80 84 

28 5 

13 40 

122 00 

2 03 

23 

13 0 

12B + 2rT 

14% 

75 30 

32 0 

15 00 

158 00 

2 33 

28 

13.1 

12B + 2GT 

14% 

88 50 

32 0 

15 UU 

158 <KJ 

2 47 

30 

14.0 

4B ■F4FGT 

8% 

44 93 

13 5 

6 3.5 

8.5 00 


9 

14 1 

4B 4- 4FT 

8% 

44 27 

n G 

6 35 

85 00 

1 29 

8 

14.2 

4B + 4(;t 

1 8% 

62 09 

1 13 5 

6 35 

85 00 

) 47 

11 
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NATURAL AND SYNTHETIC RUBBER* 

BY Dr. E. R. Gilliland 

Department of Chemical Engineering^ Massachusetts InstityJte of Technology 

Owinj; to its unique properties, natural rubber has developed into an important 
material of construction. In the last 15 y i^rs a larpe number of rubberlike materials 
called ‘^synthetic rubbers” have been developed. In a number of cases these are 
replacing natural rubber, but in a great many eases their unique properties are open¬ 
ing up new fields of application. These fields are bo complex that it is impossible to 
outline any delinitc rules as to which material should be used for a given application. 
''I'ho following discussion will indicate tlie general types of materials available and 
their pliysical characteristics, but anyone interested in a specific application should 
consult an expert rubber technologist. 

NATURAL RUBBER 

Natural rubber has been employed as a material of construction for many years. 
It has basic properties which the technical men have been able to exploit in a great 
many ways. IClastically it is unicpie in allowing essentially reversible elongations up 
to 600 to 1,000 per c(‘nt. Jt ran he eomiwunded to give high tensile strength, f.e., 
40,000 psi of cross section at break. It is very water-resistant and has a very low 
l>crnieability to wat(T; it likewise has low permeability to a number of the more com¬ 
mon gases; it is a good electrical insulat/or; il can be compounded to give material of 
outstanding abrasion resistanee; and if desired, it ean be converted into a hard mate¬ 
rial of low-pereontagp elongation of break. 

While it is not possible to obtain all the properties listed alnive in the same sample, 
it is generally possible to obtain a eomhination of several of them. For example, in 
automobile tires and bidting, it is possible to combine a high degree of flexibility or 
elasticity with superlative alirasion resiRtance. In inner tubes, l^alloons, and rubber 
gloves, it is possible to combine flexibility and liigh-pereentage elongation with the 
inipenneability to gases and water. For vibration dampbig it is possible to combine 
high strength with elasticity. Over a period of three to four decades rubber technol¬ 
ogists have learned to exploit the properties of natural nibber to obtain the best 
combination of propi'rties for a given use. Owing to the versatility developed in the 
products by this rcseanii work, rubber has become one of the impiirtant materials of 
construction. 

In the last 20 years natural rubber lias been ehalhmged by a number of synthetic 
materials. This compiiition has been the result of two main factors—^the high cost 
of natural rubber and the fact that in certain applications elastic or rubberlike mate¬ 
rials were desirc'd, but the eonditions were such that natural rubber did not give 
satisfHctory performance. 

Natural rublicr has varied widely in price. During the last 35 years the actual 
wholesale price has been as low as 3^2 cents and as high as 82 cents per lb. It is in 
I he periods of high prices that the greatest impetus has been given to the development 
of rubber substitutes. Oiginally, the work of developing such substances was car¬ 
ried out along the lines of attempting to synthesize a material having the sAme chem¬ 
ical and physical constitution as natural rubber. Such materialfl were therefore 
called ^synthetic rubbers.” To date it has been impossible to synthesize a material 
identical with natural rubber, and a number of years ago the rinphasis was shifted 
from trying to develop the same chemical and physical properlitHj to synthesizing a 
material that could be lined in a manner similar to natural rtibhiT even though it did 
not have the same chemical and physical properties. The generic term “synthetic 
rubber” has been applied to this class of materials also. 

•Superior numlKTS refer lo sperifie lifted at the end of this auhseotioli. 
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In the crude state natural rubber can be easily worked, molded, and shaped and 
then can be changed chemically into a strong clastic material that will resist deforma¬ 
tion. As a result of intensive study, chemists have concluded that those materials 
having elastic properties of this type arc composed of very long, thm molecules. The 
ratio of length to diameter of a fuUy extended molecule of this type may be as great 
as several thousand to one. Such molecules in the unvulcanized or uii cured form of 
rubber are presumably greatly contracted in length and interwoven with one another. 
When a mass of such material is molded or shaped by being subjected to pressure or 
strctcliing, its individual molecules are displaced relative to one another. If, then, 
by chemical processes these lung-chain molecules can be tied together, further dis¬ 
placement relative to one another becomes much more difficult, and the material 
acquires the property of resisting forces that would otherwise cause permanent defor¬ 
mation. However, owing to the contracted condition of the molecules, the material 
can still Ik* extended. In this process the molecules are simply pulled out somewhat 
like a spring without eausing rearrangement. In natural rubber the vulcanizing of 
the rubber structure is generally earned out by the addition of sulfur, although other 
maierialB can be used. The mechanism of this process is not definitely known, but 
it is believed that it is related to a special chemi(*al characteristic of the natural-rub¬ 
ber molecule, which is termed unsaturatioii.” The sulfur reacts with the unsatu¬ 
rated portion of a molecule and forms some typo of bridge with it to another molecule. 

DEVELOPMENT OF SYNTHETIC RUBBER 

The research on synthetic rubber has, therefore, bec^ti ilir(‘C‘tecl 1t> the production 
of long-cham molecules which can be looked together by vulcanization or an equiva¬ 
lent process. In general, elieinical substances that are easily availabh* or can be pre¬ 
pared easily and economically arc low in molecular weight. Onlj I hose cujiable of 
combining to form long chains are useful in the production of rulibc'rlike siibsstances. 
There arc* a large number of such substances, and in a gieal many cases thi*y will 
combine wuth each other in a similar manner. Thus, it is possible to produce an 
almost infinite number of synthetic rubbeilikc matorinls. In geiuTal, ii(»ne of these 
materials is identical with natural rubb(*r, although in any one physical cliai act eristic 
It is usually possible to develop a synthetic niateiiai that is superior to natural rub- 
lier. However, it is not always iiossible to produce a synthetic rubber that will 
(*oinbme several char act eristics into a given product as well as it has been possible to 
do with natural rubber. This deficiency may be due to the rubberlike material itself, 
or it may be due to the fact that the rubber compounders have not had time to 
develop the products based on the new’ mateiial as well as they have those of natural 
rubber. In a great many properties the synthetics are so superior to natural rubber 
that there is no real competition. For evaniple, in resistance to solvents such as gas¬ 
oline, resistance to acids and alkalies, permeability to gases, dielectric properties, heat 
resistance, vibration dampmg, etc., there are synthetics that are superior to the mate¬ 
rials which can be made from natural rubber. In other cases the balance is the 
other way. For example, m heavy-duty truck tires, natural rubber combines the 
properties of elasticity, high resilience, high cut and tear resistanc*^, and high abrasion 
resistance in a manner supenor to synthetic materials. 

PLASTICS 

The foregoing discussion related to materials tl at have a high degree of extensi¬ 
bility similar to natural rubber. However, there are a great niai v cases in which 
rubber is employed that do not require this extrcmi'ly high degree of elongation, 
and in this field a large group of iiintenabj called *‘plaBtieb'’ can be similarly used. 
In general, the plasties are dividt*'! into two main classes—the thermoplastJcs and 
the thermal-setting plastics. In the therm up] astic class ^he materials are very similar 
to the synthetic rubberlike materials except that they a;e not in general vulcanized. 
Their use depends upon the fact that at high tciniieratures they soften sufficiently to 
be molded and shaped, but at lower temperatures they are able to hold this shape. 
Such materials vary widely in properties. They can be hard, such as the polysty- 
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reneB, polythenos, polyacryiatos, hjid the various i>olyvinyl compounds. These 
materials can be heat-softened and then oast or molded. At ordinary temperatures 
they are relatively hard and can be used to replace hard rubber or ebonite in most 
of its uses, and they have the advantage of better physical properties in a great 
many cases. For example, some of them have excellent electrical propertu^, and 
some of them are transparent and can, therefore, be utilized where hard rubber is 
completely unsuitable. They can likewise be compounded into almost any desired 
color, which makes them much more suitable as materials of construction where 
appearance is important. ^Vhile their flexibility is in general much less than that of 
the vulcanizable rubberlike materials, they can be compounded to give satisfactory 
characteristics in this respect. For example, they sre flexible enough to make suit¬ 
able insulation for electric wires and cables, and they can be formed in sheets which 
are as flexible as most woven fabrics. 

The thcrmal-settmg resins arc a different class in that, after they are molded or 
formed, a chemical reaction is carried out which ties the whole structure together so 
firmly that it becomes an essentially rigid structure. The phenol-formaldehyde 
resins of the bakclitc type arc typical of this category. Thc^se resins can be molded 
or casl into almost any shape and have largidy replaced hard rubber for this purpose. 
They combine high physical strength with good electrical jiroperlies and the possibil¬ 
ities of making products of almost any desired color. They are particularly suited 
for molded articles, such as electrical parfs, radio cabinets, etc. 'J'hey have gained 
wide acceptance in places where rubber was never particularly satisfactory. For 
example, they comstitiile a major portion of the film-fonning materials in a wide 
variety of the modem paints and lacquc^rs. They are being widely uswl as the bond¬ 
ing agent in various plywoods, and for these uses they arc superior to the natural 
glues. 

PRINCIPAL TYPES OF SYNTHETIC RUBBERS 

While it is not possibh* t<) cover the extremely large number of rubberlike materials 
which have been produc(‘d, it is possible to review the main t 3 ri)es and to compare 
their physical properties, uses, and eosts with those of natural rubber. In the syn¬ 
thetic rubberliki* iriateiials, there are three typ(»b that are produced on a large scale, 
viz,j the buna, or diolefm, type of iiolymers, the nixipreiie typo, and the butyl type. 
In addition, tl«cre are miscellaneous polymers such as thiokol and silicone rubber. 
Owing to the imiKutaiice of these materials, the method of preparation and charac¬ 
teristics will be outlined. 

Buna S (GR-S). The chief ixilymers of the diolefm type are those produced by 
the polymerization of butadiene either by itself or in conjunction with a Umit.ed 
amount of some other constituent. The group has been given the, name ‘‘buna’* 
rubber after the Oerman terminology. The original buna type was made from 
essentially pure butadiene and w’as produeed in (Germany on a modest scale and in 
Russia on a very large s(‘ale. Very little of this type of material has been or is being 
used m the United States. The chief bu la diene jMilymer utilized in this country is 
of the buna-S type, i.c., it is a copfilymer of butadiene and styrene. Buna S is again 
the German nomenclature, and the term is widely used in the United States to signify 
a butadienej-styrene copolymer. This type of rubber constituted the major portion 
of the United States government’s synthetic-rubber program during the Second World 
^^'a^. Tt was given tlie official designation GR-8 indicating government rubber of 
the styrene type. There are a number of different copolymers of butadiene and 
styrene, and the govemiaenl program differentiated among them by using GR-S to 
indicate the whole group and adding a number to indicate the exact material, i.e., 
GR-S-IO. GR-S pniduction capacity of over 700,000 tons Oong tons) w'as built in 
the United States by the government, and an additional 30,000 tons of capacity was 
built by the Canadian government in Canada. The actual capacity of these plants 
is in excess of a million long tons per year. This capacity is larger than the annual 
consumption of rubber in the United States for any year prior to the Second World 
War. GR-S is a general-purpose rubber, i.c., it can be used to replace natural rubber 
for most uses, and it was the chief general-purpose material used to replace natural 
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rublior in tiros and other rubber articles in the United States duiing the Second 
World War. 

In the manufacture of buna^S-type rubbers (GR-Sl, it is necessary to produce 
the butadiene and the styrene. In the United States the large quantities of butadiene 
required during the war were produced chiefly from cither alcohol or petroleum raw 
materials. In peacetime tlic cost of alcohol is such that it docs not compete ec'onom- 
fcally with the petroleum methods. Styrene is produced from coal tar and petroleum 
raw materials. Butadiene and styrene are mixed and emulsified with water by the 
use of soap as an emulsifying agent. They are then polymerized in emulsified form 
by adding a catalyst to the solution. In this manner a milky emulsion is obtained 
from which the unreacted butadiene and styrene can be removed. This emulsion is 
called the ‘'latex'* and in appearance is similar to the naturaUmbber latex obtained 
by tapping the rubber trees. 

The latex can be used directly for preparing dipped articles or for coating mate¬ 
rials, such as cords and fabrics, or the emulsion can be brokeji by the addition of 
acids or other materials to obtain the solid rubber which can be dried and baled. 
Since the procejss involves a number of ingredients and a number of steps, it is pos¬ 
sible by various modifications to produce polymers of different characteristics. Thus, 
the ratio of butadiene to styrene can be varied over a wide range, and this gives a 
variety of products varying from the rubberlike polybutadicne to the thermoplastic 
polystyrene. The general-purpose type of buna S generally contains B])proximat<dy 
three parts by weiglit of buiaditme to one part of styrene, although polymers contain¬ 
ing much lower and much higher percentage of styrene are jiroduced. Besides vary¬ 
ing the ratio of the major eonstituents, it is possible to vary the type and amount of 
the emulsifying agent. These chang<*H again make major differences in the property 
of the polymer. The operating conditions and the degree of polymerization can also 
be varied. Thus in the biina-8 type it is possibk‘ to produce a wide variety of poly¬ 
mers of various characteristics, some of which are particularly suited to special uses. 
As a result of these variations, several hundred Gll-I^type polymers have been pro¬ 
duced in the government plants, and a number of these are prf)duecd as standard 
commercial grades. Several of these are available in latex form, but most of them 
are sold as dry rubber. 

The cost of producing these materials is such that for large-scale production they 
ran be sold at a profit for 15 to 17 cents per lb, which makes them definitely com¬ 
petitive with natural rubber. 

Buna N. Butadiene can also be polymerized with a number of other materials 
besides styrene. The most widely used alternative ingredient is acrylonitrile, and 
the copolymer is usually classifled by the German name, buna N. It is produced in 
a mauiier very similar to the buna-S polymers except for the fact that Lhc acryloni¬ 
trile replaces the Bl 3 ’reiie. It was made to a limite<l extent by the United States 
government during the Second World War and was sold under the trade name of 
(tR-A. However, tlie main production is by private plants, and in this case the 
material has been sold under a variety of trade names sucli as Perbunan, Hycar-OR, 
Chemigum, Butaprenc, etc. Again a wide variety of iliffercnt polymers can be pro¬ 
duced, depending upon the relative quantity of the various ingredients and the oper¬ 
ating conditions. Buna N is not employed as a general-purpose rubber, and it 
sells at a considerably higher price than does buna S. Its outstanding characteristic 
is its excellent resistance to solvents of the gasoline type. It is widely used in gaso¬ 
line hoses and other elastic products that must come in contact with petroleum or 
other organic solvents. 

Neoprene. Neoprene-type rubbers were developed by E. I. du Pont de Nemours 
& Company and have been produced in the United States for about fifteen years. 
Instead of employing butadiene, it emploj’^s a substiiuted diolefin Trailed “chloro- 
prene.” The method polyinerizatioii is esw'ntiallv the same as that employed for 
imna rubber, and the product is availabli^ in eith(*r the latex or the dry-rubber form. 
It is also copolymcrized with other ingredients to obtain varied physical properties. 
Thus there are a number of types of neoprene each of which is spociaJly suited for a 
different purpose. Its outstanding characteristics are resistance to solvents, resist- 
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anoe to aging, and resistan<‘e to burning. Because of these* qualities it has been used 
in products requiring its solvent-resistant properties and lor insulating cloetric cable. 
The cost of neoprene per pound is about twice that of the buna-B type. In addition, 
frequently more pounds of neoprene are required to produce a given article than with 
the other types of materials because of its high density. 

Butyl Rubber^ Butyl-type rubbers diffc?r from the buna type and the neoprene 
type in that the main raw material is of the olefin type rather than the diolefin type, 
and this results in a product with significantly different properties. Isobutylene is 
llic main ingredient, but in order to obtain the desired chemical reactivity, a small 
amount of diolefin is added. The polymerization is carried out in a nonaqueuus 
medium at a temperature of around — 100®F. Tin* product is not obtained as an 
aqueous latex but is easily available as a dry rubber. It is an extremely elastic mate¬ 
rial and appears very much like natural rubber. However, owing to its structure, it 
has extremely low permeability to gases, and thus it has been widely used in auto- 
mobile-tire inner tubes. Tubes made of butyl rubber require much less frequent 
addition of air than do natural-rubber inner tubes. It is likewise very resistant to 
chemical attack, but it has poor resistance to petroleum hydrocarbons, and its resil¬ 
ience is low. The low resilience is advantageous for eertain damping uses, but in 
other cases it is undesirable. For example, it gives a high heat build-up within the 
rubber, and in automobile tires, for example, the high tcmjieratures generated are 
detrimental. The cost of butyl rubber is roughly comparable to that of the buna-S 
type. It is available in large quantities as a result of the government program during 
the Si*cond World War. 

Thiokol. Thiokol is a trade name given to a series of organic polysulfides. The 
thiokol rubbers are not general-puriiose rubbers but are special polymers which have 
solvciii-rcsiatant properties whieh make them exireineh valuable for certain uses. 
Thus they are extremely resistant to solvents of the gasolme type, and they are, 
therefore, desirable for packings and gaskets that must operate in contact with such 
solvents. 

Silicone. All the other syntlietic nibbers are largely organic in nature, r.e., the 
main backbone of their sirucliire is a eai b«m-to-carbon chain to which hydrogen and 
certain other elements are attached. Bihcone rubber is unique in that its basic struc¬ 
ture is a silicoji oxygen chain, and as would be expected, it has properties significantly 
different from the other synth(*tio rubbers. In general, its rubberlike characteristics, 
such as tensile strength, per cent elongation at break, tear resistance, abrasion resist¬ 
ance, etc., are decidely inferior to most synthetic rubbers, but it is aide to withstand 
much higher temi>eratures than the organic materials. It has sufficient rubberlike 
properties to be used in gaskets, packings, and tubings, and it extends iheux>pcr 
operating temperature for rubberhke material by at least lOO'^F. 

PHYSICAL PROPERTIES OF THE VARIOUS SYNTHETIC RUBBERS 

The physical properties of anv given synthetic rubber product depend not only 
on the rubberlike material itself but also upon the compounding and vulcanizing pro¬ 
cedure whieh is employed. It is therefore possible to produce a fairly wide variation 
in properties with a given polymer, but in a great many cases the difference in the 
physical properties characteristic of the rubbers is so large that it is possible to gi\ e 
a relative comparison of their properties, and such comparisons aid in the selection 
of the proper material for a given use. 

Tensile Strength. One of the most important properties of any rubberlike com¬ 
pound is its tensile strength. Sueh information is useful even when the product is 
not being used in tension, since it is an indication of the quality of the material. 

Natural rubber has a high tensile strength, and in elastic products the value is of 
the order of 4,000 to 5,000 psi, based on the original cross section before elongation. 
This would correspond to 35,000 to 45,000 psi based on the cross section at break. 
These high tensile strengths can be obtained w’ilh natural rubber both in “pure-gum 
stocks, i.c., those with very little loading, and with loaded slocks containing carbon 
black, zinc oxide, and other materials. Butyl rubber and neoprene in general have 
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tensile strenKths slightly lower but approaching those of natural rubber. In the case 
of butyl rubber^ these high tensile strengths can also be obtained both in pure-gum 
and loaded stocks. In the case of buna S, the tensile strengths arc in general signifi¬ 
cantly lower than for natural rubber. l\irc-gum stocks normally have tensile 
strengths of the order of 1,000 psi or leas (based on original cross section). Loading 
the rubber coinix)iuid with certain materials gives a marked increase in the tensile 
strength of bima-S t^ompounds. With 100 parts of zinc oxide per 100 parts of rubber, 
it is possible tn obtain tensile strength of the order of 2,000 psi, and with 50 parts of 
carbon black per 100 parts of rubber it is possible to obtain tensile strengths with 
buna S from 2,500 to 3,500 psi. Thus, in general, it is necessary to load a buna-S- 
type polymer with a relatively largo amount of carbon black in order to obtain a 
product that has satisfactory physical properties. It is not a satisfactory material 
for producing pure-gum compounds. Buna N has tensile-strength properties similar 
to buna S. Thiokol and the silicone-type rubbers have low tensile strength and are 
not used in eases where high tensile strengths are required. In general, all the mate¬ 
rials have satisfactory compressive strength. 

Elongation at Break. In a groat many eases the percentage of elongation of the 
rubber is an important factor in its mechanical use. This physical characteristic is 
very dependent upon llie compound employed and the vulcanizing conditions, but in 
general natural rubber and butyl rubber give the highest percentage elongation at 
break, varying from 800 to 1,200 per cent. Buna S compounded with carbon black 
gives elongations at break of the (»rder of 600 to 800 per cent, but os a pure-gum 
stock, this value is rcdue<*d to about 2(K) per cent. Thiokol and silicone rubbers have 
relatively low percentages of elongation in brciiks. 

Effect of Temperature on Tensile Strength and Elongation at Break. In general, 
increasing the temperature above room temperature decreases the tensile strength of 
all the rubber compounds, but the percentage effect varies greatly. Por example, 
increasing the tiunperaturc from 70 to 212®F low'ers the tensile) strength of natural- 
rubber compounds from approximately 4,000 to 2,5(X) psi. The same temperature 
increase for a e'arl>on-black-loaded buna S lowers the tensile strength from approxi- 
matfdy 3,000 to less than 1,000 psi. Thus, w^hile rubber at 212'T is weaker than at 
room temperature, it still has sufficient ten.sde strength to make it a desirable material 
of coiistructicm. The physical properties of buna S at the high temperature are 
becoming so poor that its desirability has greatly decreased under these conditions. 
W^ith the exception of silicone, natural rubber and the oUut synthetic rubbers are not 
satisfactory for uses at temperatures above 250''F. If temperatures of this order are 
required for any extended period of time, silieono-type polymers liave the most desir¬ 
able characteristics. They will ntaiid temperatures of 300“F for long periods of time 
without serious deterioration, and temperatures of 400 to SOO^F can be withstood for 
a few hours. As indicated above, the silicone riibb(‘ivS have low tensile stiength, but 
they can be satisfactorily used as gasket material under compression at these elevated 
temperatures. The other rubberlike iriatcriul decomposes very rapidly in this tem¬ 
perature region. 

Density of Rubberlike Material. The density of a numlxT of the most common 
rubberlike materials is given in Table 4-9. These densities are for the pure-rubber 

material and w’ill be modified by the other 
ingredients in the compound. It will be 
noted that the rubbers based on hydrogen 
and earlxtn, i.p., natural rublier, buna S, 
and butyl rubber, all have densities of 
between 0.9 and 0,95 g per eu cm at 
25‘'C. Neoprene and thiokol have signi¬ 
ficantly higher densities, and this results 
in mo^'e pounds of these polymers being 
required to produce a given article than 
with the hydrocarbon rubbers. 

Electrical Properties. The electrical properties are very dependent upon the com¬ 
pounding ingredients employed. The hydrocarbon-type rubbers as pure-gum inate- 
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Table 4-9 

Denuxtjj, g/eu rm 


Material at 25®r. 

NntuiaL rubboi ... . 0 91 

GR-S. 0 93 

Butyl rubber 0 92 

Neoprene GN, (Xj, anrl E 1 23 

Neoprene FH 1 14 

Buna N and Peibiman 0 97< 1 01 

Thiokol RD. 1.06 

Thiokol A. 16 

Thiokol FA. 1 33 
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rial have high Specific resistance (ohm per cubic centhneier), beii^ of the order 
to W* at room temperature. Howev^, the additioii of compouiidit^ ingredients 
usually lowers this resistance. The data of yersIey* for a ned|n^ne-type rubber are 
given in Table 4-10. Thus with acetylene^type carbon blaek it is posedble to obtain 
relatively low resistance, t.«., the material becomes a conducting rubber. Habgood 
and Waring^ studied acetylene black in both natural rubber and neoprenes, and 
their results are given in Table 4-11. 


Table 4-10 


Type of carbon black 

Partf^/lOO parte 
polychloroprene 

1 Specific reeietancei, 
ohnae/cu cm 


.50 

2.7 X 10* 
l‘2 X 10* 

1,6 X 10» 


100 

Soft 'blwik.. 

50 

Soft black... 

100 

2.0 X 10' 

Semircinforciiifg black... 

50 

1.0 X 10“ 

6.7 X 10* 

8.5 X 10* 

1.7 X 10* 

Semii'cinforcing black. 

100 

Obannel black. 

50 

'Cliannel black. 

100 



Table 4-11 


Material 

Parts of acetylene 
black/100 parts 
rubber 

Resistivity X 10*, ohms/cu cm 

Through sheets 

Along sheets 

Natural rubber.. 

100 

0,31 

0.01 

0.03 

0.13 

0.28 

Natural rubber. 

70 

0 54 

Neoprene £.. 

75 

1.08 

Neoprene £... 

55 

1.72 



The dielectric constant, resistivity, and the electrical losses for several of the 
materials as essentially pure-gum vulcanizates are given in Table 4-12. In general, 
these factors can be widely modified by the particular compound employed. For 
example, with buna S with earboii-black loading, it is possible to increase the dielec¬ 
tric constant to as high as 40. 


Table 4-12 


Material 

Dielectric 

conslAnt 

Re,siBtivity, 
ohms/cu cm 

Power factor 


2.7 

10»* 


Hiiffyl . 

2.5 

10>“ 


Neoprene.*. 

7.6 

10** 

Buna N.... 

0.0 

10* 

Bona S .. 

2.9 

10»* 

7 X 10-* (50 cycles/sBc) 

''J'lljQltQl. 

4.0 





Low Temperature Properties. In general, all the rubl^rlike materials harden as 
the temperature is lowered. The resilience also decreases rapidly as the temperature 
is reduced. Natural rubber at room temperature has a very high resilience of the 
order of 80 to 85 per cent. Neoprene and buna S under comparable conditions have 
values of about sixty-five to seventy per cent, while thiokol and butyl have very low 
values. All the polymers show a decrease in resilience as the temperature is lowered. 
For example, at 40‘’F approximate values are natural rubber, 75 per cent; buna S, 
50 per cent; buna N, 20 per cent; and butyl and thiokol have almost negligible values. 
At still lower temjieratures the materials become very britUe and will break ihstead 
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of bonding or stretching. The temperature at which this phenomenon occurs is called 
the “frcesijig point*' or the “brittle point.*’ It is not a sharply defined temperature, 
and it varies materially with the length of time the polymers have been at the low 
temperature. The liritile-point temperature can also bo modified by the use of plas¬ 
ticizers. However, general comparisons can be made between the different polymers, 
and Table 4-13, based on the data of Sclker, Winspcarc, and Kemp,* compares a 
number of the different polymers. 

Silicone rubber is outstanding in its small variation in flexibility with temperature. 
Marsden* has reported that it is almost as flexible at —55“ as at room temperature 
but that it hardens up in the region between —55 and — 80“F. 


Table 4-13 


Com]ioi«nd 

Natural'rubber: 

Gum fftock. 

20 partH rlmnncl black. 

40 parte channel black. 

100 parts sine oxide. 

Tire reclaim (vulcanixed with 5.25 parts S). 

Tire-carcass reclaim (vulcanised with 5.2.') parts S).. 
Rhoe-atoi'k reclaim (vulcanized wiili 5.25 parts K).... 
Polychloroprcne (neoprene tyiM*); 

Milled 5 min. 

Gum stock. 

Gum stock -H 3 parts soft black 4 8 parts oil ... 
Gum stock -|- 5 iiarts ('Imiiiic! black -| 20 pails oil 
Ginn stock + lOO ports soft black -| 8 parts oil 
Gum stock + 200 parts aofL black 4 10 parts oil 
Butadiene polyinei: 

Milled 5 mill. 

Gum stock. 

Tire-tread slock. 

Buiadienc-styreiio copolymer (buna-S type); 

Milled 2 min. 

Gum stock. 

Tire-tread stork. 

Butadieno-aorylonitrile copolymer (buna-N type): 

American. 

German. 

UII III stock . 

Tire-tread stock. 

OrKBiiie polysulfidi' (thiokol typo); 

Type I. 

Type I. carl) on-1 dark stock. 

Tyjie II, caibon-black slock. 

Type III. 

Type III, carbon-black stock. 

Tyiie IV. 

Type IV, carbon-black stock.. 


BrMe poivt, 
deg C ± 0.5" 

-50.5 
-57.5 
-56.5 
-60 0 
-50.5 
-46.5 
-42.5 

-36.8 
-38.5 
-40 6 
-42.5 

- 36 4 

- 32.0 

-67 8 
-65 5 
-71 to -00 

-65 5 
-65 5 
-66 to -70 

-40 to -52 
-45.5 
-42 to-45 
-46.5 

+ 7.0 

- 3.8 
-22 5 
-3r> 3 
-34.0 
-35.5 
-.39 5 


Solvent Resistance. One of the* imporiani chararteristicy of a rubber product is 
often solvent and cheiiiieal resistanee, and Tabic 4-14 gives some approximate values 
for the swelling of vuleaniz(*d pure-gum samples in various solvents. While swelling 
of itself might not be t<jo objertionablc, in general, the other physical properties, such 
as tensile strength, elongation at break, cut and tear resistance, abrasion resistance, 
etc., decrease rapidly when the material swells any significant amount. It will bi' 
noticed that natural rubber, buna S, and butyl rubber all swell excessively in light 
hydrocarbons of the ga-solinc type, Thiokol and buna N show very low s^^'elling, 
and the value for neoprene is also low. Thus, these three polymers are good for 
products such as hoses, gaskrts, etc., that come in contact with paraffin-typo hydro¬ 
carbons. It will be noted that none of the materials is very satisfactory for resistance 
to aromatic materials similar to benzene. Thiokol A appears to be the best in this 
case. In the case of aniline, natural rubbisr, buna H, and butyl appear to be the 
most satisfactory, Tims the relative .solvent resistance dcptmds largely on the sol¬ 
vent encountered, and for each solvent it is necessary tt> have actual data in order to 
be certain which material is most suitable. 
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Table 4-14. SwrilioB of Vulcanized Elaatomers in Various Uquids 

(Volume per oetit increuMe) 


Liquid 

Natural 

rubber 

Neojirene 

Buna g 

Butyl 

Buna N 

Tbiokol 

Light jpusoliae. 

160 


60 


4 

0 

Gaaoline. 

230 

8 

80 

200 

5 

0 

Keroneno. 


60 




0 

Dietiel oil. 

120 


. .. 


15 


Fuel oil. 






0 

Lubricating oil. 


40 



6 

0 

Paraffin oil. 

140 




3 


'rraiuiformoi oil. 

150 




5 


Acetone. 


2.5 



110 


Benzene. 

370 

IGO 

180 

200 

210 

7 

Carbon tetrachloride. 

670 

100 

320 


120 

0 

Ethyl ethei. 

130 

50 

60 


50 


Jrinaeed oil. 

100 




20 


Turpentine. 

300 

90 



.50 

0 

.Aniline. 

30 

100 

20 

3 

300 



Summarized Properties. As u basis of oomparison, ilic propi^rties of the 

different polymers are summarized in Table 4-15. 

Table 4-16 


Prniierty 

Natural 

rubbci 

Buna B 

Neoiircne 

Butyl 

Buna N 

Thiokol 

Bilicone 

Tenrile airength. 

E 

G 

£ 

E 

G 

F 

P 

Elongution at break. 

E 

G 

E 

£ 

G 

F 

P 

Abraaion leaiHtanoc. 

E 

£ 

E 

E 

E 

G 

P 

IVa? rcniatjuioe. 

E 

F 

G 

E 

G 

P 

P 

Electrical piupcrtiuH: 








Cnndurtivitv . 

F 

F 

F 

G 

F 

F 

F 

HcHiHlanee tu rornna cracking.. 

P 

P 

E 

£ 

P 

E 

£ 

Dielectric at length. 

E 

E 

F 

E 

G 

F 

E 

ChemicHl reaiflta'i'*e; 








Oxidizing HulutfimH. 

P 

P 

P 

G 

P 

P 

G 

Ozone . 

P 

F 

E 

E 

F 

K 

E 

Soluliuna of salta, alkalica, acida. 

G 

G 

O 

E 

G 

G 

P 

AdheNion tu mctala . 

10 

E 

E 

G 

E 

F 


Hcriiataiicc to cuttinR. 

(! 

F 

G 

E 

F 

P 


Rebound . 

K 

G 

G 

r 

G 

P 


Resistance (u diffusion of Ruacfi . 

F 

F 

G 

£ 

F 

£ 


KeHiritanco tu flex ciackJng.. . . 

G 

CJ 

G 

E 

G 

F 


Roaiatance to flow: 








Cold . 

K 

E 

G 

F 

E 

P 


Hot. 

K 

E 

F 

F 

E 

P 


Low heat generation by I 13 stei eniN. 

E 

F 

F 

P 

F 

F 


ReKiatauce to awelling; 








Aromatic aulventb . 

P 

P 

P 

P 

P 

G 


Lacquer aolvenia. 

P 

P 

P 

P 

P 

G 


Gasoline . 

P 

P 

G 

P 

E 

£ 


Water. 

F 

F 

G 

G 

E 

F 


ilesiataoce to ile Leri oral! on in 








mineral oil. 

P 

P 

E 

P 

E 

E 


8 l>ecific gravity. 

0.91 

0.93 

1.20 

0.92 

0.98 

1 . 2 - 1 .« 


Reaiatance to detciioration by 








BUiilight. 

F 

G 

E 

E 

G 

E 



Knt: E ** exccllout; G " good; F ■= fair, P «» poor. 
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INDUSTRIAL-PLANT FIRE PREVENTION 
AND PROTECTION : COMBUROLOGY 
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INDUSTRIAL^PLANT FIRE PREVENTION 
AND PROTECTION: COMBDROLOGY 

BY Gilbert E. Stecher 
Faculty Instructorj Cmterfor Safety, New York University 

An industrial plant may consist of a single building ranging from ono story to 
several stories in heightj or it may consist of a group of buildings of varying heights 
and area and in (dude a diversification of construction and the necessary outdoor 
storage tanks and mechanical equipment. Regardless of its size or the product it 
manufactures, the establishment represents the investment of intelligent planning, 
time, and money, and as such it bf^coines pari of the (Tonoinic life of the nation. 

The owners of the plant have err'ated it lor the purpose of profit, for a reasonable 
return on their investment, and because of a desire to b(‘ of service in the nation's 
economy. In so doing, they have assumed njsponsibilities to tin* city or town in 
which they have elected to do business. Taxes constitute one of these obligations. 
The payment for servici's such as water and electrical power, the employment of 
labor, the safeguarding of the lives of employees, and the maintenance of the plant 
and its premises to ensure the continuity of thc^se obligations nre othei rc^sponsibilities. 
Within their own organization the owners may be responsible to invested capital, 
stockholders and bondholders, and to many liabilities which depend upon the 
successful and continuous operation of the plant. 

The capital investment, profits, and pay rolls are subjeet to no greater jeopardy 
than that of fire which may occur from inherent possibilitms in the process, lack of 
maintenance, or sheer earelessness. 

COST ACCOUNTING 

Destruction by fire becomes a factor in the economics of manufacture, in no less 
degree than any other item, because it uivolvc^s the entire projt*ct and assumes many 
])hasefi. As an item in plant management, the subject of fire should be set up as a 
major one, for under this title will come a factor in cost accounting that must be con¬ 
sidered jiart of the price of the finished product. This will include the fire insurance 
and the attending covi'ingcs, such as wiiuLstorm, hail, explosion, riot, civil commo¬ 
tion, smoke, and automobile damage, businesfl interruption, or use and occupancy, 
rent and leasehold, all of which are bast'd as to upon tlie rate eliarged for the 
fire insurance. 

The fire-insurariee rat(? is basi'd primarily on the burning rate of an individual 
classification, such as woodworking, metalworking, or chemical manufacture. This 
basic charge is pari of the cost accounting of the insurance business and aiTccts the 
cost to industrial plants only as the burning rate of the rlassific'ation as u whole. If 
the fire loss in a classification is lowered or raiscil over a given period, this bawj charge 
is altered accordingly. The fire-insurance rate is h(' 1 up by applying to ihr* plant a 
scientific schedule made up of chaiges and credits plus the liasic charge and attempt¬ 
ing to measure thereby the inherent and maintenanee hazards of the processes and 
equipment and the defects of construction as applied to the spread and control of 
fire. These charges and credits are of vital interest to plant managemi’ut, not only 
as to fire-prevention measures but as a direct eoat against the manufacture of the 
produet. 

Fire-insurane^e schedules apply basic principles in different ways to secure an end 
result. In order to secure the facts applying to the particular risk or plant in a par¬ 
ticular section, it is necessary to apply to the rating organization having jurisdiction. 
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This is generally done by the insurance agent or broker who handles the insurance 
placements of the company. The schedules applying to the several jurisdictions are 
in the East, the Universal schedule; in the Middle West, the Analytic system; and 
in the Far West, the Factorsi system. 

The fire-insurance rate is an overhead charge against the product and is competi¬ 
tive in that a low rate, aside from being indicative of low hasard, will reflect a lower 
overhead charge against tlie product. I'his may appear small percentagewise in a 
modorato-sised plant, hut where large values are involved, the fire-insurance rate will 
be a factor. 

Two plants, making a similar product, with values of buildings, equipment, and stock 
amounting to $500,000, started in huBtness nhemi the same time. One plant, having built 
all hull dings of brick, or ocrupying brick or fire-resiMtive buildings, with no exposed steel¬ 
work and all horizontal and vertical communications (conforming to standard practice, will 
have a rate of insuraiuie ranging from 10 to 75 cents per $100. The other plant, occupying 
a conglomerate group of ordinary brick and frame buildings, with hteelwork unprotected 
and communicationH disregarded, will have an insurance rate ranging from $1 to $2 per 
$100. This will mean a maximum difference in overhead cost of l^tween $3,750 and 
$ 10 , 000 . 

Other factors, which apply to both plants, are the location and safeguarding of 
processes of a hazardous nature. The effect on cost accounting of these features is the 
hidden charge for a nonstandard arrangement of the process and protective features. 

Plant managcmcMit must be on th(‘ alert to avoid placing hazardous processes 
w'hrre they will jeopardize large values, ns this affeets the insurance rates adversely. 

In considering plant exteiiaions, new construction and occupancy should not be 
placed where they will be cxjKised to hazardous processes, for the insurance rate will 
reflect this exposure. 

('ost-accounting methods may differ in the application of the insurance rate or 
premium to manufacturing costs. Tlu'se methods should be analyzed to ascertain 
whether the unit or ov(*r-all basis is used. Insurance ratos are made on a specific 
ba.sis for each building and its contents and include a charge for exposure of one 
building to another, this being computed from buildings in the .same group or plant 
and also from buildings unrelatc'd to this plant. This exposure is measured by type 
of construction and distance rruuoved, plus a jKTcentage reduction for the greater 
di.staiice. 

In considcTiiig any additions or new' construction or the installation or shifting of 
processes or hazardous units, therefore, the imsuraiice rate of the building and con- 
tonts and the exposure charge should Im analyzed as tiny may have an effect upon 
the cost accounting for that unit. 

A spray Iwmth, located in a building where the operation is nominal and the contenta 
value is low, nia}'^ lie hhifled lo a building where the operation is on a larger scale and the 
values high. The in^urHiicc rale in the latter case is increased on the high values, and the 
exposure charge affects all Niurciunding buildings 

Also, in building new additions, the uninterrupted area may bo increased and the insur¬ 
ance rate increased since there is a cliarge for area over a standard minimum. The erection 
of standard fire walls may f>p rcquiicd to avoid this charge. New buildings, regardless of 
the occupancy, if placed within a riven distance ol another building, will be subject to an 
exposure rhargo as well as crcHtiiig one for another Vniilding, Fifty feet is the minimum 
distance to avoid this cliarge, and height limits range from one to four stories; ground-floor 
areas range from 5,000 to t0,(K)0 h<i ft minimum. Exart details cannot be given as these 
factors vary in different schedules and jurisdictioiiK, 

The above details w'ill indicate the principlr involved and the gciirrnl application 
of the insurance schedule which a Herts this featun* of plant management. 

For cost accounting, the following factors should he taken into eonsiderntion: 

1, Haw stock—Yalniiblc and hiinl-to-prururr raw stocks in fire-resistive segregated 
warehouses reduce the ])ossibility of n^plaeemeiit at higher coals ami also plant 
shutdown. 

2. Finished st^k — Himilarly tn'ati'd fiiiished stock reduces the possibility of loss 
of market, overtime production, and loss of profits. 
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3. Processes—Processes that are safeguarded in a standard manner against pos¬ 
sible shutdown or disruption reduce the cost of the product, as there is no lost time, 
and guarantee deliveries of finished product. 

4. Housing—All housuig in fire-resistive buildings reduces maintenance, insurance 
costs, and rebuilding costs. 

Fire-insurance Rates. The fire-insurance rate is a reflection of the features that 
are involved in plant construction and occupancy and also includes the elements that 
are responsible for the causes and spread of fire. The following details, taken from 
the schedule as applied to an east(*ni area because of the greater familiarity with 
that area, will cover the necessary factors to be considered by plant managem^t. 

In some of the schedules used in other jurisdictions, fhe charges and credits are 
by percentages, and the approach to the theory of rating is focused upon the oecu- 
pancy. The standards used for building construction, however, are generally based 
on the National Board of Fire Underwriters Building (’’ode, and all other features 
are based on the Standards of the National Firt' Proteetion Association, Mutual Lab¬ 
oratories of Boston, and Underwriters^ Ijahoratories of Chicago. All these standards 
are available to the plant manager, free or for a nominal fee. The application of 
the schedule at the onset assumes the following conditions to be present: 

1. Building is to be well built, in good repair, and clean. 

2. Exposures must not affect the plant. 

3. Environment must be good, i.e., free from all objectionable features, conflagra¬ 
tion, and railroad trackage. 

4. Public fire protection must be class A. This is the classification given under 
the application of the National Board of Fire Underwriters (iradmg Schedules for 
Towns and (''itics. 

5. Occupancy must be of single type—no other ienanfs. 

The standards shown in Table fi-l and in fhe material following arc required 
rninimums under the schedule, and charges are made for deflection from them.* 

Table 6-1 


Miiinnum Ihukiu'Rs for Itf'aniiR >^u11h of biiik and ^toiif nr niiiforcnd (onrrrtp, in. 


Height nf 





^toni H 





buildiiig 





1 1 



1 


stories 


1 

2 1 

3 

4 1 5 

ft 


7 1 

8 


Bk. 

He- 

Bk 

Bk 

Bk Bk Bk. 

B(- 

Bk 

Bk 

Be- 



POTU 

cone 

ponc 

(on emu 

cone 


pone 

none 

One 

12 

<) 








Two 

12 

in*^ 

12 ft 


1 1 





Three 

1ft 

KPj 

121 10*2 

12 9 

1 





Four 

1ft 

12 

1 H) 

1 12 10*2 

12 9 1 





Kup 

20 

12 

' If) 12 

1 1ft, IOI 2 

12 10^2 12 ft 





Six 

20 

13'^ 

20 12 

1ft 12 

1ft ini<e 1 12 10>2 12 

ft 




Seven 

241 

i;i»^ 

20 13'2 

20| 12 

Ifti 12 1ft I0>2 12 

10'2 1 

12 

ft 

1 

Fight 

24 

15 

24 13 » 2 

1 

I 20 1:^2 

20 ' 12 1ft 12 lit 

1 1 

Ida 

12 

10^ 12 

1 


Standard Requirements for Fire-insurance Rate 

(Standards prescribed by the National Board of Fire Undi'rwritcrs are to b^ used ) 

Walls. Bearing WalJa. To bo brick, stone, or rpinfor<™od concrete 

Nofihearino Walla. May be 4 in, less in thicknesH than heaniig WiilK, but no sueli 
wall shall be lesh tluiii 12 in in thiekness for the uppermost four Mories ni heiglit. Non¬ 
bearing walls which are supported by girders, at each sli^ry, and piU-*terod walls of one- 
story buildings may be 8 in. thick. 

* Data'courtCRy of Tire Instiranre Rating Organisation, Btate of New Jensev 
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Ptarty or Fire Walls. To be same thiokneaa aa required for bearing walla. 

Parapet Walla. Where required, ehall bo zvot lees than 12 iu. thick and carry not less 
than 3 ft above the roof. 

Height. Not over four storieu and basement. Basement 3 ft above ground level to be 
considered a story. 

Metal Columns. Iron and steel columns, when placed within exterior walls of a build¬ 
ing, shall be protected by approved masonry not less than 4 in. thick, but the interior faces 
may he protected as provided for interior iron or steel columns as follows: in. brickwork; 

2 in. concrete, solid gypsum block, or hollow clay tile (if single shell, it shall be plastered 
with gypsum or cement mortar at least ^ in. thick); 3 in. hollow gypsum block. 

Metal Beams and Girders. Iron or steel beams and girders, supporting walls, including 
lintels (except span.s 6 ft or less having masonry or otner suitable arch support above the 
lintel), shall f>o protected by not less than 2 iu. of approved masonry. When not supporting 
walls, iron or steel l:>eaina and girders shall be protected by not less than 1^ in. of brick¬ 
work, concrete, hollow clay tile, gypsum, cement, or cement mortar on expanded metal lath. 
Hoof trusses, unless protected as above, may be protected on the sides and bottom by not 
less than 1 in. of cement nr gyp.sum mortar on expanded metal lath. 

Floors. Ordinary wood joist with double floor boards in good condition. 

Interior Finish. Open, walls and ceilings. 

Roof. Flat, covered with metal, slate, or approved composition. 

Skylight. Metal frames, ^^-in. wired gloss, or heavy glass not less than ^ in. in 
thickness, protected with wire screens of not exceeding 1-in. mesh and not leas than No. 12 
gauge. 

Exterior Attachments. Cornices, porches, bridges, monitors, and saw-tooth-type roof 
structures and similar attachments shall be constructed of incombustible material. 

Floor Openings. Stairways. Knclosed with 2-ifi. tongued and grooved planking, with 
aiilomatic closing door of same thickne.s.s ai opening.s, or stairway enclosed in single board 
if covered with lock-jointed tin on the side toward the room, with autumatir closing door 
of same construction at openings, or oi>cn stairs with automatic closing traps at floor 
openings of same material and thickness as floor, covered on lower side and lapping edges 
with lock-jointed tin. 

ElevcUors. In brick shaft with standard cutoff or open with automatic closing traps at 
ever}' floor opening, of same material and tliickiicHS as floor, covered on lower side and edges 
with lock-jointed tin. 

Area. Ground area to l>e not over 5,000 sq ft in brick and 2,500 sq ft in frame buildings. 

Heating (except for mechanical purposc.s). Steam or hot water safely arranged and 
well set with si-eampipes on metal support, free from woodwork. 


Table 6-2 



CUhs of fire 

Protection 
from freesing 
required 

A 

B 

C 

Water F>aila. 12-qt type. 

6 



ye» 

Sand pailn . 


6 


No 

2 H'ga1 Boda-arid cxtinRiUBhem ... 

1 



Yea 

1 <- 4 - or 1 ^ 2 -Kal soda-arid cxtiiiRuiRlirrs 

2 



Yes 

1 > 4 -or H 2 -p?aI foam rxlingiUHlnTB 

2 

2 


Yes 

2 i^-or 5-Kai foam oxtinRuiHlirm - . ... 

1 

1 


Yes 

2 H-Ks1 calcium eliloridc . . ... 

1 



N(» 

2 ^-gal pump lank. 

2 



Yos 

5-gal putnp tank. 

1 



Yes 

22-ga1 bucket tank witYi .5 standard paila. 

1 



Yea 

60-gal cask with 3 staiidanl puile. . 

1 



Yes 

1 -gal loaded slrcam. 

2 



No 

1 ^ 4 - or 2J?-gal loaded stream. 

1 

2 


No 

1 -, 11 - 4 - or 2-qt carbon tetravldoride extinguisher. 


2 

2 

No 

l-ga1 carbon tetrachloride extiiiguialicr . . ... .. 


2 

2 

No 

2 -or 3-gnl carbon tetrachloride extinguisher . 


2 

1 

No 

4-Ib earbr»n dioxide cylinder. 


2 

2 

No 

7 4- or lO-lb carbon dioxide cylinder.. 


2 

1 

No 

1.5- or 20-lb carbon dioxide cylinder. 


1 

1 

No 

2t£-gal plain water extinguisher . 

1 



i 


177 



















Bbc. 5] FIRE PREVENTION AND PROTECTION: COMBVROLOOY 

ChlnineyB. Brick, bu0t up solid from foundation extending at least 18 in. above the 
roof and at leaat 8 in. in thickness or 4 in. in thickness with terra-cotta flue lining. 

Lighting. Incandescent electric wiring in accordance with National Electric Code or 
gas from public plant, well arranged. 

Power. Steam boiler in outside building with standard rutofl. 

Inride Standpipe and Hose Protection. To be in accordance with the general standards. 

Inside First-aid Fire Appliances. For all practical purposes there are three general 
olasses of incipient fires: 

Class A -‘Incipient fires on which quenching and cooling effect of water is of first impor¬ 
tance, as ordinary combustible materials, such as wood or excelsior. 

Class B—Incipient fires on which the blanketing or smothering effect of the extinguish¬ 
ing agent is of first importance: i.e., gasoline, oils, greases, etc. 

Class C'—Fires in electrical equipment, where use of nonconducting extinguishing liquid 
is of great importance, 

A unit has been adopted for convenience in measuring the fire protection afforded by 
first-aid fire appliances. This unit is composed of from one to five first-aid fire appliances, 
depending upon the type used. One unit is required for each 2,500 sq ft of floor area or not 
over 50 ft of travel from any point to reach the nearest unit. 

The classes of fire, the suitable appliances, and the number reciuiretl for eacli 2,500 sq ft 
of floor area ore set forth in Table 5-2 (see list of Underwritexs' Laboratories, Inc., for 
approved devices). 

Talde 5-3 will indicate the penalty for infraction of the standard from which 
computations can be made for differences in cost of new installation or for existing 
violations. 


Table 6-3 

Cents 


Wnlla 

a. Brick, stone, or reinforced concrete, deflrient in thicknens. each side and end wall.0 01 

b. For cement block, terra-entta, tile, corrugated iron on steel frame, or other nonronibusLihle 

material not specifically mentioned, each side and end wall. 0 04 

Note: 1. i/ satisftictoru evidewe is submitted that the construction it of cinder or concrete 
Wockt listed by Vnderv^riters' Laboratories, make one-half charge. 

Note 2. Nonbearing outside curtain walls, maki one-kalf charge. 

e. For absence of parapcl on each party or exposed masonry wall. 0 03 

d. Parapets not in arrordance with standard, each party or exposed wall .0 02 


Note 1. Charges under c or d do not apply if wall and roof constructed of incombustible 
material, or where adjoining or exposing building is higher than risk being rated. 

Note 2. Reduce charge under e and d one-fovrth for each 5 ft distance removed from 
exposing building. 

B. Frame, brick-veneer, rorrugaled iron on w'ond shealhing or skeleton wood frame, or other com¬ 


bustible material. If main building, additions, or extensions ronstnirted as above, charge; 

If not more than 26,’'pcr cent of wall area. .0.08 

26 to 50%.. . . . 0.16 

51 to 76%. . 0.24 

Over 75 %. . . . 0 32 

Height 

a. Buildings of other than e (above) ennstrurtion, each stor> over four 0.05 

b. Buildings 50% or over of e (above) cnnntrurtion, caeh story over two . 0.05 

Columns, Girders, and Beams 

a. For unprotected metal columns, each floor .0 03 

h. For unprotected metal girders or tieanis, each floor.0 01 

Note. ATa charge to be made when budding is 50 per cent or over of r (atmec) consiruo- 
tion. 

Floors 

a. If not according to standard, each floor. 0.02 

Note. If no basement, make no charge for first floor. 

Interior Finish (an.v finish forming concealed spaces, each flimr) 

a. Walls.0,01 

b. CeUings .0.01 

Note. Make no charge if huJdiny is 50 per cent or over of e (abeiJc) consirurtinn. 

Roof 

a. Wood shingle or board. 0,10 

b. ^Combustible mansard, monitor, or saw-tooth-t.vjic roofs (cuniuluti\e with Skriighte. below) 0,05 

e. Roof space or blind at tie ..0.03 

Note. No charge under item b if budding is 50 per cent or over of e (abiMv) ronsinu-tion. 
Hkylight« (if not in accordance with staixlard) 

a. For 16 sq ft or less.0.06 

b. If over 16 sq ft (not cumulative wLlh a).0.10 
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Nots 1. Item a or b cumidatiee with & under Roo/i. 

NOTX 2. // wood frame protected with etandard ecreene, reduce eharoo one-M/. 

Exterior Attachmeata 

a. Wood-boxed romice, pornhes, awniiifi:R, bridgee, or similar combustible attachments.O.Ot 

Noth. No charge if budding ia 60 per cent or aver of e (a6cwo> eonatTUcUon. 

Floor Oponings (any kind) 

a. Each open floor opening, each floor pierced.0.03 

b. Each floor opening enclosed, but not standard, each floor pierced...0.02 


Nots 1. Where charge u made for multiple floor openinge, use full amount of hiifheH 
charge, one-half of next ioioer, and one-guarter of each addiHondl. 

Notb 2. Floor openinge within 15 ft of other floor openinge, take one {highed) charge. 

Area 

a. Each 1,000 aq ft (or fraction thereof in ezeeas of 500 sq ft) in excess of 5,000 sq ft of ground 


area in building of other than b or e (under Walls) coiihtructioii. 0.02 

b. Each 1,000 sq ft (ur fraction thereof in exrcss of 250 sq ft) in excess of 3,750 sq ft of ground 

area in building of b (under Walls) construction .0.03 

c. Each 1,000 sq ft (or fraction thereof in excess of 250 sq ft) in excess of 2,500 sq ft of ground 

area in building of e (under Walls) construction.0.04 


Notb. For buddinga of mixed conatruclion, charge for area on the basis of the direct 
percentage that each tgpe of conatrurtion bears to the lottd floo} area, 
d. If area subdivided on all floors by division or cross walls of brick, stone, or cnnCTcte, built 
from ground, strengthening the building (even if with openings), rinduct lO per cent of area 


charge for each wall, not to exceed 40 per cent in all. 

Notb. Total charge not to exceed 0.40. 

Heating (except for mechanical purposes) 

a. High-pressurt' steam iMiilers, well arrangf«il.O.lO 

Noth. Not eumulatiife with charge for high-preaaure ateam boder (are Puiver beloui). 

b. Stoves or other unapproved unit heaters.0.05 

r. Gamiline stoves. 

Chimneys (not in accordance with standard). 0.05 

Lighting 

a. Not in accordance with standard. 0 05 

b. Acetylene and gasoline systems. 

Power (for manufacturing purposes) 

a. iligli-presNUre steam boilers, well arranged. 0.10 

b. Other apimived methods, well arranged. 0.05 

c. Metal boiler stack, through roof, properly arranged ..... 0 10 


Table 5-4, Credits for C-onstruetioii, which is better than anticipated under 
the schedule, will indicate the }>ossible saving in costs, if at pn^sent existing or 
contemplated. These are granted on rate at this i>oint. 

Table 6-4. Credits for Construction 

Credits, 
per eerU 

a. Better than standard, other than mentiuneil Inflow . 3 

b. Fire resistive throughout, cxc.ept ro<»f. . 40 

Note 1. Not to apply to buddinga one story in height irithout baaement. If with baee- 
ment, reduce credit one-half. 

Note 2. For floora of mixed conatrurtion prorate the credit on the baaia of the dirert pat- 
rentage that the floor atea of flre-reaiative coHatrurtian (diaregarding the fnat floor of buddinga 
withoid baaement, and any flour, the total area of which ia 25 per rent, or leaa, of fire-renative 
eanalruction) beara to the total floor area of the building. 
r. Htandard mill throughout, including roof: 


Height, atoriea 

4 (or higher). 25 

3 . 20 

2 . 15 

1 . 10 

d. Scminiill throughout: 

Height, s/ort>« 

4 (or higher). 10 

3 . 8 

2 . 6 

1 4 

0 , Height, for each story leas than four in inaBonry buildings. 2 

Note, Not to apply to boderhouaea. 


Installation of protective features such aa alarm systems, watchmen, standpipe 
systems, automatic sprinklers in basements, large-unit fin* extinguishers, private fire 
brigade, and smokeproof tower (aid to fire department and protection to life) will 
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indicate savingB for present installations or future possible savings, by the credits 
allowed in Table 5*5. 


Table 6-6 

Credits, 
per cent 


a. Automatic fire alarm, central station (deduction not to exceed 30 cents). 25 

5. Automatio fire alarm, auxiliary (deduction not to exceed 25 ocnis) . 22 

e. Manual fire alarm, central station (dedurtion not to exceed IG cents) . 9 

d. Manual fim alarm, auxiliary (deductiun not to exceed 15 cents) . 8 

e. 'Watchman and clock (deduction not to exceed 10 cents). 6 

/. 'Watchman, central station ordinary supervision (deduction not to exceed lO cents). 6 

g. Watchman, central station compulsory tour supervision (dcduelion not to exceed 20 cents). ll 


Notb 1. Reduce credit under c or d 50 per ceytt if no approved watchman eeroice vnleee risk 
ia under 24~hr operation daily. 

Note 2. Reduce credit under d to Q per cent if system not approved by Underwritera' 
Laboratoriea. 

Note 3. Reduce credit under a, b, r, d, /, and g 50 pet cent if risk is not located within 20 
mtZM of headquartere furnishing approved continuous aupermsory aen<ice. 

Noth 4. All systems should be approved by Underwriters' Lahuratories and instrdled, 
maintained, and supcrinKcd in accordance with the rules and requirements of the National 
Board of Fire U nderwriters and Rating office. 

Note 5. When credit ia allowed under a or b, one^half of credits under e, f, or g may be 


cumulative. 

Note 6. When credit is allowed under e, f, or g, full credit under c, or d may be cumulative. 

h. Btandpipe and iioso in accordance with standard renuirenienls: 

Class A. 21^ 

Class B. 6 

Class C. 7 >2 

Class D. 10 

i. Automotive sprinkler system in hosoment (approved) . 6 

j. For approved 40-Kal purtahlo chemical exiinRuisher, installed in aceimlauce with the re¬ 

quirements (deduction not to exceed 6 cents) . . 2>S| 

k. For approved private fire department with standard outside fire hj^lraiil and hose and 

drilled fire brigade (deduction not lo exceed 10 cents). 6 

Note. Credit under k to apply only in class Ji or K localities, which are u'lthout public 
fire proieeiion. 

l. Smokeproof tower to aid file department . 1 


The following ohargps arc for multiple occupancy or additional tcjianLs wdio may 
uhare a building with the original tenant: 


a. 


b. 


Table 6-6 


('hatye, 

cents 

For each additional tenant or occujtant, in buildjugs over 50 per cent of other than e (uniler 
Walls) construction: 

Manufacturing. . . 0 07 

Mercantile, storage, or vacant . 0 03 

In buildings 50 per cent or uver of r (under Walls) cim.slnictioTi: 

Manufacturing. . 0 12 

Mercantile, storage or \acaii1 . . 0 10 

Note 1. Afake full charge as promded abevr for first two tenants or occupants and reduce 
charge 1 cent for each additional tenant or onupanf nvei two. 

Note 2. For each additional family over 10 in building being rated, 0 iXKl. Total charge 
not to exceed 25 cents. 

Note 3. Make no charge for barber shops, beauty parlors, etc., above the yradc floor. 


For grades of classification of public fire pndcction lower than class A, a charge 
is made generally (sec Table 5-7). 

A further credit is allowed, under this heading, for fireboa* and siaiidard h-p 
systems as shown in Table 5-8. 

Charges arc made, os in Table 5-9, for unsafe and unusual conditions which may 
exist or are permitted to otimc into oxistf'nre and arc rcall}’ pciialtit\y for neglect or 
disregard of causes that may result in a fire. They are corrective and removable 
and can be complied with, thereby securing a saving and eliminating a fire hazard. 

Credit for coinsurance will vary in different jurisdictions, and Table 5-10 is 
given as an indication of such credit on a particular S(;hedulc applied to this particular 
subject (see Tabic 5-7). 
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Table 5-7. Public Fire Protection 

7*01071 class 

A. 

B. 

C. 

D. 

E. 

F. 

G.. 

H. 

K. 


Charge^ cerifs 
.. 0.00 
.. 0.01 
- . 0.02 
.. 0.03 
. . 0.04 
.. 0.08 
.. 0.20 
.. 0.46 
.. 0.50 


Table 5-8. Deductions for Superior Public Fire Protection 

Dedwitionst 
per cent 


o. Fireboat. Ilisk bo located that city-owned fireboat can bo of active and beneficial aervice 5 
Notb. Deduction not to exceed 15 cent*. 

b. If riek ia within 500 ft (nvei puhlir thoroughfares) of hyrlrutil on standard h-p system. ... 10 

c. As in bI but substandard ayaiom. 6 


Table 6-9 

For conditions of building and occupancy, add as follows: 

Charge* 


Rtoves or Hcatora 

a. Poorly arranii^. .0 10 

0. Absence of metal under.0.10 


r. Hazardous arrangement.0.25 

Stovefiipos and Flues 

a. Combustible material less than 18 in. away, or less than D in. away with standard protec¬ 

tion . 0 10 

b. Hazardous installation . . . . 0.26 

c. Entering bottom of chimney vertically. 0.16 

d. Enlering cliimiiey in attic or any unused room.. . 0.25 

Terra-cotta (• id mil eyt.. . . ... .0 16 

Defective chimneys .... . . 0.16 

Defective steam-boiler installation . ... .0.25 

Lighting 

a. Hwinging and otherwise unsafe gas brackets nr lamps.. . 0 25 

b. Large conter-draft oil lamps. . 0.10 

Defective clertrical iiisiallstion. . .... 0.25 

Empty boxes, rubbish, and odd accumulations adjacent t>o building .. 0.25 

Hazardous packing materials nut properly dispused of .... . 0 25 

Odd aecumiilalions, crowded and dirty coiulitioiis . . . 0 25 

Crowded condition of merchandise jirevcnting proper aecest. to building 0.16 

Obstructions to building nr roof that iiiav interfere w'ith fire department ... O.lO 

Paper, burlap, or iiiiscellaiieiiUB eombustible inaterials on walh (Uncoiling . 0.10 

Building not in good Mato of repair . . ..0.10 

Building dilapidated or in poor state of repair . . 1.00 

Gasoline, Naphtha, Etc. 

a. Storage and use of gasoline and gnsoline devicra, as per general rules. 

b. Ab.seuce of safety cans.. . . 0.10 

Hazardous manufacturing appliances or devires not properly iiKstulled or maintained.. 0.25 

Absence of approved metal ash, rubbish, or waste cans . 0.10 

Absence of No Smoking signs .0.10 

Absence of adequate first-aid fire appliances. .0.10 

("undition not anticipated under schedule. . . 0.26 


In class H and K towns, when coiiiKurancp credit is not given for sviporior con¬ 
struction or approved private fire protoction, reduce rates without (^oinsurance 5 per 
cent (not to exceed 15 cents) for use of 80 pereent coinsurance clause. Coinsurance 
deserves carcjful consideraiion, for herein lies the diffiTcnce in iiisuraiico costs between 
good and had construction and proper sufi^guarding of the plant premises. 

The application of coinsurance to the total amount of capital assets in the insur¬ 
ance program will affect the amount of recovery from any fire loss. 


The insurance rate is based upon the assumption that the valuCH subject to destruction 
by fire will be insured to a given [icrceutage of those values. This percentage is placed 
most generally at SO per cent of the values. As the coinsurance clause in the insurance 
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Table B-IO. Deducti<me for Colniarance Clause for Specific Form of Insurance 

Deductiona, 
per cent 

The final ratOB for npeoifip form of insuranrc are subject to following reduotions for use nf 80 
per cent coinsurance clause, but not to exceed 60 cbilIb, except in class A and B lowns:* 

In all towns, except Ji and K*.. . 26 

The following dedueliims apply, regardlcR*) of location: 

a. When credit is given for fire-resistive conhtruction throughout, except roof . 40 

Nora. When credit it given under b in Tab/e 5-4, prorate ttie coi/iEuranee reduction 
on ttie bane of the same percentage aa vf allowed at 6, dxaregaiding any pcrrB7imi7e leae 
than 20 pet cent. 

b. When credit is given for approved private fire protection . 16 

c. Buildings not over one story (no basement) witli incombustible walU, partiliuns, stag¬ 

ing, floors, and roof, contents inpoinbustible, no anx-iroTimcnt and no exposures, shall 
be Bubjnet to reduction of 75 per cent for attachment of the BO per cent coniHUrance 
clause. 

* The reference to class A and class B, H, and K towns, is the rating given for the ebaraotcr of fire 
protection or the lack of it entirely. 

policy becomes part of the contrarturaJ agreement, if the agreement to carry RO per cent of 
the value is carried out, the entire amount uf the loss is paid whether it is partial or total. 

If the perccntaRC of value insured, however, is less than the agreed-upon 80 per 
cent, the settlement of the loss is made on the basis of the ratio the amount of insur¬ 
ance carried bears to the required 80 per rent of the total value. 

S500,000 « capital asset building, equipment, and stock 
400,000 » required 80 per cent, to lie curried under the coinsurance agreement 
300,000 = amount of insurance carried, with the coinsurance clause as part of the 
contract of insurance 


Amount recoverable 
300,000 
400,000 


= firo loss = S50,000 
- 76 per cent *= $37,600 


CorUenis Rate, The contents rate is made by including charges for types and 
classes of manufacture or nonmanufaeturc and for hazardous processes or operaiiims 
which are subject to scicmtific and standard applirnfion treatment. A list of these 
standards is appended, and they can be secured from the National Kin* Proteetioii 
AsBociation, the National board of Fire Underwiitcrs, or IJnderwriti'rs' Laboratories. 

A credit is also allowed in the eonteiits item if inerclmndise is nil skids or riliit- 
forms 6 in. in height. This credit applies only to stocks particularly damageable by 
water, contained in other than barrels, buttles, and waterproof cases. An additional 
credit is allowed if all slielviifg is ofiset from wall 1 in. and harked up with approved 
wire screening. These credits will generally amount to 2 per cent of the flat fiuildlng 
rate, plus the charge for susceptibility at this point on the schedule. The above 
charges are numerous and changeable and so must be secured from the rating buri'iiu 
having jurisdiction. 

The credits allowed for any and all fire-fighting equipment -first-aid eqinpriH'nt. 
standpipe systems and yard systems, automatic sprinkler systems, and alarm systenih 
—although part of the iii.surance rate, must be sought for this purpose fiom a cost- 
aecouniing standi^oint, the same as all other credits. Thost* fire-fight mg units com¬ 
ing under the heading of fire defense will be treated fully under Fire Protection, 

Plant management, cooperating with the cost-aceounting department and consid¬ 
ering the details of construction, hazardous processes, and fire defense, will secure a 
low insurance rate which will reflect in the cost of tlie product and also reduce the 
possibility of destruction by fire of the capital assets of the plant. 

Fire-resistive-conslrurfion Ratfui. In some jurisdii'tioiia fircj-resistive-eonstruction 
rates are made on special schedules. Table ^11 gives the acceptable standards in 
an eastern area. The charges on the schedule arc made for deviation from these 
standards and include the usual deductions for fire protection, alarm systems, and 
the charges for faults of management (see Tabic 5-0). Coinsurance credits, for use 
of (00/80 per cent) coinsurance clause, will produce reductions up to 75 per cent for 
superior types of construction. 
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[Sec. 5 


Standard Kequirements for Fire^eaiative Conatruqtion* 

Beaiins Wills. Brick. Shall be not less than liS in. in thickness for ilie uppermost 
three stories in height and shall inoreaao 4 in, in thickness for each sucoesbive two stories in 
height, measured downward from the top of the wall. 

^ Bcinforeed Concrete. Shall l>e not less than 6 in. in thickness for the uppermost story in 
height and increase 1 in. in thickness for oarh successive two stories in height, measured 
downward from the top of the ivall. 

Ifonbeuing Walls. Brick. May lie 4 in. less in thickness than bearing walls, but no 
such wall shall be loss than 12 in. in thickness for the uppermost four stories in height. 
Nonbearing walls, which are supported by girdeis at ci^ch story, and pilasiered walls of one- 
story buildings may be 8 in. thick. 

Reinforced Concrete. If supported by girders at each story, such walls may be, but shall 
not be less than, 5 in. in thickness. 

Fire Walls. Brick. To be same thickness as required for bearing walls, except business 
and storage buildiiig.s exceeding two stories in height, no part of which wall shall be less 
than 16 in. in thickness. 

Reinforced Concrelv. (.Public Buildings.) To Ihs not less than 9 in. in thickness for the 
uppermost tlireo stories iu height and increase 3 in. in tliickness for each successive three 
stories in height, measured downward from the top of the wall. 

(Business Buildings.) To be not less than 11 in. in thickness for the uppermost two 
stories iu height and increase 2 in. in thickness for each successive two stories in height, 
measured downward from tlio top of the wall. 

Party Walls. Brick. To be .same thickness as required for fire walls. Kxrept when 
supported by girders at each story, such wall may lie not less than 12 in. in thickness. 

Reinforced Concrete. To be same thickness aa required for fire walls. Kxrept when 
supported by girders at each story, such wall may 1k' not les.s thou 8 iu. in 1 hickness. 

Roof. Hoof construction shall consist of a seiios of steel or reinforeed-concrete beams 
with interposed arches or slabs of sucli material and construction as shall meet the require¬ 
ments of the Building (Vide of the National Booid of Fire I’liderwriters. Roof coverings 
shall be of approved iiicumbustjlile materials. 

Skylights. To be constructed of wired glass in metal frames, or plain glass protected hy 
wire screen placed 4 to 10 in. above and extending on all sides the same distance beyond the 
glaaing. 

Height. Not over six stories and basement. 

Floors. Fbwr construction shall consist of a seiies of stoel or reinforced-concrete beams 
with iiiterposor arches or slabs of such material and const ruction as shall meet the require- 
inents of the Building Code of the National Board of Fire Underwriters. 

Metal Columns. Iron and steel columns when placed within exterior walks of a building 
shall be protected by appioved iuasoiir\' not less than 4 iu. tliick but the intprinr faces 
may Iw* protected as provided for interior iron or steel columns as follows: in. brickwork; 

2 in. concrete, solid gypsum block; 4 in. hollow clay tile (if single shell, it shall be plastered 
with gypsum or ceineut mortar at lea.st ^2 hi. thick); 3 in. hollow gypsum block. 

Metal Beams and Girders. Iron or steel beaimsand girders, supporting walls, including 
lintels (except spans 4 ft or less having luasonrs or other .suitable arch support above the 
lintel) shall l>e jirotected by not le.sh than 2 in. of niiprovod masonry. 

When not supporting walls, iron or steel beams and girders shall be individually pro¬ 
tected by not Ie.ss than in. of brickwork, conerete, hollow clay tile, gypsum, nemelit, or 
cement mortar on expanded metal lath. 

Partitions* To be constructed of non combustible material. 

Area. Not over 10,060 sq ft ground area U'tween intersecting fire walls. 

Floor Openings. Stairways, elevators, and other shafts. Wlieu walls enclosing shafts 
are bearing and of masonry or reinforced concrete, they shall be of the same thickness as 
specifie<l for hearing walls. When they are supported at each floor, they maj be con¬ 
structed of 4-in. brick or O-in. hollow tile jjlasterod on both sides or 4-ui. cored gypsum 
block. Openings in such shaft enclosures shall bo protected by approved automatic or 
.self-closing fire doors. 

Heating. (For uoiiraanufacturing purposes ) Steam or hot water safely arranged and 
well set with .stetun pipes on metal supports, frw from woodwork. 

Chimneys. Brick, built up solid from foundation at least 8 in. in thickness for medimn- 
lieat appliances (h-p steam), or 4 in. in thickness wth terra-cotta flue liiiiug for low-heat 
appliances (1-p steam). 


• Hoe National Building Code, National Board of Fire Underwriters for roinplet<* details and time- 
tcmiierature curves. 
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Lighting, lucandeacent electric wiring in accordance with National Electrical Code, 
or gas from public plant, well arranged. 

Power. Steam boiler in outside building with standard cutoff. 


Automatic Sprinkler Protection. The rating of plants equipped with aiitomatie 
sprinkler systems is based primarily upon the grading of the sprinkler protection 
estimated on the hazard of the occupancy. A system that docs not grade 40 per 
cent or Ixjtter is not considered eligible for a sprinkler rating but is put back on the 
schedule applyuig to the particular plant on a noiispriiiklered basis, with credits that 
may apply for protection. 

CrediUt and Otarges. The schedule for grading automatic-sprinkler protection is 
a detailed affair aud must be applied by the bureau having jurisdiction and may 
differ in its application in various parts of the country. The following fundamental 
details, however, as applied in an eastern jurisdiction, will cover the essentials, and 
the standards will be approximately the same for all installations. Reference is made 
to the “Standards for Sprinkler Equipment, Automatic and Open Systems," pub¬ 
lished by the National Board of Fire Underwriters. 

SCHEDULE FOR GRADING AUTOMATIC SPRINKLER PROTECTION 

1. Full standard equipinout. 

Water Pressure 

2. Primary preattvre dfficimt from gravity tank, fdvinf? Iphb Ilian 1 .*5 lb on hifEhent line of sprinklern, 
hut with tank bottom not loflfl than 5 ft above the liighcMt line of Njirinklere (I per rent ch'ilurtioii for earh 
C(M)t IcHS than 36 ft), 0 to 30 per rent. 

3. Primary piMtture deficient from public water-work^ ayatem, KiviiiK lew tliiin 16 lb on tho 
h iKlieat line of Kprinkiers, but 8 or more lb pressure (2 per cent deduction fur earh poiiiul less than 
15), 0 to 14 per cent. 

4. Primary preasure dependent upon apiirovod central-station supervised autnmalir pump 5 per 
cent deduction. 

5. Secondary pressure defiirient from gravity tank with bottom less than 20 but 6 ft or more abn-ic 
highest line oF sprinklers (^3 jier cent deduction for each foot less than 20), 0 to JO per rent. 

6. Secondary preasure deiUrienl from public water work.s, giving le.ss than 10 but .5 or more lb pres¬ 
sure un the highest line of sprinklers (5 per cent + 1 per rent deduction for earli pound deficient), 
6 to 10 per rent. 

7. Secondary pressure dependent on nonautorantie pump, 5 per rent dednrtion. 

8 . Water supply coinmon to two or more risks, ehsrgp risk nut in (Control of supjilies, 6 per cent 
deduction. 

0 . No recognized s<'rondary supply, 30 per rent deduction.’*' 

* Note- -'When public wat>er works supply is of exceptional capacity and reliability (vnliiino and 
pressure), reduce charge under 9, 50 per cent, but this reduction not lo apply if any rhargchin gracling 
are made under 2, 3, 10, and 2l to 29. 


Capacity of Water Supplies 


10. Water supply deficirnl in available capacity, 1 to 20 licr cent deduct 10 per cent, and from 21 to 
60 per cent deduct 30 per cent. 


Equipment 


11. Minor iinsp/iuklercd areas 10 per cent; important unsprinklereil areas JO per cent -f- 1 per cent 
deduction for eauli 1 per rent of total area unsTirinkJered. 

Note 1. Make no deduetinn for abseiire of sprinklers at dynamo 01 switrhbnanl when in fire- 
resistivc rooms not containing other ronibustible matenalh. 

Note 2. If building ih of nnnroinbustible ronstnielion and contents are noneombustible. make no 
deduction provided it is warranled that no rombiistibles will be located, temporarily or otherwise, in 
such unaprinklered area. 

12. A small number of sprinklers with water shut off during ctdd weather, 5 per cent deduction. 

13. Charge as follows when sprinklers are on flry pipe system in any one fire area: 


Per cent 

o. 25 per cent or under. . 2}i 

b. From 26 to 50 per cr‘nt. . 6 

c. From 51 to 75 r^r cent. . 7>^ 

d. Over 76 per rent. .10 

Note, If any dry valve controls more than 300 spriiikiers or the system has more than 376 gal 
capacity and does not have 11 ipiiek opening device attached, druible above ehargf». 

14. Water distribution nbstrurted by shelves, tables, l>enehert. partitions, or by piles Of combustible 
stock or other cunlents, 10 j>er cent deduction (cumulative with 11). 

16, Clear Bimee of 2 ft lielow ceilings or bottom of joist not maintained througliout all sprinklered 
areas, 10 per cent doduction. 
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16. Watchman and olook but no approved alarm valve, 5 per oenl ; no wab'biiiaii and no approved 
alarm valve, 15 per cent. 

NoTB. Not to apply if central-statinn alarm and/or aprinklor f.upnr\ipory syniem installed. 

17. No steamer coniieciionH where necessary for use of public lire departmeut, 5 7)er cent deduotion. 
Notb 1. Not to apply if risk in iinproiected lof^ation. 

Notu 2. Hydrants (private), if ho (onnecleri ao to >>e available for sleamer couneciioii, will be 


accepted in lieu thereof, if two or more double femalo couplings are provided, 

16. Other deviations from equipment rules: 

Per cent 

а. Unapproved sprinklers...5-26 

б. Unapproved dry valve... ... ... 5-25 

c. Unapproved devices (otlier than above). 5-26 

d. l^pe Rises in accordance with Mandard, previous to ^905 6 

B. Supply connections not standard ... , 5-26 

/. Spacing in accordance with sianilard, prevdoun to lOno ... . 5 


Note. Unapproved devifes and standard^ arc Lliuse whose field record has shoen them to be 
serviceable but not approved by Underwiiters' Laboratories. Deductions are made v’anable to cover 
the degree of probable efliciency, as follows: unapproved. 5 per cent; rc^cord, good, 10 per cent; fair, 
15 per cent; indi0erent, 20 per cent; poor, 25 pei cent. 

Vertical Openings 

19. Unstopped openings between floors without approved curtain boards, 16 i>er cent deduction; 
with approved curtain boards, 10 per cent deduction; with semistaudard cnclosun^s or automatic traps, 
6 per cent deduction. 

Maintenance 

20. Defects from lack of maintenance: minor, 6 per cent deduction; moderate, 10 per cent deduc¬ 
tion; severe, 25 j>er cent deduction. 

Occupations or Constructional Deficiencies 

21. Large areas and unusual heights of room, with occupations hkelv to cause the ojieration of over 
50 spriiiklers, such as theaters, halls, erecting shops, fouudric*>. etc , according 1o oondilion, 15 per rent 
deduction. 

22. Conienta notably jiroventing full sprinkler distribution, as blored cars (except when building 
equipped with "car line'* sprinklerfi), barrels, tube>, coifins, laige hollow piles of combustible stock such 
as furmture, itc., according to condition, 20 per cent deduction. 

2fl. irnusual draught conditions, as from large blower Hjrstcms or buildings with cqien side*^, shotls, 
etc., according to condition, J6 jifir cent deduction. 


prncoHses, cotton, hemp, jute, or sisal atorage, according to lundition, 25 i>ei ctnt deduction. 

20 Occupniicins allowing quick hot fires, not readily eYtingiiishcd with water, as in varnish works, 
lard and oil refineries, and projji’rties contaudiig laige quantities of grease, waxes, fats, nunexplosive 
ods, etc., acconliiig to condition, 20 per cent deducti(<n. 

27. Apprehensive explosion liazards due to preHence of gun powder, d.Miariiite, various chemicals, 
compounds, etc,, according to condition, 00 per iciit dediictnm. 

26. Vapors from dangerous quantities of naphtha, gasoline, benzene, volatili' oils, alcoliols, etc., 
according to condition, 30 fier cent dedurtion, 

29, Manufacture of, or storage of, considerable quantity of p.vroxylin priMlui’ts, such as ” enlluloid,” 
etc , 25 per cent deduction. 


FIRE 

Definition of File. Chemical reaction in some materials is dcRcri1)cd and explained 
as the setting up of an activity within the molecuh*, w'hieh oauses either the release 
of hydrogen or the abRorptioii of oxygen. 

Combustion. The latter phenomenon, in common parlance, is called ^‘combus¬ 
tion " and as such has many phases, but the phase that presents itself most frequently 
is combustion resulting in fire or flaming. 

Flammability of substanees or liquids as the result of combination with oxygen* 
is termed “oxidizing/’ and the visible evidence of this is fire or flame, which is accom¬ 
panied by the liberation or emission of heat. This flammability depends in a large 
degnse upon the construction of the substance or liquid, its gaseous content, the ele¬ 
ments subject to volatization, and their ability to absorb oxygen. 

(''ombustioji, therefore, takes place in the pn'seiiee of oxygen, and the absence of 
this element or the temperature neressary to this reaction governs the intensity of 

* Liebig naincn'‘thc gradual combination of the rombuRtible elomenlB of a body with the oxygen of 
the air EramocaufliB, 
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Table 5-11* 

1. Grade of Ocrupsnrvt. Ckaroe aa per TaUet .*. 

2. Heiffht. For seventh story charge 5 per cent ol occupancy grade; for eighth story, 10 per cent; 
and for eaeh additional storvi 15 per cent (cumulative). 

Notb. Not to apjAy if Inulding of firo-reeietivo conetrwtion and egutpmcnX grades 60 per cent 
or more standard. 

8. Area. If joistcd constnirtinn for earh 1,000 sq ft or fraction thereof in excess of 10,000, charge 
1 per Cent if grading is over 75 per cent and 1)^4 per cent if grading is 76 per oent or under. 

4. Floota. If single board, charge* 10 per oent of occupancy grade for each floor of such construc¬ 
tion, not to exceed 40 per cent. 

6. Floor Opvninae {any kind). If not protected, charge for each floor orieiiing, each floor pierced, 
S per cent of orciipancy grade, not In exetH'd 80 cents. If protected with automatic traps and/or senii- 
standard enclosure, one-quarter charge; curtain boards, half charge. 

6. Inltnor Fimah. Fornung concealed spaces, charge 10 per cent of occupancy pf^radc for each floor 
not to exceed 40 cents. 

7. Boiler, (Over 20 lb steam prtiSBurp) if in biulding, unless in flrtvrCHistive room cut off siaiidard, 
charge 5 per cent of occupancy grade if fuel is coal and 25 per cent if shaviugb or refuse, not exceeding 
62 . 

8. Extra Ilararda and Internal Management. Charge as per extra hazard table,! deducting the 
following percentages according to the grading of the sprinkler enuipnieiit. 

80*; andabo\e **60% 60^-89.9% inclum\c »■ 35 

70-79.9% inclubivu * 40'^ 60-59 9inclu(u\e = 30 

Under 60 % 26 % 

9. TvnarUa. If two or mom tenants uie (item 1) occupanrT uf princirial hazard and for eaeh 
tenant over one charge as per table jioge 5, of Sprinkler Schedule of i'lre liiHinanrL 'Rating Organization. 

Notb No chaige undn item 9 if b-uddtng of Jtre~)€Stt,iive conalrurtion iciiA standard floor 
open^ngs and havtng wired oIak\ extertoi unndov a. 

10. Watchman. Without apiiroved watihinan and approved watch clock st'rvice, 20 cents. 

Nojb 1. If natehntan and apjrroeed clock enmre but rounda ate aubetandaid, eftarge in the 
pioportion that net vice bcaib to standard. 

Note 2. Make no charge \f drdtniton 20 or 21 xa allowed. 

11. Location. If nsk is Iocat4*<I outhide public fire protection, charge 10 per rent of occupancy grade, 
but not leas than 8 cents or more than bO cents. 

Notb. JWuAjc mo eftarge'under 11 tf risk has an appraised yard hydrant ”* 

and hose system and on approved private fire dtigade. Item Building 

12. CotidtftOTiT not antiripated, 10 cents. 

The building charge of 1 to 12, incluHve, sliall bo the following per pent of the- 

sum total of such contents charges: 

13. “File Restsiive ” With all structural ineinbem protected, 30 pt'r cent - 

14. “Fve Rrsiitive." With pail or all structural moinbers not properly 

protected, or unprolecW, 40 per cent. " " - 

15. “SlouJ Burning'' or “Mill” Construction, 55 percent. — “ “ - 

16. "Ordinarv” Biirk, Ordinary joistod construction (including iron on iron 

frame). 70 iier cent. " -- 

17. “Frame “ Wood ronstrurtioii throughout (including iron on wood 

frame), but not to exceed 40 cents lew than contents rate, 90 per eciit. - - — 

Note, Prame sheds take same rate o? rontmts. 

18 Base 7all for fi^e-^ealHti^ e or blow-burning construction, 10 cents; for all 
other types of i oust ruction, 12 cents. 

(Fuitber deductions Bppl>ing to building and contents to reduce rale) 

19. Fo 7 Applied Central-itation Supennnon of Watchman. 2 per cent 

l9o. Fm Aurihary or Cenlral-statinn Fiie Alarm with wati hman and applied clock, 3 jier rent. 

Note Make no olfoicanrc under 19 and/or 19a 7f deductioris made under 20 and/or 21. 

20. Central-atafion Watet-flow Alarm with or without watchman, 5 pei rent. 

21. Full Automnhe t^piiiikler Supfrvtiorg service and tenbral statinii alarm, 16 per rent. 

22 Standpipe and Uose for approved system, 5 per cent. 

23. Private P'n c Bngadr For appro-vod brigade with ample apparatus and i rjuipmeiit, 10 percent. 

Note, No credit under 23 if ink outside city fire protection. H*e note under ] I. 

24. For approved inyperlion service by outnuiatie sprinkler eonirarlors, 5 per cent 
26. Wire-glnss Approved Windoirs throughout, 5 per cent 

Note. No credit under 25 unless building over one story and of fiie-resistive or mill conrtruc- 
tion 

26. Building only one story high with or without basemsnt and top of roO*^ less than 80't above 
lowest ground lc\el, 5 per cent 

27» Waterproof Scuppei rd Floori, 6 per cent 

Note. Jf floors self-draining, floor openings curbed, and atork skidded, B per rent additional. 

• Table 5-11 is part of Sprinkler bchtdule. 

t The grading nf the particular occupancy is based upon the rate as an unspniikJed plant and is 
predicted from a table that cla^mfies ♦he plant as ftre-remstive, aloa-burning, or ordinary brick or frame, 
plus the grading of the spiinkW equipment. This table is on file with the Fire Insurance Hating 
Organization. 

t Table 6-11 is on file with the hVe Insurance Hating Organization. 


186 







FIRE 


VRBO4 5 



TEARS I 2 


II 12 II 14 15 16 17 II 19 2 D 


liu. 5-1. Cirajili of posbililo iiihuraiife savings. (Chinnell Company, Inc.) 


Ihr hi'tit lil)(Tatioii. Tbo heat <iuaii1ity is kiio\\i\ as the “heat of eonibuRtion'^ (see 
Table 5-12), and the exiiiiKnishmeiit of fire is therefore based iii>ou the process of 


deprivmK a siibslanee or liquid of its 
heat of combustion, theieby loweriiiR its 
temperature and eoolinff it to a point 
below that at which combustion takes 
place, or by entirely shut ting ofl the sup¬ 
ply of oxygen and retarding the chemical 
reaction. 

This process passes through three 
stages of flammability, -which is common 
to most sill )st an res, 1 ediicuig the teiiijiera- 
ture to the burning point or ignition point, 
furth<‘T to the flash iKiiiit, and tinally to 
extinction. Flash point and bummq or 
igmtwn point an* t lie t wo indexes liy whicli 
the dangei of fiie may be ascertained. 

Flash Point Flash point is that tem¬ 
perature to which a liquid or solid 
he 1)1 ought to i-ause a volati/ation of its 
lighter elements, or vapors, which will 
flash but not continue to bum -when 
jgmtt‘d by an outside ageney,* 

Burning or Ignition Point, Burning 
or igmiion fioint is tliat temperature to 
wbieb a liquid or solid must be brought 
to ignite it and also make it continue to 
burn without the assist anee of the outside 
ageney.* 

These stages of combustion differ -wutli 
various materials and niav show'^ wide 
rangOH, or they may be very elose, which 
danger points wdth exploshc posbibilities ii 


Table 5-124 Heat of Combustion- 
HuckoUs 


Sidwtanro 

Kg-cal 

Kg-cal/ 

g-mole- 

culo 

Kg-cal/ 
eu ft of 
niiTturo 
of gas 
oT^ftpor 
with 
air* 

Acetic aud 

3 395 41 

203 863 

22 82 

Acetone 

6 969 91 

404 693 

23 75 

AlcU lone . 

11 ,5bU It 

300 911 

27 61 

Henreop 

9 676 It 

765 511 

24 30 

Carbon disulfidn 

3,320 31 

252 776 

19 37 

Carbon moniaicie 

2,412 91 

67 561 

23 08 

Ftheue 

11 239 41 

339 361 

22 73 

l'th\l akoliul 

6,681 71 

307 760 

23 72 

r tli^ lene 

11 399 8j 

319 050 

24 73 

Lthvl ether 

8 499 n 

629 78R 

25 06 

Gasiihne vapor 

10.500 0 

1.065 4t 

25 5S 

Hvclroisen 

28 386 41 

67 227 

20 05 

Kerosene vapor 

11,500 0 



Methane 

11 981 Ot 

192 177 

21 68 


* In rombininK proijortioiis. 
t Ti'iupeialuni 82*1 (lb 6®r). 
t TemiwraLiire 04 4“r (1B 0®r) 

§ Banad on ipbtn of oniiuniv kbsoUtip having a 
mean vapor dt'oraW of 'I 5 (iiir 1). 

NniB ronHtant(-'\oliurii* values solertod from 
I^nivPTHitv of Jlliiiois BvilfUn I'W and tlic avail¬ 
able hteraliiTi. un the subjiet. 

would indicate that low flash points are 
the two stages are of equal temperatures. 


* These tests are made by open- or olosed-cup method, Peisky-Martons or Tagliabue (see A&TM 
Coden D56-21). 
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It is also important to consider another phase through which liquids and solids 
pass before reaching the flash point. This is known as the “melting or boiling 
phase/' resulting from the application of heat. The initial stage brings about a 
physical change resulting in the absorption of heat and increases affinity for oxygen, 
liberation of flammable gases, and sometimes causes an ebullition or frothing. This 
action facilitates the flammability of the material and produces explosion possibilities. 

The flash point shows whether or not the vapor of the liquid is combustible in 
the presence of air at atmospheric pressure and depends upon the volatility of the 
liquid and also upon the presenric or absence of other volatile constituents, which 
may or may not mask the flash as previously mentioned. 

The flash point alone is not a measure of the fire hazard of a liquid in respert to its 
ignition point, flammable limits, hazards of rombination, vnpor density, toxicity, and 
chemical stability. It fails to differentiate between liquids of the exothermic and endo¬ 
thermic classes. It does not reveal a tendency of a liquid to spontaneous ignition.^ 


As high temperatures arc needed to reduce some substances to their melting point 
and raise others to their boiling point, it is not to be assumed that combustion results 
only from the application of or contact with burning or glowing bodies or from elec¬ 
trical energies such as sparks or lightning. Fire or flaming may be brought about 
by siiontaneous ignition iniluccd by a very low degree of heat, such as solar heat or 
any heat of low temperature, setting up a reaction that results in raising the substance 


Table 6-13 


Dietancti 

LuminouH, 
deg C 

i- 

Non- 
lunanous, 
deg C 

in. above burner. 

135* 

54* 

l%i in. above burner 

421* 

175* 

Apex of ifiiier rone 

91.3* 

1090* 

Center of outer cone 

1328* 

153.3* 

Apex of outer cone 

728* 

1175* 


• To change ocutigrailc temperature to 
Fahrenheit, double the fiKure, deihict 10 per cent, 
and add 82, To rbniuri mitifcradi' (o 1 aiirrriheil, 
multiply centigrade teinperaturt b\ "ij and add 
32. To change Fahrenheit to rentigraili', nub- 
tract 32, multiply by 

Bunsen->)urner flame is typical of ])erfect 
temperature and luminosity. According 


to its flash point.* 

Fue, therefore, is flaming combustion 
with the liberation of heat. This flame, 
of combustion has different degrees of 
luminosity depending on the temperature, 
the preseiicf‘ of solids or unburned parti¬ 
cles or carbon compounds in the flame, 
or the degree of oxygen present. 

Flame Luminosity and Temperature. 
Flame luminosity indicates the intensity 
of combustion by the amount of heat 
liberated. Most visible flumes liberate 
the smaller amount of heat, and the less 
visible flame, the greater amount of heat, 
showing a more perfect combustion and 
the absence of unbiiriie'd carbon particles 
as well as a liberal supply of oxygen. The 
combustion and shows the ratios between 
to Ijf‘wes these are as shown in Tabic 5-13. 


Flame temperatures are given in Table 5-14. 

There is also a slow c‘ombustion which Table 6-14. Flame Tem- 

is nonluminous and invisible except for perature 

the effects produced. Decaying processes Red beat . 476"C-/i25®c— 977"^’ 

and rusting come under this class, (’er- Dark-red heat . 700“('—1292‘*F 

tain barlirial artivitic* which arc* de- 

Bcnbcd as slow combustion may result m Yellow heat . iion“C—20i2'’F 

flaming combustion if the action proceeds Grev-whiie heat_ 1300'’(^— 2372"F 

under favorable conditions for producing Full-white heat — lfi00“C—2732®F 

this result. Tbereforc, in the discu.saion of the “fire problem," wo are dealing with a 
chemical action brought about by the application of heat, resulting in the liberation 
of gaseous eompomuits which burn in the presence of oxygen or air. In order to 
produce this burning, it is necessary to have' a mixture of certain iiroportion.s of air 
or oxygiiii, and these proportions within whicli flame is propagated are called “the 
limits of flammability” or “ranges of explosibility.' It is also said of a flame that 


Red beat . 

Dark-red heat . 

f'heiT>-ri*d heat .. . 

Fale-red heat. 

Yellow heat . 

Grev-while heat .... 
Full-white heat .... 


476"C-fi25®C— 977"^’ 
700“(—1292-F 
8fiO“C— 
950®(’—1742®F 
110n“C—20l2'’F 
r300'»G- 2372‘'F 
lfi0n“C—2732'»F 


* This is partieularly notiecable in oily waste ami in wood in pruluiiged contaet with ateainpipea 
(see Combustion of Wood). 
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[Sec. 5 

it trAvplB through a liquid, and the speed of travel or burning varies according to the 
nature of the gas, the proportion of the mixture, and the character of its surroundings. 
This Velocity is measured m meters per second as shown m the graph by Bunte (Fig. 
5-3). 

Explosive range refers to the definite limitations of eombustibility and rate of 
burning of flammable vapor or dust mixed with the air. When the particles are so 
widely separated that those sot on fire by the igniting medium will not set fire to 
others that are nearer, the niixtiire is called too “lean” for combuslion and will not 



burn When the partudes arc so closr» togelher that they exclude the oxygen neces¬ 
sary foi combustion, the mixtiiie is called too “iich,” and it will not bum. The con- 
eentralion, oi ])t*r cent bv volume, bed ween the leiinest and the richest mixtures that 
will bum IS called the “explosion range” (-.ee Table 5-15). Betw'eeii the minimum 
and ma\inium luuifs of the explosion lange will be found various phases of slow and 
rapid coinlmslion 

Tins “explosive wave,” as it is termed, results from a vibratoiy movement which 
jTiciMMses in mifuisitv until finally these liigh velocities aie reached As has been 



stated, fire or flanie, according to the latest experiments, ih the result of ch^'inical 
action, and its mtonsity is due to the sjieed of this action augiuented by the temper¬ 
ature. As the tompeiature ia applied at an increasing rate, the gases in combination 
with oxygen or air will supply additional heat, and as this proceeds it finally overcome.s 
the loss of heat from radiation and then continues to bum. This final temperature is 
the Ignition point of the gaseous mixture and will differ in its range from slow-burning 
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Table 0-15. Explosion Ranges— 
EnckoUs 


Matenal 

1 

Tjov( r 
limit of 
\ olume 

-1 

Upper 
limit of 
^ olume 

Ranae 

Gasoline* 

1 4 

6 

4 0 

Ether ethvlt 

1 9 

22 

20 1 

Carbon disulfidpt 

1 0 

50 

49 0 

Benzene S 

1 5 

B 

6 6 

Ethyl alcohol 

3 511 

19* 

15 5 

Carbon monoxidt X 

12 5 

74 

69 9 

Illuminating RaaH 

5 7 

21 31 

14 2b 

Ammonia (NHO** 

16 

25 

9 

Hydnicyanic and** 

1 6 

40 

as 4 

Methane 

5 0 

15 0 

10 

Ethane 

3 2 

12 5 

9 3 

Propane 

2 4 

9 6 

7 1 

Butane 

1 9 

8 5 

6 6 

Pe-itane 

1 4 

8 

6 6 

Hexani 

1 3 



Heptant 

1 1 



Octone 

1 0 




* Nutkolln WK Mann L nihi wntr rs j abora 
tonPB 

t Co-wuid Carpdiici mil Piynnii T'inau of 
Mines 

t Coward and Jonrs 13 ir< 11 of Miin s iiidl 27^1 
i International Cnti cal la'Ua 
J[ 8ele( teti from Utf ratim o sibifrt 
1 Composition \anfcs to san » (xtint 
** Niifkolls Matson and 1 "WriKht 
Underwriters I aboratnnes 

or cone beromes entirely luminovis iritl is 
Table 5-16 by Dixon and C oward l‘)0' 


Table 0-16. Ignition Points of Gases 


Gas 

In oxYften 
defcl 

In air, 
de« 1 

H>drn|Eeu 

580-590 

580-590 

Carbon monoxide (nioint) 

b37 ti58 

644 658 

Cyannaen 

803 818 

850 862 

Lthvlenp 

500 519 

642-547 

Atttvltne 

416 440 

406-^40 

HtdroRen sulhdL 

220-235 

346 379 

Methane 

556 700 

650 750 

Ethane 

52C 630 

520 630 

Propane 

490 570 


Ammonia 

700 860 



to explosive action This diffeiencc in 
the burning rates of substames oi gases 
is demonstrated by ixpciiiiumts iMth 
flames prodiu ed b\ rombming gases 
with air As the niixtuies appioarb the 
limits of flammability the cone a** it is 
tcimcd, changes in luminosity ind hiat 
intensity During this progress the 
prespiKP ot iirir ojisuiiurl nutfrial such 
as (aibon produt es a film flame whic h has 
a center of glo\Miig gas with the outer 
film of unconsunud giscs \s the mass 
begins to reach the pioper mixture for 
complete combustion, however, the flame 
called a “volume flime “ 

)j gives Ignition points of a number of gasc s 


DEFINITIONS APPLIED TO THE PROPERTIES OF HEAT 

Oxidation. Oxidition is the combjiiation of other elements ^ith compounds of 
oxygen or oxides and is also \ (lunge from a lower to a higher vsKin e 

Convection. Coiiy e ction is the act of conveying the cliflusion of heat through a 
liquid nr gis by motion of its parts 

Radiation. Radiation ib the sending out of ri\s oi direct lints from a point or 
surface, or issue m raysa 

Conduction, (oiiductioii is the slow progiess of the vibr itory motion from 
places of higher to pliccs of loy^er tempe ratlin m the same body 

Explosion. When two or more substinces one of 'which is flammable and the 
others supporterh of combustion, are mixed ami ignited, combustion between these 
bodies takes place with extreme rapidity The heat evolved mcreases the pressure 
of the gases produced and the shock to the siirroimdmg iir cause s a loud detc nation, 
which IS called an “explosion " 


FIRE PREVENTION 

From the proceeding text it has been pointed out that fire or flame pro u ds m 
some sort of ratio to the amount of heat energy which is dc*veloped or applied to a 
solid or liquid, and the chemical artion can be rapid oi slow owmg to the eoiiditions 
attending The be condihous may vary wide ly, some reae ting with expJe>M\ t \ loleiie r 
where the flame* propagation is lapid thiough a highly' volatile matenal, oi blow chui 
ring may continue lor a long time* and never rebult m anything more visible than an 
incand(*s(tnce This condition natiiially ih the result to be expected when dealing 

with a multitude of different kinds and (lasses of matc'nalb, langmg from the heavy*^ 
solids to light and poious materials and from liquids of vaiyiiig specific gravities and 
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flash points. With the exception of a few materials it may be safe to say that all 
substances are in a preferred class under normal and good conditions. If substances 
were imexposed to outside influences and kept in a state precluding reactions from 
within, there would be little danger from any source, and the Are hazard would be 
reduced to a minimum. 

There are tliree steps in the process of fire prevention, 

1. The analysis of the disturbing forces or causes of fire which will lead to an under¬ 
standing of them and, in constK^uonce, a method for avoiding or preventing them. In 
analyzing fire hazards, the latest technique is to endeavor to visualize or measure 'Hhe 
heal of combustion” of the materials or mass of combustibles. The heat iA combus¬ 
tion can be determined from tables that give the relative values of various materials 
in calories or British thermal units, and these can l>e used to ascertain the probable 
amount of heat which W'ould be generated in a burning moss of material. 

2. The protection of the materials trom ignition by taking precautions com¬ 
mensurate with their flash and ignition points and susceptibility to spontaneous 
ignition, the segregation of quantities, and prescribing construction to prevent the 
horizontal and vertical spread of heat and flame. 

3. The nccPHsary fire protection to cope with any outbreak which might occur, 
measured in terms of the nature of the materials and the amount of ‘‘heat of combus¬ 
tion” to be overcome. 

Fire prevention, as a science, is the preconception of conditions that may cause 
the heating of any material from within itself or from any outside source; the precon¬ 
ceived knowledge of the physii'a! and chemical properties of materials to determine 
their ability to create a slow or rapid combustion and the amount of the heat of 
cunibustioi) i^hicb may he evolved; the understanding of the susceptibility of mate¬ 
rials to moisture, mold, water (hot or cold), smoke, charring, and damageability by 
fire, water, or smoke, the visualization of the possible mass of combustible material 
which may be aflccti'd- and the .stud 3 ^ for the removal of the cause that may be 
rcKponsiblc tor any of the conditions outlined and the removal of the material from 
the cause. 

If operations make it necessary to condone a hazardous process or hazardous 

materia], the pcitiiieut thing to do is to safeguard the process in a standard manner, protect 
the hazardous material from contact with other material, and then remove all other material 
to safe distaiM’Os. 

The rtcicnce of lire prevention and ine piutectiou is defined as cvnibmology* from 
the Latin word condn/ro, nieanmg to burn, to consume, as by fire. This is the study 
of the occurren(‘c and augmentation or reactions due to the application of temperature 
by radiated and converted heat, friction, and pressure. It also includes the reactions 
that are due to fermentation, spontaneous heating, and oxidation and the disturbing 
of the molecular equilibrium of solids, ga.se.s, and dusts and the control of electrical 
energy. This is also the study of flash points, ignition points, kindling points, explo¬ 
sive ranges, and pressures and heal of combustion of the various elements. The 
visible heat of these reactions, caused by the absorption of oxygen or the liberation 
of hydrogen or catisiiig incandescence, is called “fire.” 

This study also takes into (*onsidcration the natural elements which augment 
conditions inherent in these jihenomena. This study is therefore directed to the 
maintenance of equilibrium; the* occlusion of oxygen; the control of temperature, 
friction, and pressure; the prevention of arcing and heating by electrical energy; and 
the application of the knowledge of these physical facts to tlic protection of structural 
members, the segregation of combustible mass, both horizontally and vertically, and 
the protection of combustibles from these phenomena; and the use of various anti¬ 
dotal mediunis to be applied in the control and prevention of these phenomena. 

CliuseB of Fire. Von Schwartz, the eminent physicist, proposed a list under 
which causes or phenomena of combustion could be classified. This list covers prao- 


* Thiff definiU<»D was proposed Dec. 27, 1943, at the Center for Safety, New York University, an a 
basis for a possible science, 

191 



Sbc. 51 FIRE PREVENTION AN!) PROTECTION: COMBVROLQGY 


ticuLlly all the common cauBcs of fire prevalent in Amorlea. The causes, eleven in 
number, arc as follows: 

1, Dired Cmtaci with Flaming or Glowing MaieriaU, Under direct contact it will 
at once be apparent that the open light is very important. CandJos used for various 
purposes and loft unguarded by plumbers and plumbers’ torches for thawing pipes 
and sometimes used by electricians for soldering joints nro examples of open tights. 
In industrial plants the open flame may be present in the form of an open forge, a 
gas stove, a pilot light at a water gauge (sec a below), or a gas jet used for purposes 
of singeing or berating glue. 

2. Application of a Low Degree of Heat for a Prolonged Time. The application of 
a low degree of heat for a prolonged time includes primarily the steampipe, both live 
and exhaiist steam, which may pass through a floor or partition of wood without 
proper clearance (see h below) or may bo located underneath a floor in close prox¬ 
imity to the wood floor or in such a manner as to cause dmi to settle around it or to 
attract mice to build nests in contact with it owing to the warmth. 

a. A disastrous Are was caused by the breaking of a gasoline supply line, the 
vapors extending across an open ninway to the boilcrhouse where they were ignited 
by a pilot light at a water gauge causing a flash back and an explosion, 

b. The ignition point of wood is also a factor. Boiler stacks and breechings 
improperly insulated permit a heat radiation which is dangerous to wood structure 
in industrial plants and is a major source of danger. The head, or dislance, between 
the breeching, or uptake, and the roof subjects the wood of the roof to a constant 
heat and will eventually produce serious results, as wnll the stack also as it passes 
through the roof. Ordinary stovepipes and hot-air heater pipes passing through or 
inside partitions are rightly under this heading. A simple application of this principle 
is the placing of paper around clectric-liglit bulbs lor deiorativo purposes or for 
shedding or shading the light. The latter is often done while working on motors in 
garages and is a dangerous practice, 

3. Spontaneous Heating and Ig^dtion. To avoid fires attributed to this cause 
requires some knowledge of the character of materials and their tendencies. For, 
although it may be said that it is dlffieult to avoid entirely conditions that may result 
in spontaneous ignition, this statement can be provc^d soiiiewhiit erroneous by usmg 
simple precautions. Oxidation is produced l»y many causes and may be in proecss 
for a long time before the temperature is raised to the flash points. Pressure such 
as found in stacks of priiite<l jaipor, cardboard, or treated leather, as well as in eoal 
stacks, principally soft coal, will prompt this action. Other causes of sjamtaneoua 
ignition are friction betwei'ii organic members due to vibration or w'ind motion; bac¬ 
terial activity set uji by the slow' Jiealing of a mass owing to pressure or germination, 
such as improper curing of hay or grains; cbemjcal rrs'ictions due to the improper 
storage of various substances that set up an activity if in eombination, such as any 
organic material with acids, ox 3 'gen carriers, picrales, chlorates, nitrates, fats, or 
oxidizing oils. Dampness or the poHsible wotting of materials such as lampblack, 
metallic oxides, and lime will cause heating and ignition. Oxidizing oils and, under 
certain conditions, any oil thinly spread over a surface, especially of porous material, 
will heat and flame. This action is noticeable in rags and wai-tc' used for wiping 
maehiiiery and oily parts in industrial plants, as well as in nieial lurningH or iron 
filings coated with oil, and in various types of floor mops and wiping cloths. 

4, Explosion or Rapid Propagation, To treat Ihis chisBilication properly would 
require a larger treatise than this, as it covers a vast nunibiT of possibilities, both 
chemical and mechanical, so that reference to the mure common causes oiilj^ will be 
attempted. Explosions result from rapid deeomi>osiliun with release of large quan¬ 
tities of heat and rapid flame propagation through releasc'd vajwrs or by instantaneous 
release of pressures. To avoid this possibility, materials should 1 h* aiialyred for 
properties that may jjroduce one of the three eliaracteri^tica mentioned. Among the 
principal materials which are met in the daily activities of industry and commerce‘ 
may be cited explosives used for blasting, such as nitroglycerin and nitrogen com- 
Ijounds, picrates, chlorates, and fulminates, guncotton, pyroxylin piastics, collodions, 
celluloids, and gases and vapors of highly volatile liquids as indicated by low flash 
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points or explosive ra«nRCB, dust formed by mechanical proccsHes, aiul accumulations 
due to storage or handling. Also finely divided dust particles of almost any char¬ 
acter can be ignited by contact with flame or sparks, but organic dusts and sonic 
metallic powdersi such as magnesium, aluminum, and iron, are more susceptible, 

5. Lightning. Lightning is a so-called ‘'act of God.'’ Lightning strikes according 
to iiojset rule. All are Kubjcci to its dangers, and as a cause* of setting fire it is perhaps 
the most potent. It will ignite almost any material as its own temperature is compar¬ 
able to an electric arc, and the speed of its flight provides little time to avoid it. Light¬ 
ning i-ods serve only to assist lightning in its course, and such, when properly installed, 
have proved 1)5 per cent efficient. In addition, arresters, circuit breakers, or fuse 
plugs are helpful. 

6. Dust Explosions. Bust clouds can be formed by simple combustion of mate¬ 
rials, e.g.j lampblack; dry distillation or sublimation of sulfur or napthalene; mechan¬ 
ical pulverization, grinding, pounding, beating; mechanical purification, screening and 
blowing, of flour and grains; transporting materials from place to place; and bursting 
of bags, etc. 

The following materials are suH(*cptihle to dust explosions; 

Carbon of ahuost any kind 

Lampblack 

Wood dust, cork, tanbark 

Grain, Vuan, malt, spices, medicinal barks, roots, etc. 

Flour, starch, sugar, iloxtnn 

Wool, fibers, tow, fluff from sh(‘aring 

Metal or bronze and aluminum powders 

Colophony, resiiift, celluloid, jiyroxylin plasties 

iSulfur, naphthalene 

Any kind of organic and a great many kinds of inorganic dust floating in air can 
be ignited by the simplest flame or by (‘lectric or other sparks. 

7. Elecin'c Sparks. Electricity or electrical energy is a source of intense heat and, 
if releabed in the form of sparks or ares due to poor insulation or broken eonnections 
ni the installation, will ignite materials or vapors. Insulation may be broken down 
by friction or disintegrated by fumes or vapors or moisture, and short cirouits are 
caubt‘d b(*eause of contacts ol the naked wiie with othei conductors. Overloading of 
circuits through faulty installations or lightning charges wdll also break down the 
iiisulutioii. Th(* use of incaiidesceiit lamps in places subject to mechanical injury 
Will result ill bieakage and aicing. 

8. Chemical Heodions. (''hemical reactions include any and all the phenomena 
incident to the use, liaiulling, or storing of substances involving even the slightest pos- 
hilulity of chemical change either within themselves or in eombination wdth other 
materials. These react kuis take place because of the inherent characteristics of the 
hubstances, c.g , bpoiitaiieous ignition w'lven slightly warmed or explosion by percussion. 
In combination with niateriab, the most prevalent cause of chemical reactions is due 
to affinities and natural reactions. Most of these combinations are understood by 
chemists and users of hazardous chemicals; but there is a w’lde field of industrial pur¬ 
suits which involve the use of many substances which require careful handling and 
storage. Even in small quantities, sonic chcinicals may cause an initial blaze suffi¬ 
cient to ignite surroundiiig mateiial. To list these substiinces would make this a 
lengthy study and rather a duplication, for there are many ehemieal handbooks to 
which reference can be made. To exemplify the principle involved, attention is 
directed to dangerous combinations .such as nitrate of soda with organic material such 
08 gunny sacks or cellulose; lampblack with water; unslakcd lime with water; nitric 
acid with organic or ffarlionaccous material; or sulfur with ehari'oal.* 

9. F/irtion, Pressure^ Shock Falh. or Concussion. Fiiction, pn^ssure, shock falls, 
or concussion are closely allied with tempt'rature and should be studied with this in 
mind as the production of heat is the ultimate result from each. In the ease of friction 
and pressure, the action may be slow in the fii*st instance, while concussion may pro- 

* A roront fire waa raused b> thy iK'tspim.tion of a workman dropping into the ountenta of a barrel 
he waa mixing, presumably a }>eroxidp. 
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duce a rapid action. Friction (see also Static Electricity below) ^ produces beat. Tho 
rubbing together of organic or mctalUc surfaces will raise the tempera lure anil if con¬ 
tinued will ignite the nialerial, if its ignition i^oint is within that possibility, or will 
release vapors w'hich may be ignited, or, as in the case of wood, will reduce the cellulose 
to a pj^rophory (‘arbon rausiiig ignition. Tlclts or shaftijig at points of support and 
flowing volatile liipiids in pipes are common producers of friction. Pressures may 
result from mechanical means such as pumping, compression of gases, or piling. 
These pressureh produce heat wliicli causes expansion or molecular activity which 
results in ignition or evploBioii. 

Shocks or concussion may assume a variety of forms producing similar results, 
different substances reacting according to their eomposition. Gunpowder, detonators, 
and explosives of similar nature are very susceptible, while there are many materials 
which are not explosive but wjU ignite from concussion. 

10. Focused The science of physics gives a clear explanation of the result 

of focused rays—^that of applying heat ra>8 to produce liigh temperatures. This can 
be accomplished by reflection or conc‘enlration. Polished surfaces or mirrors will 
reflect the heat rays of the sun, transmitting them to other objects wlii(‘h may 
near enough to absorb them before they are cooled by the intervening currents of 
air. These reflected rays will cause a rise in tompcratiiic to ignition points if applied 
for a given length of time. 

The concentration of heat rays is also accomplished by a combination of curved 
surfaces of materials which will transmit them. The burning glass of boyhood days 
is one example, and imperfections in sheet glas^ (buliblos) is another. The latter 
will direct a concentrated heat ray upon objects or substances and cause ignition. 
Many instances have been recorded recently of the ignition of celluloid articles in 
showcases and motion-picture films in vaults from these imperfections in glass. 

11. Static Ehciriciiy. The dem.iiida of industry have brought into use many 
devices and materials that have developed causes of fire. Oin' of the outstanding 
causes thus produced is static electricitv. Its control has baffled the fire-prevention 
engineer until recent years when the study of proresses and materials has shed some 
light upon the reason for its generation. Fiiction, or the rubbing together of two 
surfaces, will produce electric charges. There are so many instanees of its generation 
that cannot be explained by the theory of friction, however, that it is difficult to 
analyze the law which governs it. * 

Bdting for transiiiittiiig power has lieon a source of static electricity and for a long tune 
has caused fires in cotton miLLs. Today this coutinueb to be tlie case in industries using 
flammable material and liquids. It is undoubtedly due to friction l>etween the belt and 
the air or the pulley, or both. The built-up cliaige can bo diswn off in a visible spark nr 
current by placing a biutabic conductor neai the l>elt, thus proving its x^rehenee. In order 
to avoid building up too heavy a charge, it is necessary to install a peimanent collector in 
the form of a comb composed of copper or other suitable material. This hhould be in con¬ 
tact with the belt and bo connected with a good gioiind i 

Mixing mtUerials by stirring or tumbling geuoiatos a clisrge which remains in the 
material after it is removed from the mixer and may not bo discharged until further used 
in the procoss-t 

Dry-deaning processes which use naptlia or gasoline for cashing garments de' el op 
heavy charges wliich have caused fires and explosions. Garineiits of silky material augment 
this charge, and if they are further ornamented with metal irJni, the clanger is increased 
because of possible contacts with metal parts of the machinery, causing spark gaps. C‘ue 
must bo exercised to avoid these spark gaps in removing the guiments from tlie inaeliiiipb 
also. The best method is to place the hand under the garment to lift u from the liquid, 
thus permitting the static to pass through the arm and body ot the operator. Grounds 
should be placed on the machines and also ou the movable shails connected to the revolving 
parts of tho machines. 

* The strange oaae of an enraged cat generating a ouffioient chargi to produce a sfiark that ignited an 
flanitnable gas cannot bo Rani to have been produced by friction. 

t A mixture of hsh glue, gly eeniu*, lampblack or animuiua l^^ druxide for leather l>e|ting or lampiil u‘|c 
and spar varnish for rublicr belting is said to reduce the atatic clmrge 

t In the rubber industry it hj,s devrlo|»ed that, if miUed or mixed rubber is laid upon a copper svirti 
oarpet for a huigth of time, there has been no development of staiio when the material was dioMolyed 
further for uao in dipping pioceeseft. 
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Flammaide liguida flowing tlirough pipoa will generate conaulerable static and also hold 
the charge if there ie not an outlet for it. This has developed into a serious danger at 
gasoline filling stations and in tank cars and wagons os well as in certain industries. Where 
the discharge noszle or tip of the discharge pipe is of copper and is grounded, the static is 
drawn off, and no trouble is experienced. There is not very much data on which to base a 
comprehensive explanation of this phenomenon, but the progress made so far indicates that 
it is a danger to be reckoned with and deserves the attention of the physiochemist. 

C!)oating prorehi>cs involving both the unc of rublMsr compounds and pyroxylin plastics, 
where the application is by spreading, produce a severe problem in static-electricity control. 
Today these processes are safeguarded by various methods of grounding, the use of inert gases 
in the enclosures of coating machines, and the introduction of nonsparking metals at all 
friction points. 

Equilibriums. Fire prevontioii is tho study of "equilibriums^' and the mabite- 
nance of those equilibrinina by proper safeguards Tins resolves itself to a consider¬ 
ation of the iempcTatures by which matcTials, solid, liquid^ and gas, are aifet'ted 
cither in their .struct\ir:\l stability, their physical form, or their action due to pressure. 
All iiiatcrials under normal conditions may be said to l)e in a preferred class, or at 
"equilibrium." Jl is tlie disturbing of this iiorinal condition which brings about a 
change wdiich is classed as dangerous or hazardous. 

Therefore precautions are instituted in almost all cases to protect the materifils 
from outside influences, except in rare cases where a matc'Tjal may contain within 
itself the element for its own dcstriiction, e.g., mctall c sodium. Standards are thert*- 
forc devised to reduce to a minimum the outside influence which would disturb the 
cquili})riiiin or to rerluco the ('fleets produced should the material be transformed 
from its quioH(*ent state*. This idea of the equilibrium of inateriah«, if kept clearly in 
mind, will make the science of fire prevention an understandable one ancl will enable 
the \ise of standards thaL can be applied to all similar problems regardless of where 
they arc located. 

STANDARDS FOR THE SAFEGUARDING OF HAZARDS 

Hie following standards liave been adopted by the National Fin* Protection Asso¬ 
ciation and are also oflieial standards of the National Posrd of Fire Undorwriters: 

AcelyleiK^ Kqiiipmcnt for Lighting, Heating, and Cooking 
Air-conditiouiiig, Warm-air Jlealing, Air-cooling, ami Venlilatiiig Systems 
Blower and Exhaust Systems for Dust, Slock, and Vapor Heiiioval 
City Gas, ln,stallatiOTj, Maintenance, and of Pjjniig and Fittings 
C'*omhu.stible Fdiers, Storage and Handling 

Dip Tanks Contoirijng Fluminublo Liquids, Jiu’lnding Hardening and Tempering 
Tanks; Flow-coat work 

Dry-cleaning and Dry-dyeing Plant.s, Safeguarding of 

Dust Explosions in Industrial Plants, Fundainoutal Principles for the Prevention of 
Dust Explosions in Starch Factories, Terminal Grain Elevators, Flour and Feed Mills 
Electric Wiring and Apparatus. (NKtional Electrical Code) 

Gasoline Vapor Gas Machines, Lamps, and Systems 

Gas Shutoff Valves, Emergency 

Gas Systems for Welding and Cutting 

Intornal-combiistion Engines (Gas, Gasoline, Kernsone, Fuel Oil) and Coal-gas Pro¬ 
ducers (Pressure and Suction Syst^^ins) 

Liquefied Petroleum Gases, Storage and Handling, Including Compressed-gas Systems 
for Cooling and Heating, Tank Trucks, and Liquefied Pelroleum Gas as a Motor Fuel 
Nitrocellulose Motion-picture Film.s, Storage and Handling 

Oil-burning Equipments and the Storage and U.se of Oil Fuels in Connection Therewith 
Ovens for Japan, Enamel, and Otlie,r Flammable Finishes 
Punt Spraying and Spraj'^ Booths 

Photographic and X-ray Nitrocellulose Film, Storage and Handling 
Pulverized-fuel Systems, Installation of 

Pyroxylin Plastic, Storage, Handling, arul U^e of in Factories Making Articles Therefrom 
Pyroxylin Plastic, Storage, and Handling in Warehouses and Wholesale Jobbing and 
itetaJl Stores 

Small Heating and Cooling Appliances (Kerosene and Fuel Oil) 
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Standards and Special Committee Reports 

(Published by the National lire Protection Association) 

Anaesthetic Gases and Oxygen, Construction and Installation of Piping Systems 
for the Distribution of in llospitals and Similar Inhtitntioiis and for the Construction and 
Operation of Oxygon Chambers 

Anaesthetic Combiistihlo and Operating-room Explosives 
Blower and Exhaust Systems 
Dust Explosions 
Flameproofiiig of Textiles 

Fire-hazard Properties of Certain Flammable Liquids, Gases, and Volatile Solvents 

Fumigation of Grain-storage and Grain-procossing Plants 

Gasoline Stoves, Installation of, for Cooking and Heating 

Gasoline Blowtorches and I’luinbors' Furnaces 

Lacquer-manufacturing Plants, Kuggestions for the Protection of 

Lightning, Protection of Life and Property against 

Magnesium-dust-explosion Code 

Marine Fire Hazards 

Mechanical RefrigeraTion, Hazards and Safeguarding of 
Protection of Jtecords 
Salvaging Operations 

Shoe Factories, Suggestioii.'s for Their Improvement iis Fire Hazards 

Spark Arresters, Standmd for ('‘oustruction and Installation of (’hmineys and Stacks 

Spontaneous Ignition of Coal and Other Mining Products 

Static Electricity 

A Table of Coniinon Hazardous Chemicals 


Reference Books 

(Published hy tlie National Fire Protection ARSO(‘iationj 

These reference books include the National Fire Codes on dainmalilc lirpiids, gases, 
eheinicals, and explosives. They also include a oomjnlalion of 13 sejijirate Nl'PA standards 
for the preveiiiioii of dust explosions m the industries affected, including nccessar 3 ^ measurcH 
to secure reasonable safety to life and property fiuni dust explosions and fire. 

FundumeiiLal principles include 


Aluminum Bronze Powder 
Coal Pneumatic Clpunnig 
Flour and Feed Mills 
Magnesium Powder or Dust 
Pulverized Fuel 
Spice Grinding 
Starch Factories 


Sugar and Cdcoji 
Terminal Grain Elevators 
Wood Flour 
W^md working 

Ineit (bus for Explosion Preveiitiou 

List of Dust E\])1omoiis m the United States 


Educational Pamphlets 

(I'lildishcd liy the National Fire Protect ion Association) 

Artillery-ammunition Manufacture, A. B. Guwe and J. S. Sheer, Jr. 

Bleaching Wood Tuith Hj'drogeii Peroxide 

Drying by Infrared Lamps, Benjamin Rirhards 

Dust-oxplosioii Hazards of Powdered Metals, Hylton R. Browm 

Fighting Magnesium Fires 

Fire Ga.ses, George E. Ferguson 

Fire Haziirds of Termite (huitrol 

Food Dehydration 

Inspected Electrical Equipment, published by Ihiderwritors’Laboratories, Inc. (revised 
semiannually) 

Inspected Gas, Oil, and Miscellaneous Appliances, published hy Underwriters’ Labora¬ 
tories, Inc. (revised seuiiamiually) 

Liqiiefied-petrolcum-gas Systems 

Magneshuii and Its Allo 3 's, H. S. Hirst and B. Guiso 

Metalworking Processes, W. D. MiJiio, (including fire leco d of metal working industries) 
New Hazards of Dry Cleaniiig, R. iS. Moulton 
Oil-tank Fire Tests 

Pitch for Extinguishing Magnesium Fires, H^dlon K. Brown and li ving llartinaun 
Preventing Air-conditioning Fires, Carl W. W’heelock 
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Railroad Firo HaaardB, deWill Rapalje 
Safeguarding Gas ApplianceB, F. K. Vauderveer 
Smoke and Water Damage, F. E. l^oberla 
Spontaneous Ignition of Chopped Hay 
Spontaneous Ignition in Mines and Mineral Produets 
Static Electricity as a Fire Cause, E E. Turkiiigton 
Synthetic Rubber, Gerald Hallowrll 

Treatment of Burns with Aniline Dyes, Robert H. Aldrich, M.D. 
Venting of Tanks Exposed to I'iros 
Venting Dust Explosions 


CONSTRUCTION 

The high temperatures iceorcled in conflagrations reach between 2200 to 2300^^, 
Any material that is used in const ruction for the purpose of protection or the preven¬ 
tion of the passage of fire and lieat, therefore, mubt liave a resistance sufTieJent to 
withstand the “hazard of the occupancy” and the “fir(‘ severity” to which it may 
be subjected. 

Fire ratings are baaed upon fclie time element of exposure to fire and heat and 
range from 4. hr. (Tlicae fire ratings and construction details for buildings are 
set forth in the National Hoard of Fire Underwriters, Standard Building C/ode.) The 
standard methods of fire tests of building eou^truction and materials are El 19.47 of 
the American Society for Tchting Materials, American Standard A21-1942 as approved 
by tlie American Standards Association, and Biitish Standard Test for Fire Resistance 
(liSS 47()). In the American bpecifications, average indicated furnace temiicratures 
arc required to conform to the follomiig values withiu allowable tolerance liimts: 

lOOO^Fat 5imu 
13(K) at 10 mm 

1550 at 30 mill 

1700 at 1 hr 

1850 at 2 hr 

2000 at 4 hr 

2300 at 8 hr 

The tcinperaluro sho\ild continue at 2300'’F. 

The fire-rehistance ]iomt is taken to be n^acbed if 

1. An average' temperature rise of 250‘'F or a maxiiniim rise of 325"F, measured 
with tliermoeonple.s undiT asbestos pads, is attained on tlif* unexpnsed side of the 
wall. 

2. Passagi’ of heat, tlame, or gases hot enough to ignite cotton waste occurs. 

3. Failure under the design loud occiir.s (load-bearing construction onlj’'). 

The fire resistance of building materials or the piotectivt* covc'rings for steel mem¬ 
bers used in construction should conform to the standard tests if their equilibrium is 
to be maintained. 

Steel expands eight parts in a million for each degree Fahrenheit, which means 
that, if it is heated to 10(K)“F. it ean exjmnd 9^2 hi. in a JOfl-ft length. 

Steel under tension can fail under a leuiperature as low as 1200°F, the critical 
tiuiipcraturc of s((’el. Steel coluinus have a maximum useful limit of 900 to 1I00“F. 

Maintaining the eriuilibriuni of the building itself and its structural members is 
rommensurate with the degree of volume of fire, heat, gases, smoke, and the effects 
of water used in the extinguishment of the fire. Tt is therefore essential to consider 
the factors that contribute to these eonditions. These factors are area, height-hori¬ 
zontal segrcgnlinn, and vertical .segregation. 

The eonlining of a fire and its effi‘cts to the smallest possible area is one of the, 
first principles of fire prevention. 

Table 5-17 is the standard table for area for scpiare foot of the plot, depending 
upon tlie type of building and the type of eoiiatruetiou. 
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Table S-17. Area Limita per Floor of Buildlnga in Square Feet 


IvptB of Cnnstniction 


] in proof 

Slihi 
firf prcKif 


Ilenv \ 
timbtr 

Ordniari, and 
iioiiruinhuRliblp 

W ond 
frauip 

1 nprotorted 
Dif tal 



Stntt fronts 








r* r Hi orv 

One si III V 

ISJ rt 11 nn 
imt sli rj 

OnlHidt Ihp 
flip limits 

No liiml 

Out stnft 

Two sirre th 

lhrn Mrifts 

1 our stif fCs 

0 500 

8 000 

10 000 
to 000 

0 000 

7 500 

9 01)0 

10 500 

5 000 

6 00) 

7 500 

P 000 

5 OOO 

Oik stor>, 
no limit 

Mon than 

OTu Htoiy, 
saim as 
nohi ninhuH- 
til h 


VtiiE I 01 area iiiiMlifit ati tih and als f r art a IiiniN for cprtain sp* ml iKmiJari iPs for siiiinklfr 
rMiuiiruunltt bifcd on ottuj iiir^ atf Niilinnal Boaid of I ndcr^tiitiis HiulLlinK C orlt 1Q1*I 


Table 6-18. Building Height Limits* 





cf (irslruition 



C lassifiratii u 







uf 






VV 1 fiun ( 

or( iipaiio 

I lit 1 1 1 f 

Sr in 
fmn f 

IIfa^ 
liinl I r 

Ordit Hr\ 

N )i m 
hustil li 

11 d nil 
piotf rtf d 







ini tal* 

ruhlu 1 ml links 

N liii it 

75 ft r ri t 

Nii t r\ 

Nit t( 1 \m 

1 ) t 1 II s nr 

Not ti (\ 



11 li 1 it if 

iLid 4 hI 

1 15 fl ( 1 111 hi s 2 hU 

K (rl 2 st 1 



Is I Ull 

Ills or 55 ft 

Ills 45 fl 

Sih )ols 2 

IJL8 or 15 ft 



) 00 \ t rsoiis 
il \e75ft 


st Ills 



Instill! ii 11 il 

N 111 il 

75 It 

1 Not to r\nid 2 stones rr S5 ft 

N 111 to f X 

buildings 1 

1 1 

1 



1 

rifd 1 stor^ 
or -16 ft 

Rt sidt ii( c 

N 1 hi lit 

No Lmit 

75 ft 

Not to IX 

Not to ex 

Not to tx- 

bialdinies 




Kill i Sti 

cud 1 sio 

Ki rl 2 d ) 





rii s or 4 5 

riih or 45 

riiH or 15 ft 





ft* 

ft 

i»wf lliii*rs 

1 thii titan 
prf fibri 
lat d ini^ 
bf 1 si riiH 

Buhiik as 

No limn 

75 ft ixctpt 

75 ft 

Not to ixfftd 4 slumH or 

N ot 1o ex 

buddings 


fliti build 


50 ft 


te d 2 sti 



lll^S 1 J 

Jm lb 




niB I 15 ft 

fltoniBt 

No hii it 

50 ft 76 ft it 

15 fl 75 ft if 

1 15 ft 50 ft if Hjmnkh red 

Not 1 ex 

bull dm ICS 


sj nnklr nd 

spiiiikltn d 



eord 1 Rtori 
oi 25 ft 


* Nation il H art f I m T iiil(T\iiitii BuildinK C odt also apt liis apeful heishts within firp lirmta 
to I Ditaiii HpF nl )i(uaii>irqf i s| iiiiklor kci imuKiits bui?iid on odupani \ 

Noti With a 2 hi lit Ilf rnd ii tihlf fiiHt fl «>r hiifflit jiim\ Ik 4 Ktoiira or 51 ft in niultjfam 1\ hoii«ifn 
with a 2 hr in nr oiubustibJi fir-»l floor anf oth<r flooni 1 hi with fiio jiurtitiOiit subduidmK A ms into 
art as not en-ntdiii^ 1 lOO sli ft lln htiHii iiia'j In 5 st mis or 05 ft 


Wired Glass. Tlio fust ])iti nt foi ’wiiod gl ginnled m 1855 to an Englifeh- 

mdn Owing to diflHiillits of niaiiuiatlun , hotti ^el, it use did not matonalizo until 
18^3 51 he II the U5\aid was jii ide to Scott and Sherman by the l^'iaulilm lubtitute foi 
thf marhiiie and pioiiss foi iiiaking it 


198 





CONSTRUCTION 


[Si&c. 5 


Its fiif^reeistive qualitieB were diecoverod by a(5cidciit. It will Ktaml uj) to a ti^m^ 
perature of approximately 1400“F (by test). Thf»re arc two types of wired glass—' 
smooth and roughened surfaces. 

Wired glusH is genernUy instaUed in frames of solid metal or hollow luctal specially 
designed to imld tlie glass luidor fire conditions. AitlioLigli the standard requirement 
for wired glass recommends its use in moderate or light exposures, it has stood up 
well under many adverse conditions. With a double retardment (such as a fire 
shutter), it is recommended for severe exposure. 

Wired glass does iwt prevent the passage of radiated heat. 

Sizes of individual glass lights are limited in the standard for its use. 

Class E—moderate exposure, 720 sq ft exposed area, 54 in. vertical, 48 in. horizontal 

Clfiss F—light exposure. 2,916 sq ft ex|x>scd area, 54 in. in either direction (Under¬ 
writers, Laboratories) 

Window openings at outside fire ehcupes should be protected by wired glass in 
metal frames. 

Glass Blocks. Class blocks are good for panel walla but not for blearing walls. 
They arc acceptable for pioteciiou in light exposures, /.c., class F (above). They 
liave a relatively high thermal insulation and are suitable for window openings not 
excetnling 120 sq ft in area or 12 ft in width and height. Expansion joints must be 
periintted at sides and tops. 

Roofs. Roofs should have a degree of fii’C resistance equal to or greater than that 
of the buildings on which they are placed. 

A elashilieatioii of roof coverings as set forth ly the Underwriters' Laboralorios 
is as follows: 

Class A—Effective against severe fire exposure. Not readily flammable; do 
not carry or commuiiieate lire. Afford a alight degrc‘e of beat inMilalion. Do not 
slip; no flying-brand hazard. Do not require frequent repairs to maintain their fire- 
resLstive propf'rties. 

Class B—Effective agoin&t moderute lire exposure. Same as class A with moder¬ 
ate di'grees of heat iiisuhition. Mny reipiire inirequmit repairs. 

Chiss C“ Effective against light lire exposure. Same* as class B with at least a 
slight degree of heat insulation. May reipiire oeeasioiial riqiairs. 

Various materials are acceplable to meet these elassilieafions, and they are listed 
lu the standards of Underwriters* Tiaboialories. 

Wood ShiiigUs. Wood bhingleb lia\ e corit nbnted to 59 coiiflagrat ions in the United 
St ates and C*anada. The rcasoiih for tlie siisccpt ibilil y of wood shingles to fire are their 
dryness and high winds. Fire retardants for wood shingles or wood in general are 

Di a I nni oiiii i m phosp hate 

Monoaminoiiium ])hos])hate 

Monomngiiesium phosphate 

Phosphoric acid 

Zinc ehloiide 

Snow Loath. Snow loads constitute an important factor in roof construction. 
Snow loads for sonic sections of the Unit«Mi States are shown in Table 6-19. 


x^kyli(fhts. Skyliglits should be so constructed rpviK-m o 

as to prcxeiit tin entrance of falling firt'brands. Table o-19. Snow Lo^S 

Tl.py slioiilil al'rf) act ns vents over elevators, and Padfic .tales.. 

stairways, and .stages in theaters and over fire sit- cvnimi staios . so 

lions of piers and wharves. Skylights in flat roofs Nt^ EnRUnd Hiatps, . . . 40 

should ,be constructed of wired glass in metal state* . 4fi 

frames or ribbed glass (plain) in metal frames protected by wire screening of No. 12 
gauge set on angle irons 1 ft above the sky-light and extending 1 ft on all sides. Texas 
or monitor skylights should l>e protected by screening of not less than No. 12 gauge 
or wired glass in horizontal sides if possible. 

Skylights over stages in theatcTs an* of speeiol design and are usually equipped 
w’ith automatic dcxices for (luick opening in case of fire. These devices arc of slid¬ 
ing-track or butterfly design with fusible link and W’cights under remote control. 
Similar devices should be installed on piers and wharves. 
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Exits. The standard for oxits Is sot forth in tho Kxit C*odc of the National Fire 
Protection AsBOfuation. 

There arc throe additional elements which must be taken into consideration in 
relation to fire prevention as applied to buddings for the jnaintenaiiee of the equilib¬ 
rium of the Btru(;ture and its oquijiment which is attached to or supported by tho 
structure, W 2 ., hiirrieaiH'H, termites, and dry rot. The latter two elements may 
undermine the integrity ol the structural wood members and may cause collapse 
because of wind movement, excessive weights from stock piling, or water used in fire 
extinguishment. 

Hurricanes. Tests at the U.S. Bureau of Standards have shown that, as wind 
blows against a building, it produces a positive pressure on the windward side (the 
direction from whieli the wind is coining) or on some portion thereof but produces a 
negative or suction pressure on the other sides of the building (tJie lo(‘ward or direc¬ 
tion in which the wind is going). A roof will have an area '.♦f positive pressure on a 
windward slope if the pitch approximates 30 deg or steeper, but other portions of 
the roof will also bo under suction pressure. The wiud-tuniiel tests have indicated 
that positive wind pressures vary up to a maximum of ^hat is known as “wind 
velocity pressures.“ Siictioii pressures, on the other hand, have been shown to 
exceed the velocity pressures in some instances. The total wind force acting on a 
building as a whole is the sum of the positive force on the windward area plus the 
negative force on the leeward area. External projections, appendages, and 
openings should therefore be avoided. A reasonable amount of streamlining is 
desirable. 


Table 6-21. Wind Velocity 
Pressures* 

(Baswl cm air at 15®C' aTid 7ti0 mm ITk) 
True wind itjjeed, Veloritif preanurst 


In cities and towns subject to hurricanes, except for buildings and structures 

where lu'ight does not exceed 1 ^ 2 times 
Table 6-20 ^J^. jp^st width, the design wind pressure 

"P- s«rfa.e« HhaU be as showu 

25 25 m Jables 5-20 and 5-21 which are to 

76 35 snjiplement Standard Building ('ode 

75 ^5 requirements 

The wind pressure on sprinkler tanks, sky signs, or oUier similarly exposed struc¬ 
tures and their supports shall he taken as not less than 50 psf of the gro.ss area of the 
plane surface, acting in all directions. On circular tanks, towers, or stacks the pres¬ 
sure shall be assumed to act on six-tenths of the _ ., ^ , ,, , . 

projected area. Table B-21. Wind Velocity 

Dry Rot. The U.S. Department of Agri- . , , 

I. J r 1 . r 11 r ■ (Baswl cm air at 15®C and 7ti0 mm ITk) 

culture defines dry rot as folhms: Dry rut is True wind VelorUv preaauret 

the terra given to decay in wood which is the mph 

result of a fungus which attacks tlie wood .struc- '*0 2 30 

ture. Wood that has been kept dry, w^eather- J 

proofed, or thorougldy saturnteil with moisture Jjo g ' 2 I 

is not subject to decay. Dampness or mild to 70 j2 5 

warm weather are favorable conditions for the ^ 

growth of fungi. The fungus is a plant, and 90 20 7 

although wood is tlie food of the plant, it can- 100 25 6 

not become active unless there is at least 20 per i io 30 9 

cent water present, based upon the weiglit of ® 

oven-dried wood. The fungus/■'orm mcrosso/a, 130 43.3 

however, has the ability to seek water and pro- 140 50 2 

mote its own growth. Posts and poles .set in 57 » 

the ground will become rotted at the ground i 7 q 74 2 

line if this fungus is present, regardless of the 

type of wood. iw 83 0 

Postings in buildings are subject to rot at J 

the floor level where the floors are damp or * Natiimal Board of Tire Undi*nmters, 
mildewed. The sapwood of all timbers is suli- ^^'^7. 

ject to this decay, but the cedar, caWpa, rlicstmit, southerii cypress, juniper, black 
locust, and redwood resist tho decay longer. Wood preservatives that penetrate to 


* Nutiimal Board of Fire Undi*rvmtera, 
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the heartwood will prevent this decay and maintain the integrity of the wood. 
Creosote treatment is recommended. 

Tennite& In the spring and occasionally in the fall, male and female termites, 
whitc*winged with bla(‘k or brown bodies, seek points for the establishment of new 
colonies. These swarming or flying termites are not capable^ of attacking wood. 
The descendants of these winged migrants, the workers, /.c., cream-colored insects, 
are the wood-mining and destructive members of the colony. These insects shun the 
light and are concealed in the shell of the wood. With the common ground^nesting 
or subterranean form of termite, the invasion of buildings is mainly direct to the 
woodwork in contact with the ground from outdfK>r colonies through tunnels made 
by the workers under the ground. 

From the report and the work of the U.S. Department of Agriculture,® the con¬ 
clusion is drawn that proper construction or reconstruction is the most effective 
method of prevention of or remedy for attack by termites. In the construction of 
ii(‘w buildings, maximum immunity from UTmite iiifestatitm can be secured by elim¬ 
inating all wood from foundations, cellars, and basements. Where it is not feasible 
to elimmate all such wooden members, reasonable security can be secured by treating 
all structural wood within 18 in. of the ground with creosote or an equally effective 
toxic preservative. 

Wood treated with coal-tar creosote under pressure and in accordance with the 
specifications of the American Wood Preservers’ Association will give satisfactory 
protection under all known conditions. 

Zinc chlondo, although not so effective as creosote, is used on struetural members, 
particularly w hen the wood is to be paint ed. The introduc'tion of ])oisQn dusts into the 
termite galleries is the most effective kno’ft'n remedial treatment for wood infested 
with the dry-wood termite. The most effective poison dusts are Paris green, arsen¬ 
ical snielter dust, and liiiely ground sodium fluosilicatc. Sodium fluosilicate is non- 
fKiisonous to man but is effi'ctive only if the infested wood is dry. Subte^rranean 
termites cannot be satisfactorily controlled by poison dusts. This is particularly 
true where the infoat<‘d wood on or in the ground in damp. Cleanliness should be 
observed and can* should bi' takiai in handling poisonous dust. It should not bo 
breathed nor allowed to g(‘t on the elothing. If either arsenical smelter dust or Paris 
green is .swallowed, an emetic sliould bo given and a physieian called. The danger 
to Un^meii in Iniildings that have been treatc'd with poison dusts is only slight and 
not HO great as carbon monoxide* so frequently eneountered. 

The use of insecticides or funiigants, if flammable, for termite control introduces 
a severe fire hazard if they flash below UKFF, Precautions include thorough ventila¬ 
tion to prevent combustible mixturot, of air and vapor and ehiniiiatioa of open lights 
and all devices that may produce an arc. or a spark. All liquids used for termite 
control should be tested and approved b}’’ Underwriters’ Laboratories. The use of 
such soil poisons as orthodichlorolienzene in liquid or crystal form placed in hollow 
trench<‘s ahout exterior fouiidfition walls will give temporary relief. 

Horizontal Separation—Walls. For exterior wallb of brick or concrete the stand¬ 
ards for walls, as set forth in Biuldhig (’odes should be followed. 

An 8-in. brick wall has a rating of 4 hr. The equivalent in reinforced concrete is 
11 in. 

1. Bearing WaJL A bearing wall is a wall that supports any vertical load in addi¬ 
tion to its own weight. 

2. Nonbearing Wall. A nonbearing wall is a wall that supports no load other 
than its own weight. 

3. Curtain or Panel Wall. A curtain or panel wall is a noiibcaring wall between 
columns or piers, not supported by girders or beams. 

4. Fire Partition. A fire partition is a partition that subdivides a building to 
restrict the spread of lire, or to provide an area of Kifiige. It is not necessarily con¬ 
tinuous through all stoiies or extended through the roof. IL has a fin* resistance of 
at least 2 hr. 

5. Fire Wall. A fire wall is a W'all t»f brick or reinforced concrel e whicb subdivides 
a building or separates a building (o restrict the spread of fire. It starts at the foun- 

201 



Bhd. S] fire prevention and PROTECTION: COMBUROLOGY 

dation and extends continuously through all stories to and above the roof, except 
vrhere the roof is fireproof or semifireproof, and the wall is carried up tightly against 
the underside of the roof slab. The height of such a wall above the roof should be 
3 ft (parapet) and be properly coped. Wall thickuosR should be 12 in. (insurance 
stand^^d). 

6. Parapet. Parapets are required on all walls with the following exceptions: 

Walls connecting with roofs of fireproof constriirtion or scmifireproof construction 

The adjoining wall of a building, the roof of w^hicli is 3 ft lower than the roof or 

any opening in the side wall of the building adjoining or adjacent to sutdi wall 

Walls facing on a street having a width of 50 ft or more 

Walls of a building that is 50 ft or more distant in all dircetioiis from property 
lines and from other buildings on the same propcTty 

Walls of a detached ilwelliiig or building not c.vceeding 1,000 sq ft in area 

Walls of a building where the roof has an angle of more than 20 deg with the 
horizontal 

On 84n. walls of dw'elliiigs, parapets should bo 2 ft. On 12-iii. walls of dwellings, 
parapets should be 3 ft. A parapet is not only a separation but also acts as a barrier 
for use by fire departments. 

7. Wing Wall. If a building has frame sides, tlie Hre wall should extend 5 ft 
beyond the frame outside wall. This is termed a 'Sving wall.” 

If a wall is of brick but with wmod corniee and roof, the fire vrall should be cor¬ 
belled out at the eaves and extend 3 ft above the roof. Kxterior walls at interscctioiis 
with fire walls should be blank for a distance of 20 to 30 ft. ]f any windows are in 
exterior walls, these windows should be protected by wired glass in metal frames for 
20 ft on each aide of the wall. This also aiqdies to roof structures. A lire wall is a 
special device and should have special consideration. 

Opemn,gs \n Firr IPaWs —Fire Doors. Openings in fire walls should be protected 
in a standard manniT. The protection of such openings can become valueless imless 
the protective device* is designed to cope with the heat of combustion w'hich may be 
generated on either side of the Tvall. Flash fires and radiated heat will pass through 
openings too fast for ordinary devices. 

For doorways, the standard calls for two class A fire doors, one on each side of 
the wall. This may be modilicd in the ease of boiler and engine rooms of fireproof 
construction. (lass A doors are three-ply w’ood wnth a lock-jointed tin envelope; 
class li doors arc two-ply w(»od with a lock-jointed tin envelope. 

The size of openings for standard doors, uw'ing to expansion and other fire effects, 
shall be limited to 120 sq ft for class A three-ply doors and 80 sq ft for class li two- 
ply doors. Door laps should be 5^ in. 

All sills, styles, and lintels should lie of incombustible material. Fire doors should 
be automatic in operation and also equipped with devices for quick closing in case of 
flash fires or radiated heat. The altachment of thermostatic or rate-of-rise devices 
is desirable where conditions demand quick ac'tion. 

Fire doors are constructed of sheet metal, tin clad, rolling steel, steel plate^ and 
Kalameiii Their fire rating is set by the rating biin^au having jurisdiction. 

Fire-door failures arc due to one or more of the following reasons: 

J. I'in* doors not on each side of wall, thus not providing two hues of detense 
with air space between 

2. Fire doors siilistandard 

3. Poor hardware 

4. Fire doors not closed owing to autuniatic-aetion failure, blocking, or human 
clement 

5. (’ombustible sills, styles, and lintels 

6. Fire intensity too srwere 

7. Explosives 

8. Fire travel too fast for aiiiomatie devices 

9. Lack of care and iiiaiiiteiiniice 

10. Dry rot 
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Belt Holm. l^U holes should be prc»iccted by standard tin-clad shutters and be 
equipped with automatic closing devices similar to doorways. Pipe holes should be 
protectfd by tnetal thimbles and collars extending at least 1 in. on oa4*h side of wall. 

Piers and Wharves. Since piers and wharves are similar to buildings and inror- 
poratfi flue a<'1iou in their design, the areas of such structures should be restrieteiL 
Transverse lire walls should be installed at intervals of 300 ft, or to restrict the area 
of one fire di\isiun to 5,000 sq ft. Fire walls should extend through the pier deck 
and continue in the substmeture to low water. 

Vertical Separation. If a Imilding is more than one story in height, the problem 
becomes one of superimposed horizontal area. The possibility of damage and dostruc^ 
tioii due to flue action, converted heat and lire, and smoke and water seepage are 
increased also (see Table 5-18). 

Vertical Openings. Vertical openings consist of elevators, stairways, chutes, con¬ 
veyors, pipe holes, pipe shafts, ventilating shafts, ramps, and lire towers. 

1. Elevator. An elevator is a device within or in connection with a budding that 
is used for carrying jiersons or things u])ward or dowiiw.ard. Klcvatora vary in size 
and arc subject to inncli activity in an industrial rstablisliinent and therefore should 
have special treatment (sec American Standard Safety Code for Klevaturs). The 
walls of an elevator should lie of brick of not less than 4 in. or (3tiuivalent tliickncss 
(increased for lieightj, extending almve tlie roof not less Ihmi 3 ft, and having a fire- 
resistive rating of not less than 2 lir. The enclosure at the top shouhl have skylights 
of ^H-iu. wired glass or plain glass covered by a screen of No. 12 wire set 1 ft aliove 
the skylight and extending on all sides at least 1 ft. Windows in these enclosures, 
not less Ilian 2 ft above roof, may be of plain glass uiih'ss the window is within 10 ft 
of a lot line. In that case it should be wired glass. If the elevator does not extend 
to the bottom of the building, it shoidd be enclosed witli the same construction as 
the lowest floor. 

2. Stairways. A stairway eoiisists of one or more flights of stairs and the neces¬ 
sary landings and platforms eoiinectmg them to form a eoiitmiious and unintetrupted 
passage from one story to aiiothei ui a building or Htruciure. There are many vari¬ 
eties of stairways, ;iiul standard tieatniimt is difficult, except that tJic standards for 
elevator shafts also apply to stairways. All stiiinvays should be of incombustitile 
material and ^ ncloserl l>y wired glass in metal frames or fire-resistive partitions to 
suit the seventy of the oceupaiicy. 

3. Chutt’i-, or CoTivryors. Chutes or conveyors that cannot be treated in a standard 
manner may be treated by installing inctaJ traps oi flap>. 

4. Pipi lloldi. l*ipe holesj bJiould be made as Miiall ai possible and closed off by 
closc‘-fittuig incoiubustilile material at the ceiling and floor Jlnes, Metal sleeves 
should extend 0 in. above tlie floor if the floor is wale;proof'd. 

5. VentUaiing Shafts. ^ eiitilating shafts should be constructed of iiiconibustible 
material, and wdudows in the shafts should bo of 

wired glass m metal friuiies. 

(». Hanipts. Itainps present the same problem 
as any vertical opening and should be treated as 
such if possible. 

7. Fire Tower. Smokeproof Tow’^er, Philadel¬ 
phia Tower. The enclosing walls of a fire tower 
should be of approved masonry or reinforced con¬ 
crete, and there should be no oiienings in such 
walls, except for the necessary doors and windows. 

A tire tower .should have a roof of firt'-resislive con¬ 
struction. The fire tower should extend to the jTiu. 5-4. Smokeproof tower, 
street level. Sell-closing fire doors, swinging in the 

direction of travel from the building to the fire tower, should be provided at both 
building and fire-tower ends of the balcony or vestibule. Fire towers should be 
accessible and shoidd never be used for storage. The doors should always be kept 
free (see Fig. 5-4). 
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Frame construction should Imvo the end of wooden transverse beams or joiiits 
resting on masonry walls cut to a bevel or chamfer of 3 in. in depth so that release 
of beam will not destroy the integrity of the wall (see l^’ig. 5-5). 

Water Seepage and Drainage. Water from broken pipes and sprinkler ruptures 
caused by freezing and breakage and water for extinguishing tires causes great dam¬ 
age, and its olimuiation by gravity is essential, particularly where floors have been 
waterproofed. Water is not only destructive because of its wetting quality, but it 
will be absorbed by stocks, even though they are skidded. Also, its weight (62.5 lb 
pcT cu ft) will increase the dead load and cause collapse of building. 

Scuppers.* The installation of scuppers is essential to permit the water to drain 

off, and floors should be pitched slightly from the 
center to the outer wall to assist the flow. A 
scupper is a cast-iron assembly set in the wall at 
floor level, with an opening 4 by 4 in. closed by 
a hinged flap at the outer opening. Care should 
be taken to keep scuppers clean and free from 
obstruction of any kind. Birds will make nests in 
them if flap.s are not seating properly. 

For floor areas of 500 sq ft or less usi* two 
scuppers. 

For floor areas of 750 sq ft or less ufi(‘ three 
scuppers. 

For floor areas of 1,000 sq ft or less use four 
scuppers. 

For floor areas over 1,000 sq ft additional 



I'lG. 5-5. Sell-releasing l>eam. 


Bcupi>era should be used, one to 500 sq ft of area m liazaulous locations; one lo 1,000 
sq ft of area in moderate locations; and one to 2,000 sq ft of arrMi in ordinary locutions. 

Two Bcuppc‘rs are needed to discharge 
water from one 2 j 2 -iu. hose stream (250 gpm). Table 6-22. Discharge from 

a 4- by 4-in. Scupper, by Test 


Dtpih oj water, in. 


FLAMMABLE LIQUIDS AND GASES 

Fire prevention, as applied to flammable 
liquids, gases, and dusts, is a study that must 
take into account the physics of the inatcrials. 

Complete equilibrium as to temperature and 
pressure, as in closed containers, can be used as 
a basis, for it is the disturbunee of the equilib¬ 
rium wliicli presents the proldein in the control of these materials. To enumerate 
all th(‘ factors involveil in this study is beyond the limits of this chaptiu*, but certain 
features are presented which will be of initial value to those in plant management. 


1 4 (top of opening) 
5 


Disc hat gr 
33 
71 
132 
1K8 
210 
21S 
245 


Flammable Liquids 

There is no sharp line of d(‘marcatioii between a liquid and a gas. Any liquid at 
a high temperature and low pressure becoincs a gas. Any gas at a sufficiently low 
temperature and high presMire beeoim'b a liipiid. The essential physics of fiammalile 
liquids is to maintain the equilibrium rif the material at atmospheric prossur *. This 
requires the exclusion of sources of ignition, the prevent ion of evaporation iii enclosed 
spaces or in proximity to combustible material, and 11 h‘ protection of liquids or gases 
in closed containers from lire heat or the sim’s rays which may cause expansion of 
the contents and the bursting of Ihe coiitairuT, resulting in widespread fire. Heat is 
ahsorfx'd when a liquid is evaporated to form a gas. Heat is given off when a gas 
is condensed to a liquid. 

In general, the rate of diffusion of liquids and gasi s varies with the density. Vapor 
density is the relative density of the vapor as eoiiipared with air, a figure less than 1 
indicating a vapor ligliter than air, a figure greater than 1 iiirlicatuig a vapor heavier 

* Rcuppera of larger dimenaionB can be used, but the above reciuiremeiib will sufUoe to cover a normal 
condition. 
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—tonstruriion r—Mss-i*, 

! '(dHFIRE NCSISTIVCCDHSTN) DOTSREFHtl 

--- J STTMS INtMCi 

- — -j Adobe huildinj «msHT^MKiRT ’ ¥ Window openings m second andfouHti shines 

buildin J ^ni ; r:'** * Windows with wired ^lass 

I-(c BR)- 1 Concrete [i me J cinder or ^ ^^ Windows wilh iron or tin clad shuHers 

CZssJlU HollDT”n^rte‘'orcementhlDckconst^ FTl Window openinjs tenth to ^ ^ _ 

L :~»CG^_ZI Conrrete or reinforced concrete constn | 

r «Ti.r) I Tilebuildint [e: Coen elevator . 

*1 BncKbu.ldmJv»ithfr«mBCornicB ,Ff frame enclosed elevator 

alone front eT « « .. withtrans not cum uw ij 

n-3 ’ frame Side r," , . 

L _aj!WB»J.»IWLIU (D VIDEO BY FB»MC PANT TtON) ESC « a. M SClf CltSlRj tfSpS 

I— I Brick veneered building ^ Concrete block enclosed elevator with traps oVon chimney 

_H • andframebuildmj Ejs? Tile enclosed elevator with self clos traps 

rf »aml m cw lihc^ Frame building brick lined [BE/Bnch enclosed elev with wired ^lass door IWnnci^rhimoev 

FF-flat ,yrFiiit~l ■■ metal clad ^ 

-1 r,F,„-u.„u,.A (/5) Ground elevation 


KEY 


Window oproinj in frrststorv 

sTFMb iNBiaTe STDRU& T Vvindow openings in second and third siones 


COUNTtNCFROM LCri 
TflmSHT LOOKING 
TOWARD RWUIING 


[F-flat ^.iTBRtl .. metal clad 

W Frame building 

IronbuildinJ 


Ironbuildinj number Vertical steam boiler 

- *-PFT — ^va^r^ous'mintrtau^ ^ crO Gasoline lank 

(»SB CL) Frame bu Idin^ covered with asbestos ertical pipe ar stand pipe Open under 

'Zin Arfl Automatic fire alarm IO *; f 

Brick building with brick or mchl cornice J_E^ Independent electric plant ^M^r^nechon*** 

7 11 - SHI 8M mB ■' fire wall G inches ibove roof Automatic sprinklers ly^ S n^Ie f re dept 

LJ TBPS B. BmtT_ 12 , ^ V r p-i^necliDn 

hi "THifiJianV.' ^ lg @ Automalic chemical sprinklers 

I^-£^J'"sVt “ah**' J ^ ^ Aulomalic sprinklers m pari of building only 

n7MB 4« iSHiiAivIlW^' UNDER SrMBOLIND CATES PROTCnrOFORTIONorBUIlilNB) 

-—ht Figure'^ 8 IZ 16 indicate thickness i*»bniy ^ , 

^ “of wall in inches u • n j Oil Reference to 

—J Wall wilhout oppningand size ininches pnnklered f OL adjoining 

_/344 ^all with openmjs on floors as dcsignalrd 1^ ^ Outs de vertical pipe ■■ I pa^B 

-— Opening with single iron orlin clad door on fire esrape m Firp engine house 

—TT • double iron doors © Fire ilarm box ^ ^shownonktymap 

—\M - ^ « V standard fire doors ^ c u a i (•) Fire pump 

_.._^ 9 Single hydrant/'^CXUnder page number 

@watenian-k Openings with wired glasj doors DH% Double •• VPM/refers to corresponding 
-n,... w# Trmie .. peje of previous .d.l,on 


[@WATEN ian-k Openings with wired glasj doors 

p- -fch CK ir ^ Drive or passage way 
Stable 

I _^ Auto House or private garage 


Stable Quadruple tiydranlolthcHgh Pressure Fire Service" 

fl_ Auto House or private garage Fire alarm box of the High Pressure Fire Service' 

Solidbritk with interior wells of "r*iE«8;«iJ;Waterpipesollhe'H,jhfres5ure^^ 

CB or CB and brick mixed ♦ u n r and hydr aids olihe 

_ _ High Pressure tire Service as T-hown on key map 

Mixed construction of C Band brick Water pipes and size in inches 

JS_ with one wall of solid brick a rtrPtPeiM^tmra WatAminPc nrnriwatN sunnlif 

Ai*t Mixed construction of C B and brick “ “ ^ PR ^ l 

HSaJ with one wall faced wilh 4 brick A House numbers shown near esl lobuildinjs are 
ssn-l Mmed construction of C B n^Hcial or act ually up on buildings 

_ and brick throughout Old house numbers shovinlurthesl from buildings 


PiLr 5>0 Signs and symboN uwd on iiiuiirame niapH 

Color Legend 

Yellow frame Greeu (olive) fire-i pBiatxve 

Pmk bnik Drab adobe 

Light blue ronirpte Puik-\eUow center brirk veneer 

Lighter blue romont block Piiik-blue ceuter bni k, concrete-block lined 

Gray iion-ilad 
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Table b-23 


Material apecifir 


Aloohol ethyl. 

BenjBene. 

Butane. 

Crude oil. 

Cylinder oil. 

Ethane. 

Diesel oil. 

Ethyl fluid. 

Fuel oil. 

Gasoline (motor fiu'l). 

Gas oil. 

Kerosene. 

Lubricatiiie oil, light . 

Heavy. 

Mercury. 

Methyl alcoliol . 

Naphtha. 

Propane. 

Water, at 6fl“F. 


0.833 6.05 

0.88 7.3 

0.585 5. 

0.82-0.07 fi. 85-8.11 
0.91-0.07 7 58-7.113 

0.440 3 71 

0.90 7 51 

1 71 14.1 

0 06 8.0 
0.71-0.82 5.03-0.86 

0.83 7 

0.81 6.75 

0.8t>-«.90| 7.17-7.51 

0.80-0.03 7.41-7.70 

13 5.930 in4. 

0.701 I 6 G 
0.729 6.07 

0.500 4 24 

1. 8.34 


than air. Vapor density is one-half the 
inoleeular weig;ht. Vapor density of a 
gas is the ratio of the weight of the gas 
to the weight of an equ^ volume of 
hydrogen. Molmilur weight (mol wt) 
of a gas is equal to twice its vapor 
density. 

Specific Gravity. For liquids, sperifie 
gravity is based on the speeifte gravity of 
the liquid tested at CQ'T as compared 
with water at ()0®F. 

Degree Baum§. Aer.ording tn the 
U.S. Bureau of Standards degree Bauiiie 
is as follows: 

For liquids heavier than water, degree 

14*5 

Baiim6 145- 

tc 

For liquids lighter than water, degree 

140 

Baume —rr — 130 


It is the ratio of the density of a liquid to that of distilled waier, both taken at 
GO^F. 


Table 6-24. Thermal Expansion of Flammable Liquids 

Per renl increane 
in volume/100“/'’ 


Liguid riats 

Acetone. 8,5 

Amyl acottttv. 6.8 

Benzol-benzene. 7.1 

Carbon bisulfide. 7. 

Ether.9.8 

Ethyl aoetatf'. 7.9 

Ethyl alcohol. . . .02 

Fuel oil. .4 . 

Gasnlinr, ordinary.fi. 

Natural. 8 

Lifjuid iietroleiini gas, butane, pro|mite.9 

Methyl alc.oliol. .7 2 

Toluol (toluene). 0.3 


Table 6-24a. Calorific Value of 

PHrolfum piodwis 

Gasuline. 

Crude and fviul oil. 

Kerusciie. 

Coal-tar oil. 

Ga.s oil. 

Benzene. 

Carbon dlHulIide. 

Ethyl alcohol. 

Ethyl ether. 

Ethylene. 

Methyl alrohoi. 

Naphthalene. 

Gaaea 

Natural. 

Oil. 

Coal.. 

Pro«lucer. 

Water. 

Hydn)gen.. .. 

Acetylene. 


Liquids and Gases 

Btu/lb 

. 19,800-20,520 

. 18,010-19,710 

. 19,710-19.870 

. 17,890-18,400 

. 19,260-19,580 

. 18,050 

. 6,130 

. 19,930 

. 22,000 

. 21,340 

. 9,550 

. 17,320 

Btu/cv ft 

. 710- 2.260 

.' 510- 800 

. 450- 670 

. 100- 180 

. 300- 670 

. 61,060 

. 20,750 
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Hazardous Locations. A hazardous location is defined as one in which there ib 
piesent any higlily igmiable material, meluding gases, hquids or dusts The analysis 
of the existing or contemplated process oi mechanical opciation to ascertain whether 
any hazard of fire or explosion may bo present calls for the application of standard 
treatment set forth * for ameliorating tiust conditions, including the me t houicBl equip¬ 
ment such as electric motors, ventilation, grounding, and explosion venting 

Under the National Electrical Code and Underwriters' Laboratories, hazardous 
locations are dehned as shown ui Table 5-25 

Table 6-26. Hazardous Locations 


Natinnal 

Till i triral t ode 

1 ndtnn nUrs 
Liulinriloiiis 

Hazardous JocatioiiH 

( U<»s 1 

Group \ 

Atinos])hf rcr rontaimne a* Upline 

C lass 1 

(froup H 

Atmosplurbs contauuiiK liydroRtu or gasis or vapors of cqunahnt 
hazard eurh as manufactured gas 

( lass 1 

(jioup ( 

Mmosphirrs containing eth^J ether \Bpor 

C labs 1 

(iruiip 1) 

Vtiiiohphcres coutlining gwohnt iietroluim naphtha alLpbol 
an tone laiqucrs schtiil vapors and ualural gas 

Class 2 

Group I 

Atinosplic n s umt iiiiing inr tul dusts 

( lass 2 

Groai 1 

Aiiiiosphc ns (ontainmg c irhon blac k c oal or loki dust 

( lass 2 

Ciroup (t 

^tinosphcns (ontainmg gram dunts 

( lass i 


1 rK attons hindling igmtibli fibers roinlnistible 

r IdKs 4 


I ocalions vbcK rasil> ii,mtibJi conibustibh hbers an stored 


Only liquids having a flash XKunt lower than 200 P arc gem rally turned "flam¬ 
mable,” but any (omlmstililc h(|uid, wlu ii heated to above its flasli ))oiiit, wdl produce 
flamiiubU vapors c p, lu lud od when heatiwl above 300”! nia> rileisc vapors 
as flainmahh as gasolim it its flash-point temperature, wliuli is about 0“1 (see Tabic 
5-27) AJJ combustible liquids, thcTifoie, must bp 5_25 General Clas- 

treatpcl as hazardous with spp.ml treatment given s,fication for Flammable 
to those of a densitv of 1 25 or lower Liquids* 

ftauB Numft%cfd aLolr 

Ventdation Lth.ri lOO no 

Ventilation may be (ithci natural or aitihcial 
Natuial vtntdalion has I he advantage oflxuigm 
continuous opeiation and is not dependent uixm 
manual starting or on powei supjdy I oi liquids 
lieavici thill an, the floor venting should be for i 
heiglit of 7 ft and may consist of pipes set in the 
oiulosmg walls at flooi live], jHiuiting slightly 
downward and vintmg to the outir air, and 
hquids lightir than air, the vinting should be at 
7 ft from the flooi for toiivieiicm euiruits pushing upwards Pivoted windows 
without fixed lati hi s aie a de mi ed ty pc of ventilation medium Mechanii al \ t nida¬ 
tion 18 more positiv ind should be used where opeiatioiis are extemin e It does uol 
(Upend on tempeiaturo ind wind conditions Mtihanjial veuitditioii should follow 
the priiiiiplc noted above and bi figured on the rate of diffusion of the* vapors, c g , 
I gal of solvent e\ aporated in 2 300 ft of air 

Explosionproof Electrical Equipment (see Motois) bme e it is impi actii al to con¬ 
struct airtight enclosures fni raotois and other electrical equipment, il ib neicssaiy 
so to construit the enelosiiie tliat, if gas oi vapoi within it is ignited, the^ rohulting 
flame is pieveiited from piopsgaliiig to the outsule mu loiinding almosphert This is 
a furidamental requiiinuiil foi motois and othei eUctneal i qiiipmeni of the (xplo- 
sionproof typi* The design of e‘quipiiieiit to meet this requiicmcnt is basinl on the 
pnnciple that the piopugiitioii of Ihmii through an opening is prevented when the 
dimensions of the opening aio within eirtaiii nariow hiiuta 

Explosion pressuits ot many vapois or gases show wide diffciimns Explosions 
* National lire Pioteition Association 


Gasolini on 100 

Ivf rriwnej U) 40 

l^araffin Oil 5 lO 20 

* I mil rwriU rj I aboraltwies 
t Pun other ib rated 100 
f A stindaid kcroetTic of lOO”! 

(ilrwd Clip; IS raUd 40 

^ V paraffin lul of 4 40^1 flarih 
(i los^il I upj IS r<i1 ((J 10 

other praetiial apcitures Jor 
till Ltiling and roof and aliove 
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p> 

11 

» » -gk -a 

i .3 03 

» 

Mean iodine 
value, oxygen 
absorption 
(apontaneoua 
ignition) 

77 

90 

76 

80 

78 

86 

, 65 

95-96 

25 

100 

10 

93 

69 

62 

1 

97 

83 

95 

5 

70 

52 

19 

75 

98 

K 

9 

Yes 

Extremely 

Yea 

Yes 

Yea 

Yes 

Extremely 

Extremeh” 

No 

Extremely 

No 

. No 

No 

No 

No 

Yea 

Extrenielj' 

Yes 

Yes 

Extremely 

No 

No 

N> 

No 

No 

Classification 

56-60 

Gasoline, 90 

Kerosene. 40 
Kerosene. 33-40 

Kerosene 

Ethyl alcohol 

70 

Ethyl alcohol, 70 
Amyl acetate, 56-60 

Gasoline, 95-1 no 

100 + 

Spontaneous ignition 

100 

Gasoline 90-95 

1 Spontaneous ignition 

1 SpontaneoLia ignition 

Apparent ignition 
temperature 


750-800 
700-825 
800-925 
850-925 
800-925 
600-675 
1000-1050 
700-725 
660-725 
650-725 
700-800 
650-725 
750-810 
700-800 
800-900 
750-a50 
700-800 
1000-1025 
700-760 

377 

1000-1060 

212-223 

650-800 

356 

600-675 

536 

650-750 

500-565 

650-750 

650-750 

1 650-750 

o 

E^'<f<©©©iooo6a5QOPJ®c?c400ioesic© r- o N U 5 ©© © ©© 

TTtTTT^TTTTTTTTTTi” ©*? 7 T S fS'Tj 7 77 

©r»NiiS'Ni-<cob-'n"te*'f©e-E^©r»wi'“ w o ■>» ^ 'T'^ 

prjcg-r-i'-te3«3P3ecMrtPOc*?c*3"i'e;wiow 1:3 r-t n ps COM m Km 

Flash point 


* 

—■>t<'N^»'-ooio«5r-.’eccsto®oDC®tn©©o'?»coir90ioop5'i'«tN 

1 -ot) PI 0 Ol c-<®ao©®irs«®t-.eO® ©-N « i-h-W © W l-TW-1*-T O-h •-© © O P5 

pH ..ft .,(1 m 03 *t '1' 

1 1 1 1 III II II 


* 

iC©<N©r«l05® MiO ■*1<0 0 CM iC ^03®® ® CM 

tNCM FH-*t<»O-^O5’>t'O3O3o:-<^'^^CM06l> ©C'l 03 lO -T ®»li|-M ® ©CM 

CM r-i pj P^CM 

III II III 

1 

Acetate, amvl.. 

butj-l normal.. 

ethvl. . 

methvl . . 

Acetic acid, glacial. 

p4cetic anhydride. 

.Acetone. 

Alcohol, amyl (fuse oil). 

iso. .... 

Sec. 

butyl, iso. 

normal. . 

denatured. . 

ethyl. 

methvl. . 

prop3'l iso. 

normal. 

Aniline. .. , 

Aniline dimethji. 

Benzene . 

Benzaldehj’de.i 

Benzol. . 

Bone oil . . 

Cart)on disulfide. 

Castor oil. 

Coal tar. . 

Cocoanut oil, refined. 

Corn oil. 

Cottonseed oil.1 

Cj’linder oil, mineral... 

Ether, ethvl. 

sulfuric. . 

Fuel oil. . 

Fuel oil. 

Furfural. , 

Gasoline. . 

Gb'cerine. j 

Hexane. i 

Kerosene. ! 

Lard oil, commercial. I 

pure. .... 

Linseed oil, boiled. 

raw. . 
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Flash point is subject to an error of plus or minus 
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of acetylene, for example, may be weak, developing little prcsfture, or violent, devel¬ 
oping a high pressure. If explosive mixture is in a state of mechanical agitation or 
turbulence at the time of ignition, a higher explosion pressure is developtnl. It has 
been found that mixtures containing approximately 1.8 i)cr cent by volume of gaso¬ 
line vapor in air are much more likely to produce discharge of flame at the joints or 
other openings than mixtures of the order of 2.2 per cent by volume.’ It is difficult 
to make a standard to flt all conditions, so tests shoiild be made and equipment 
approved for the hazardous location in which it is to be used. 

Explosions. The violence of an explosion depends upon the concentration of a 
vapor with air, and the explosion range is determined by this concentration. For 
gasoline these proportions range from slightly over 1.4 to about 6 per cent by volume, 
or a range of 4.6. Therefore, 1 gal of gasoline completely vaporized and mixed with 
air will form an explosive mixture in volume of from 600 to over 2,000 cu f1. 

The curves for vapois from other flammable 
liquids arc similar in form, although the explosion 
limits vary considerably. 

To avoid the possibility of explosions in the 
use of liquids for dry cleaning or cleaning and 
washing of parts in factories and garages, the 
following mixtures are suggested: 

Seventy per cent carbon tetrachloride plus 30 
per cent or less of gasoline. (This mixture must 
be tested at intervals, as the carljon tetrachloride 
will evaporate faster than the gasoline.) 

Three parts ethyl dicldoritle plus 1 part carbon 
tetrachloride is a safe mixture. Other solvents of 
low flammability are Irichlorethylene, tetra 
clilorethyleiie, Stoddards Solveni, and H/L spirits. 

Explonon Venting,^ Properly designed and proportioned and properly distnl)- 
uted vents will release explosion pressures u’ithout structural damage. The diagonal 
scoring of double-strength clear-gla.ss window lights on the outside witli a diamond, 
starting tlie scoring about two inches from the corners and leaving a 2-in. gap in the 
center, reduces the strength of the liglits to about ou(‘-iifth so that the scored glass 
will probably be blown out without severe damage to the steel frame. 

The required ratio of explosion-vent area depends uixni the strength of the struc¬ 
ture. For reinforced concrete (heavy), provide i sq ft for every 80 r*ii ft of volume. 
For reuiforced concrete (lightbrick plank on timber eoiistnictiori, provide 1 sq ft 
for every 05 eu ft of volume. For light construetion provide I sq ft for every 50 ou 
ft of volume. These requirements are for dusts of grain-dust characteristics. Aver¬ 
age heat coTiieiil of flammable liquids is 10,(KH) Btu per lb. Average thermal expan¬ 
sion of flanimabh' liquids is 4 to 9 per cent incr(‘ase in volume per lOCF temperature 
rise. 


Table 6-28. Explosion Pres- 
BiiieB for GaBolme Vapor 
and Air Mixture 


Per cent of vapor 
in air by volwme 

Preaiure, p«t 

1 

56 

iH 

65 

IH 

73 

2 

83 4 

2>i 

100 

2W 

90 

2H 

85 

3 

68 

3)4 

60 

4 

30 


Oil Burners 

The primary hazard of the oil burner is tlie discharge* of luiburned oil into a hot 
firebox, where it may vajiorize and form an explosive mixture. In domestic oil 
burners, the danger is faulty ignition or formation of carbon on ignition points. In 
industrial plants, burners may be turned off while the firebox is still hot, and oil 
continues to flow. The installation of oil burners in dwellings and mercantile and 
industrial properties where the chimney of flue construction has not been designed 
for this type of fire heat calls for rigid inspection to determine heat radiation which 
may expose combustible mnteriil. 


Solvents 

Any liquid with a flash point under 100®F may be clascunl as a solvent. In all 
mixtures w'liere solvents are used, the same precaution and staudiirds must bo used 
as for flammable liquids. 
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Tabic S-a» 


furl niln 

flash poiut, 
dog 1 

Ignition 
point, 
dcg f 

Extinguuhmg 
uirdiums (f aotory 
Mutual)* 

1 ucl oil 1 Cellular io ktrosi iii) 


490 

2 3 4 

fuel oil 2 

11(1-190 

494 

2 3 4 

f uel oil 3 

tlO 230 

498 

2, 3 4 

Fuel oil 4 

l<uel oil 5 (.industrial t\]X.) 

1 utl oil S (iiulustriol type) 

125 200 
no 230 

Not uecd 
13U+ 150 + 
150 + 

766 

1, 2 3, 4 

1. 2, 3, 4 


* LxtinKuiBli mcdiuina an (1) «afir Bpra> or fug or auioniatic. apnnklLrs, (2) foam, (3) COa and 
(4) dr> iheniiLalb 

Noiaa tuil oilu and 6 an for induBtnal ty|>cs of oil buruirs and an used with li\e steam and 
prpht^aicd oil for atonuration 1 hc\ ina\ involve largt Hiuiagt lankH under and aboveground Fuel 
oils 2 and 1 ore fur donieHic un< lanks foi 55U gai are ixrmitted uidoors. 

Solvent Recovery, Solvont-rec ovt ry processib iinolviiig mattnals in the liquid 
01 laptn stall arc unusually hazardoub and bhould be isolated in detached buildings 
The u(ovcT> of iUi Holviut from the vapoi may be aLLompbsiied m thict general 
ways 

1 Adsurptiou by matciials -iW h as activated carbon oi sibca gel, vaporization by 
nieiiiB ol steam, followed b> loiidensatioii, by cooluig, with hubsequeiit leeovoiy of 
till bohi lit by dec anting the sepaiated layers of londenscd steam and solvent 

2 Dissolving the vapois in suitable solventb m bcrubbmg equipment followed by 
separation m distillatiou apparatus 

3 \^hell \ ifKirs aic in high loiicentiation, they may be reeovered by cooling 
c ithei with water or nfngciation equipment oi by first coinpressmg and later cooling 
III eithei ease the solvent is oblaiiied directl> without furthui si^paration or purihca- 
lion by distillation 

EguipmerU Although diileruig lonsiderablv in detail, solvcnt-reLOvery equip* 
inent ma> bi tlassilied into two geneial gioups aiioiilmg to lire hazard 

1 Thi adsorjition anil hiiubbiiig types, which nivoJv e vapor mixtures of low con- 
ii lit ration, gtmi ill\ hi low tin lower explosion limits 

2 The diK it-soiidciisatiun tvpes, which involve much ruber mixtures, so that 
the atmosphcie is withm or must jiass through the explosive range whenever opera¬ 
tions aie start 111 or slopped 

Low-mpor-(on 4 iiUtatLon Mfthod'i In the first group, paiticularl^ the adsorption 
iiutliod, the higher the vapor concentration, the lowei the capital and operating 
costa and the more iftiiiiiit tin letovery This mvolves a small margin of salety, 
and such operations can bi permitted with cvciy reasonable safeguard agamst explo- 
uon, including ample explosion vents, and should be under continuous supiervibion 
and control ot vafan loiiditiuns by a leliablf vapoi indiiator 

Ihgh-vapot-iariaTU/atifm Alfthoih Solvent lecovery fiom concentrated vapor 
mixtures b> cCKilmg or b> coinpiession and cooling is espeuallj hazardous because 
explosive conditions are cniouiitcml whenever the (‘quipinent is started, when it is 
shut down for repairs or tor any othei reason, and whenever air enters owmg to some 
deject or hicakduwn in the equipment Ineit gas is cummuuly used to kcH^p air out 
of I he equipment 

DiHiUaiion Sepaiation or purification of the recovered xapors by distillation is 
gi'iiiiallj dcpornplishtd by means of closed stills heated by steam and operated at 
low pi(»bhure or uiidei a xacuum The vapor is usually recovered m a water-cooled 
condenser and conducted dirictly bv gravitv to the solvent storage tanks. The 
danger fiorn distillation equipment is mostl> from possible explosion whem the equip¬ 
ment IS ojiencd for repairs or inspection when it contains vapors mixed with an 
Other dangers arcs flora the burstmg of the vaporizing tank owmg to neglect or failure 
of auxibary devices and from liquid escaping from glass gauges. Solvent stills should 
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be equipped with relief valves set well within safe working pressure limits and piped 
outdoors. All solvent-recovery systems should be isolated and ventilated; all possi¬ 
ble sources of ignition should be removed; vaporproof globes should be installed on 
all lights; and nuuferrous metals and tools should be used around the equipment. 

Dip Tanks. Painting or coating by dipping objects in tanks of paint, varniKhes, 
or lacquers involves the hazard of exposed surfaces of ilaiuinable liquid and the evap¬ 
oration of the solvents. This also applies to quenching tanks. Small dip tanks can 
be protected by automatic covers held open by fusible links or thermostats. Covers 
are not effective where they interfere with stock or stock conveyors. Drainboards 
should be treated as part of the dip-tank operation. Overflow pipes of such capacity 
as to drain the liquid without clogging should be provided on all dip tanks. Dipping 
operations in connection with large units and involving drying ovens are especially 
liazardous operations and call for special treatment. Fire protection for dip tanks 
and drainboards can be either foam, (Da gas, water spray, or automatic sprinklers. 
Water spray of high velocity will cool hut vrill also emulsify the oil-reducing salvage. 
Ail extinguishing agents can be applied automatically. Quenching oil.s have a flash 
point of approximately 365°F. These oils have a good salvage value if allowed to 
settle for 24 or 3fl hr after a fire. 

Spray Booths. Spraying operations are hazardous because of the volume and 
concentration of the work and because spraying produces a residue of flammable 
character. The solvents used generally are highly flammable niih'ss the spraying 
medium is a paint not using those solvents of greater volatdity tlian kerosene. Spray 
operations vary in size from one booth to large ass(^mbiles which present special 
hazard conditions. A single booth may become dangernus beeause of its use in con¬ 
gested areas or hazardous locations other than that created by the booth itself. 

The necessity of elaborate ventilating sj'stems and special lighting arrangements 
add to the hazard of spraying. A separate exhaust duct should bo provided for each 
booth, leading by the shortest route to the outside of the building. If more than 
one booth exliaust is connected to a manifold exhaust, this manifold should be treated 
as part of the entire installation. Exhaust fans should be of the nonsparking (non- 
ferrous) type. Wooden fan blades can be used in emergencies. Motors should be 
located outside the booth, with tlie fan drive by shaft or enclosed belt or chain extend¬ 
ing through the wall of the booth. ExplosionprcK)f motors are no exception to this 
rule, as they may become coated with sjiray residue, reducing the cooling effeid. 
Lamps should be of the vaporproof or explosionproof typo and not placf^d where 
they can be conta^dod by the spray or broken. Booths should be cleaned frequently, 
the scraping being done with nonferrous tools, or cleaned with a solvent of no greater 
flammability than kerosene. Most spray residue, other than ordinary paints, if not 
thoroughly removed from Die booUi and if not disposed of, is subject to spontaneous 
ignition. The use of baffles in spray booths calls for frequent change and cleaning. 
Water-type spray bootlis, where flammable liquid spray passes thniugh water to 
coUect residue, should be treated as above. 

Location. Spraying operations should not be earriod on above large or susceptible 
stock piles or equipment. Large quantities of water are liable to be used in extinguish¬ 
ment of hre, and such materials would be greatly damaged if floors were not water¬ 
tight. Spraying assemblies and the rooms in which they are located should be 
protected by automatic sprinkl(‘rs. 

Transportation. The Interstate Commerce ('ommission (IC’C) has control ov(t 
shipments of flammable licpiids, gases, and explosive's. The !('(> issues a standard 
table showing substances that cannot be slupped together. The character of sub¬ 
stances is designated by a system of labels as follows; 

Red—Flammable liquids with flash points of bO®F or lower 
Yellow—Flammable solids (except explosives) and oxidizing muterials 
White—Corrosive liquids (mineral acids) 

Green—Nonflammable compressed gases 
Explosives—Marked Explosives 

This color scheme is also used within the industry to designate piping conveying 
hazardous liquids. 
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Tankxar Shipments. Tank-car shipments are classihed in aocardance with the 
vapor pressure of the liquid by the Association of American RaUroads, with different 
tank construction for each class. Vapor pressure is determined by the ASTMj using 
the Beid Motliod, 

Table 6-30. Reid’s Specifications for Vapor Pressure 

(Class 1—^lesB than 16 lb vapor pressure, psi, ai absolute lOO'^f. Class 2—not exceeding 40 lb vapor 

presstire) 


ISiibatuiiro 

Vapor pressure 

Classification 


7 0 

Class 1 

beuEune, OO^bi'. 

0.5 

Class 1 

65 “B6. 

1.3 1 

Class 1 


3 2 

Clsas 1 
Class 1 

Carbun disulfide. 

11.1 

CaainK-iiead Kafloliiio. . 

15 -40 

Class 2 

GoBoUne. 

9.5-13.5 

CUasB 1 

Ethyl other. 

16.8 

Class 2 
Class 1 

Ethyl methyl ketone. 

3 5 

Methyl acetate. 

7.1 

Class 1 

Naphtha (pelroleuml, Iohh than. 

0.5 

Class 1 

Naphtha (VMP), Iohh tliaii. 

] .0 

Class 1 

Methyl other. . 

Above 10,3 lb 


(ProsKurc above 4(J-lb liiuit fur claHH 2) 

Potrulcum other. 

10 -17 

Class 2 

Toluol (toluoiio). 


Class 1 


Flammable Liquid Storage Underground. A tight substantial tank is the first 
riHiuircinent in storing fianirnablo liquids underground. Tanks should be thoroughly 
niatod on the outside with a rust-resisting compound. To minimize the danger of 


Table 6-31. Maximum Capacity of Tanks 



Maximum allowable storage 

Lorution 

Class I, 2, 3. 
under 10()®F 
flash point, gal 

Class 3. 
above 100®F 
flash point, gal 

If top of lank is abuvo iho iDwost flrM>r lovol of any build- 
ine that is 

lliaii 10 fl away . 

550 

50,000 

10 to 20 ft away . . 

2,000 

76,000 

20 to 25 ft a«v ay . 

5.000 

100,000 

26 30 ft away. 

15.000 

150,000 

30 to 40 ft away. 

20,000 

200,000 

40 to 50 ft nway. 

1 50.000 

600,000 

M ore tlian 50 ft away. 

Unlimited 

Unlimited 


lenkagi* from tanks seeping into near-by cellars and lowTr-than-grade floors or hasc- 
inimts, the distances apply as specified in the flainmablMiquid ordinance of the 


NFPA (see Tabic MI). 

Flammable Liquid Storage Above- 
ground. Distances bctw(jeii above-¬ 
ground storage tanks should be equal to 
at least the diaiiu'ter of the larger of the 
two tanks for tanks of over 100,000 gal 
capacity. For small tanks sec Tabic 
5-32. For outside storage, att(?nlion 
must be given to the slope of the terrain from the tank storage to buildings or 
merchandise stored in yards. 


Table 6-32 

Minimum divtaneew 

Capacity of tank, gal between tanke, ft 

O- 18.000 3 

18,001-24,000 6 

24,001- 48.000 10 

48,001- 7A,000 13 

75,001-100.000 15 
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Dikes, Dikes Around tanks should be large enough to hold the entire capacity of 
the tank. Vents of standard capacity and design and dame arresters should be 
standard equipment. 

Standards Applying to Flammable Liquids. Standards concerning flammable 
liquid sot forth by the NBFU are the following: 

Dry cleaning 
Dip tanks 
Paint spraying 

Discharging flammable liquids 
Containers for storage and handling 
Installation of oil burners 
Pyroxylin-plastic storage 
Pyroxylin-plastic maniifacture 
Motion-picture film 
Photo X-ray film 

The National Fire Protection Association publishes the following pamphlets 
applying U) fiammable liquids: 

Preventing welding fires 
(Combustible anesthetics 
Spray application of fiammable finishes 
Flammable liquids 

Flammable Gases 

The hazard of flammable gases is generally similar to that of flammable liquid.'^ 
os previously noted (sec gas, natural and artifii‘ial). Tli(‘ hazard of gases is the 
possibility of their cseape into the atmosphere to form explosive inixtiircR with air 
and possible ignition mediums. This is occasioned mostly by breaks or leaks in pip¬ 
ing or containers or the escape of unbunied gases in gns-burning appliances. Gases 
lighter than air present a less difliciilt problem in ventdalioii thiiii those wliieli are 
heavier than air. Gases are more nr le.s.s toxic and prt'sent a health hazard which 
calls for the supplying of oxygen to relieve asphyxiation. All gases expand wlu'u 
heated or increase in pressure if in a closed container of any design. All equipimiit 
designed for the handling or storage of gases should be strong enough to vithsland 
any pressure to which they may bo subjeeiod and so located or protected as to mini¬ 
mize the danger of mechanical injuiy. 

Pressure Releases. All containers sliould be jirovided willi some form of pressure 
relief to prevent rupture or explosion if exposed to hc^at, sun’s rays, or fire. lV(‘ssure 
releases may take tlie form of a disk of metal de.signe<l to rupture at a given tempiM a- 
ture or a fusible plug designed to melt at a given temperature. 

Notx: ScliarlTenburger Bung release for barrels and Bruall containers. 

Til larger systeins various forms of safety-relief valves are used, including thermo¬ 
static alarms. Sim* XFPA Qtmrferhjj October, 1943. The relief capacity must In* 
equivalent to the vaporization rate or the volume increaso. 

The volume of a true gas at constant pressure is directly ])roportioual to the 
absolute pre&sure, or at constant volume (as in closed coutainers) the absolute pres¬ 
sure is proportional to the absolute temperature. The expansion of an uiK'ojiihied 
gas lessens th^* velocity of the gas molecule, releases the kinetic energy, and lowers 
the temperature of the gas. GornpresHion producc‘B the oiiposite effect. 

Flame AiresterB. Flame arresters are required on tank vent pipes to prevent 
flash backs into the tank when an explosive mixture is present. A wire screen of 
40-mesh psi wdl prevent the passage of flame through small openings. Scret*iis of 40 
mesh Lave a free area of about jwr cent of their total area. This must be allowed 
for in the design of vent.s. Screens have a tendency i,o clog because of dirt and oily 
residue. Arresters constructed of banks of paralhd metal plates oi tubes, having a 
large surface of metal to dissipate heat, are more cffcclivc with opetiings larger than 
screens and are less liable to clog. 

Nots: Flame arrestfis are not required by NFPA, 
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Atmospheres in Tables. Teats of atmospheres m tanks may be made by ehemicsl 
methods or by flammable-vapor indicators These indicators, which are useful not 
only m tanks but in manholes or m lot ations where the presence of flammable vapors 
may be BUhpoeted, measure the amount of flammable vapor prehcnt and are gonerally 
calibrated in terms of p<^r cent of low explosion limits They gi\c difleient readings 
for diflerent gases and therefore should be used only within the limits of their suita¬ 
bility. Carbon bisulfide gives low readings and requires sptLial calibration Flam¬ 
mable-vapor indicators must hr carefully opented and maintained and should be 
checked and calibrated pc^nodically to assure coriect readings. 

A common type of mdicator operate*! b> com oust ion within the apparatus of a 
sample of the atmosphere m a small en do sure in the presence of an electrically heated 
lesiMance element The change in resistance due to the heat of combustion deter¬ 
mined by a thc'rmocouplc or a Wheatstone bridge is measured to indicate the relative 
amount of flammable vapor prescnit In another typo the amount of vapoi is deter¬ 
mined b\ the thermal icmductnily of the mivturc dectrically measured Instru¬ 
ments a\ ailable for deterniinmg the pcicintagc of flanunalih \ apors in the atmo'fphero 
are h actory ^^utuaJ flammable-\ apormdn atoi, (lasohiie vajioi mdjc ator, Hall (devised 
by H H Hall of Standard Oil ( ompan) ol C alifornia), the I C ( combustible-gas 
indicator (Union C aibide &. C^arbon C\>mpdnv) and the US Bun^au of Mmes 
indicator * 


Table 6-33. Dangerous Gases Found in Sewers and Manholes* 


Ciasi H 

1 

ProjK riua 

Source 

Amnionia 

Poisonous 

1 i fnpriTaloT plantH 

Henrol 

Pojwmouh exploMie 

AiitoTJiubihs tani s 

Carlwni ilunLidc 

1 SufFoiaLing 

< kinl uHtioii dLtoiujiOhitiDn 

Cartwin nionuxulc* 

1 Puisonon*. cxplnsiif 

I ml ^as flue. automobile 

Ethane 

' 1 \ploKi\e 

Natural pvb mfrd fudiniB 

Crasutine 

I'oison oils (\plosii e 

\utrinr>l>il(s tiiikh 

IIj ilroKt n 

[ 1 vplcisn t 

Aihhrial fu( I gab c1utrol\sib of water 

Hvdrogin hulfidc 

1 1* nsonous 

( ual icis dnorui osiUon 

Mttliaitr 

1 T xplosisi 

Nat eas and rufid gas derompoutioa 

Natural Ra<4 

1 Sufforatinp 

Nitural gas ninins 

Nitrops n 

1 Siifforalmp 

( nmViistion decomjHisJtion 

Phosffpne 

P< isonouM flauiinahlt 

T>( < i miMisition rninbubtioti 

Sulfur tliuxide 

1 Puisoiu iia 

Purmne iiixulatioii 

UiuaaturaUd ilroc arhniui 

lx|1oBiv( 

Maiiuf'Klurid full iraa 


* NfPA QuatUrlit \inl J JKI 


Hamm able gisi s ma> be produced in 


Oil Imriiers 
Industinil furnaces 
llange oil burners 
Oil-burning stoves 
G isohne stoves 
Ory dcamiig 
I'lnishmg processes 
dasohne engines 


Coating ind spreading prooc^sses 

Hcc hummg 

Solvent iccovcij 

Degi cabling 

Extraction processes 

llubber cement and varnish mixmg 

Impregnating under pressure' 


Manufactured gis contains carbon monoxide 
rontatn oaibcm monoxide 

Aatyhiu Vc ctvlene has a < akuihc value m 
Btus of 20,700 pei Ih 

The quanlily of \ ihmm carbidei" pc'rmilted 
to be sloied uiside a building is C>00 lb In a 
one-stoiy budding outside the mam building*^, 
6,000 lb may be stored 

Acetylene mav react with cojiper to produce 
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Natural gas does not oidmaiily 


Table 6-34. Conuaercial 
Gases 


Natural ga4 
lias uil 
Cool teas 
Produrff ean 
Water gae 


f aJortfie no^aai, Bta 
jnr oufci^ foot 
?iO-22W 
S10~ 800 
450- 670 
100- 180 
300- 670 
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an explosive csompound; therefore, iron or steel piping should be used on all installa¬ 
tions. Acetylene has the widest explosive range of any gas used in industry, from 
2,6 to 82 per cent. Acetylene can explode by decomposition without the presence of 
air at pressures above 15 psi. The calcium-oarbide-to-water type of acetylene-gas 
generating systems is the best type. Calcium carbide residue must be disposed of in 
a safe place; its reclamation is said to be a practical process. Calcium carbide fires 
can be extinguished by COj, but the carbide must be removed to avoid reignition 
due to remaining moisture. 

Hydrogen. Hydrogen has a calorific value of 61,060 Btu per lli. Its ignition 
temperature is from 982 to 1000“F. All piping used in installations where hydrogen 
is present must be gaatight to pri‘vent leakage. Hydrogen evolved from sinc-coating 
processes can be a source of fire. Battery charging causr's the dissociation of hydro¬ 
gen. Therefore it should not be dtme within 10 ft of an open flame. 

Oxygen. Oxygen under pressure should not be brought in contact with oil, oil 
lubricants, or greases. 

Liquid Petroleum Oases. Liquid petroleum gases have a calorific value of 20,000 
Btu per lb. Their thermal expansion is 9 per (“ent volume increase per 100°F. Butane 
and propane are heavier than air. CVlinders of such gases aboveground must be 
kept from freezing. 

Nitrocellulose Film. Nitrocellulose film consists of such substances as celluloid, 
pyralin, fiberloid, xylonite, viscoloid, nixonite, and pyroxylin plastics. The differ¬ 
ence between these substances is their nitrogen content, which langes from 10.5 to 
13.5 per cent. Tests made on nitrocelhdose film for X-ray purpost^s, showed gases 
produced by decomposition to be as sho\isn in Table 6-35. 

Common Refrigerants. Table 5-30 lists most of 
the substances used as refrigerants and gives data 
on their flammable and toxic properties. For pur¬ 
poses of comparison, siiiiilur data are given on carbon 
tetrarhlorido, a commonly used extinguiKhiiig agent. 

These data are taken from Under writers' Lab¬ 
oratories Bejxirt MH2375 on th(‘ (Vnujuirative Life, 
Fire, and Explosion Hazard.s of Uommnn Befriger- 
ants and from the .supplementary Ilcqiort Mil 2630 
on dichlororaonofluoromethnne. For more comjilete 
information, see the original rejiorts, which may be 
purcha.sedfrom Kinetic (’hciiiicals, Inc., Wilmington, 
Delaware, for whom they were made. 

Other information of interest is given in the* follow ing i>aragraj>hs, also taken 
largely from Underwriters' Laboratories Beport MH2375. 

Ammonia is an irritant gas having a sharp, penetrating odor wdiich gives adequate 
warning of its presence. 

Butane, ethane, and propane have praeticallv no odor and do not give warning 
of their presence in air in dangerous concentrations. Butane and jiropane are 
anaesthetics. 

Carbon dioxide is odorless, but its physiological effects when breathed in mild or 
moderate concentrations serve in a mea.sure as a warning of its presence. 

Dichloroethylene is an anaesthetic gas having an odor that resenildos chloroform. 
It does not give adequate warning of danger. 

Dichlorodifluoromethanc (F-12, Freon) has an odor resembling that of chloroform. 

Kthyl bromide does not give ailequatc warning of its presence in air in dangerous 
coneentratioiiB. 

Kthyl chloride is an anaesih^tie that gives some warning of its pn^scnce, but n 
person might tolerate exposures to it in dangerous cmeentrat ions until h<*lplesH. 

Methyl bromide has an odor, hut it is not distinctly unpleasant aiul does not give 
definite warning of its prt'sencp in dangerous concentrations. 

Methyl chloride is an anaesthetic that does not give definite warning of its pres¬ 
ence in dangerous concentrations, but when u.sed as a refrigerant it usually contains 
substances that givt adequate warning 


Table 6-36* 



Per cent hy 
volume 

Nitrog;en peroxide 

6 0 8 9 

Nitric oxide 

14-82 

Carbon monoxide 

47 4 59 1 

Carbon dioxide 

21 3 24 5 

Oxygen 

None 

Hydrogen 

0 9 3 2 

Methane 

10-27 

* Cheniical W'arfare Hervicp. 

United Staten Army, after Clei eland 
Clinic Fire, 1929 


Notb; At high tomii^ratureB 
1,000 lb ■■ 8,500 cu ft of gab. 
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TsU« 6-SS 


Name of Bubhtance 

1 lanlnkablll(^ 

Toiieily 
claabihration 
group No * 

Ammonia 

1 

2 

Butane 

t 

6 

Carbon dioxidi 

Nonflammable 

0 

Carbon tctroihlori Ir 

NoiiflaitimabU 

S 

Dicblunthyk up 

S 

41 

Dichlorodifluoraini tlmm <1 12) 

Nonflammable 

611 

Diokloroiuoiiufluriroiiicthane (b-21) 

11 

HitwpeiL 4 and 0|| 

Dithlorotelrafluoroi thai i (I 114) 

Nonflammable 

611 

EHihaiit 

t 

6 

Ethyl broniiHr 

6 

4 II 

Ethyl chlondi 

6 

Bptween 4 and 6|| 

Methyl bmmidi 

f 

211 

Methyl rliluridc 

5 

411 

Methyl foruiaU 

X 

d 

Methylene chlondt (die hh romethani) 

1 

BPtwc c 11 4 and 5 H 

Monofluorotnchlommfthane (1 11) 

Nonflamnial li 

611 

Propane 

1 

6 

bulfur dir xi 1 

Nonflammabli 

1 


* Sulfur dioxulf (KTOup 11 has a if xiiitv that is coraparatntU hij^h (concf^nlraticina of the order of 
' 2 to 1 i»or PI nt f r duration r f pxi oeuro c f the or Jer of fi mu will pbunb di alh or stn )ua injurv) Sub- 
Htanrei in Rroui ^ ail l(sa toxic in Kro ir i HtiU leas toxir tic \n idru of the dan^r fiom lefnKeranta 
111 (n« up 5 ina> Ik 1 taincd from the (ait that tarbon dioxide whiih in in Kroiif 5 nas bf cn extenavely 
used in iiiduntry an 1 as a hri evlinKUishiiv ase nt with a r< cord that indicates that ita actual life haaai^ 
unrhr ordinan conditions is nmall 

t An exploaioii of aminoma an luixturib if hiich com ml ration (in to 26 per rmt ammonia by \olumc) 
IB pusaiblc I at \umnlh ind r i rartu d ( n litu na coi ibublii u oi aminoma la blow and weak 
t In a class aith iHuiiunatniic kum and tin xaiicr (f KasoUtn. 

i M( dcraUly flammal h uiudi Ush liarardous than (.abolinc but more hazardoua than ammonia 
P Tins* refrigerants arc defoinposed by eoiitai t with flame or ter\ hot suifaccb producing fumea 
aliiph aie toxic and irritating but ahirh give dchnite wariimt, of their presence before dangerous cuincen- 
tratioiis are rcai bed 

If J ire harard la verj small from a praetiial ntai dprii t 

Mtthvkn' ihlonde (tlu hloromt thaiu oi C iironc \o 1) has a p^biologual mtion 
whuh giyes some learning of its presenrt 

Mtthtl foiinatt is an iriitant and gives dthnite waniing of its pi (scute 
Sulfur dioxide ib cxcectbnglv iriitating to tht (a<s and throat (ten m very low 
tonccntritions so that persons bred hing it niak( fvrjj lAoiI lot scape before serious 
injury ot t urs 

In f oiisidcnng flainniablc gaws and \aj>ois, one of the important points is whether 
the> art heatitr or lightci than an, and if so, how inueh hcatier or hghtor Table 
5-37 gives in one (oluinn the tajK)! density lelatne to air under the same conditions 
of temp* lature and pleasure The t ipoi d( iisif> of ac etonc, for example, is given as 
2 0, which means that acetone \apois arc twice as hcaty as air. That of methane 
iH given aa 0 55, which nn ana tluii me thane gas is aliuut one-half as beaty as air 
Gas escaping from a pipe or t ink and vaiwi gi\ t n off by a liquid, such as gasoline, 
tt lid to diffuse m the an in about the samf w tint a drop of mk in a glass of water 
diffuses through the watci so that all the watci become h colored Some vapors dif¬ 
fuse very slowh, while others diffiihc rapidly It will be noted from Table M7 that 
immonia gas diffiiHes in air about twice as fast as tarbon bisulfide and that the 
lightcT the gas, the faster it diffuses Ilvdrogen, the lightest of all gases, diffuses 
about 3^2 times as fast as caibon monoxide 

It has been found that flimnuible gases and vapois will burn or explode only 
when the proportion of gas or vapor to air is withui cortam hmits, known as the 
‘flammable*' oi ‘*cxplosj\e’* limits Looking, for example, at the figures in Table 
5-37 foi gasoline, it is s<»en th it gasoline vapor will burn or explode when the propor¬ 
tion of vapor to air ib between ] 4 and 6 per rent This means that, if the proporticHi 
IS less than 1 4 parts of vapor to 98 0 parts of air or is neher than 0 parts of vapor to 
94 parts of air, there can be no burning or explosion However, with mixtures too 
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Table 6^87. Some Characteristics of Certain Flammable Oases and Vapors and 
of Common Refrigerants^ 


( as or vapor 


Aoctit aud 

Acetone 

Acetylene 

Alcohol ((thvlali li I 
Ammonia 
Amyl act tute 
Amyl alcohol 
Bencene 

Benzol (benzene) 

Butant 
But^l aiUatL 
Butyl alcohol 
Carbon bibulfidc 
Carbon djoxidt 
Carbon monoxide 
Dulilorelh> lent 

Dichlorodifluornmethai c (h 12) 
Dichlorotetiafluoroetl a.i t (1 111) 
Ethane 

Fther (ethvl ether) 

Ethyl act late 
rthyl bromide 
Lthvl chloride 
If th> lent 
1* thvlene oxide 
Gasobne 

Ilvdrocyauic and 
Hv droi,en 
Hvtlrofctn •uilhdc 
lUuimnatinK gas 
Keroaene 
Methane 
Mcthvl acetate 
Mtthvl (wood) alcth il 
Methyl broinidt 
Methyl (Ulondi 

MtthvUnc till rid( (lichlnr r ttl i ) 
Methvl formuti 

Monofluorotrit hlonmiethaiif (I 11) 

Pentane 

Propane 

Propvlene 

Sulfur dioxide 

Toluol (toliKi e) 

lurpentinr 

Xylol (xyhiu) 


Exploaive limits 


\ ap >r 

Kate t>{ 

111 air by volump 

dtiisity 

dlffUMOll 



(air - 1) 

fair » 1) 

I owir 

UpiM r 

2 1 

0 (»0 

4 0 


2 0 

0 71 

2 0 

9 0 

0 

1 05 

2 G 

82 

1 f 

0 79 

a 5 

19 0 

0 W 

1 JO 

16 0 

26 

i 5 

0 17 

1 1 

4 0 

i U 

0 58 

] 2 

5 0 

i 0 

0 5K 

1 4 

6 9 

2 7 

0 61 

1 4 

8 

2 0 

0 71 

1 6 

6 5 

4 0 

0 50 

1 7 


2 G 

0 62 

1 7 

18 

2 f 

0 62 

1 0 

50 

J 5 

0 82 

N(iiflj.in 

(I 97 

1 02 

12 5 

74 

\ 15 

0 55 

5 6 

11 4 

4 2 

0 49 

Nan flam 

5 9 

0 11 

Noiiflam 

1 03 

0 98 

1 3 

10 G 

2 h 

0 62 

I 9 

22 

1 1) 

0 58 

2 5 

11 5 

3 71 

0 51 

6 0 

11 0 

2 2 

0 f7 

3 7 

12 0 

0 97 

1 02 

3 0 

34 0 

1 5 

0 82 

3 0 

80 

3 5 

0 53 

1 4 

G 

0 i 

1 01 

5 6 

40 

0 061 

3 81 

4 1 

74 

1 17 

0 92 

1 J 

46 

0 I 5 

1 24 

5 0 

31 

4 5 

0 47 

1 1 

6 

0 55 

1 J5 

5 U 

13 5 

2 ( 

0 r>2 

1 1 

14 

1 1 

0 95 

0 

30 

i 3 

0 55 

1 5 

11 5 

1 7 

0 76 

b 1 

17 2 

'♦ 

0 58 

1 

t 

2 1 

0 69 

4 5 

20 

i 7 

0 46 

N inflam 

2 5 

0 63 

1 45 1 

7 6 

1 5 

0 82 

2 3 1 

7 3 

1 45 

0 8J 

2 2 

0 7 

2 2 

0 07 

Noiifiai i 

i 14 

0 56 

1 4 

7 

4 7 

0 46 

0 h 


3 7 

0 52 

\ 0 

5 3 


♦NBIU BJI 52 

t Prai tiraJlj^ iionflammabli at ordinal v ttmperatuite 

rich to burn theip is a i>os*u!jility of some portion of the inixtiiip Ixnng <lilu(.i rl with 
additional air so as to bring it within the explosive limits 

At or near th< txplosnc liiiiits thf ixplosiOTi will lx mild or there will be quiet 
burnmg, but bctwrtn thesf limits c xplosions of '\ar>mg dcgrcCR of \iolente will occur 
For gasoline the most violent t xplosion will o< lur with a niixturr of about 2 25 per 
cent In gerienl, it m^v be siid thit the wider the range between the lower and 
upper explosue limits thf greater the hazard ot explosion Vapors with a lower 
limit below 2 per cent hive also bef ri shown to hive a high haraid even though they 
have a relatively narrow range 

A vapor such as gasoline that is heavier than air tends to settle in low spots and, 
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idthough gradually mixing with the air, H not affected by drafts will remain in such 
low spots for a considerable time. Such heavy vapors will flow in a stream along a 
floor and down stairs or along the ground and, if reaching a source of ignition, will 
propagate flame back to the source even from considerable distances. In one fire, 
the vapor was reported to have ignited in this way from a point 162 ft from the source. 
The vapor in such low spots or in such a stream will fn^quently be too rich to explode, 
but even whore this is true there will be, above and around the rich mixture, a mix¬ 
ture that is in the explosive range, and as the vapor diffuses a greater amount will 
come within the cx])losivo range. If ignition is delayed until the vapor is diffused 
sufficiently to get a flammable mixture over a considerable area, ignition will then 
result in a serious explosion. The higher the relative rate of diffusion, the more 
quickly will the scene ])c set for such an explosion; and the larger the space that 
contains such a llaniiriable mixture, the more violent will be the cx]>l(>sion. 

A gas such as ilium in ating gas that is lighter than air tends to rise hut diffuses 
fairly rapidly so that in a building the gas wouhl be soon distributed throughout the 
room or space in which it is discharged. A small gas leak in a room with some venti¬ 
lation might not be sufficient to produce an explosive mixture, but if enough is liber¬ 
ated, an explosive mixture will he formed over a large area very quickly. 

If the temperature of a gas or vapor is higher than that of the air in which it is 
liberated, the gas or vajmr is in effect made lighter and will act accordingly. 

Need for Gas Masks in Fighting Fires, Their Value and Limitations'^ 

Noxious and poisonous gases of various kinds are encountered in fighting fires. 
The most common of these i.s cailsm monoxide, an odorless product of combustion 
which is present in varying clcgiees depiuiding upon the material and the location of 
the Hie. (Vllar ami lnihenidd Jiies and those involving oil or material in a compact 
iorm are producers of large rpianlities of cat bon monoxide, and as such fires can 
seldom be veidilated, it is obviouss that some foim of protection must be provided 
against these and other gase.s. One source of other gasc's is mechnnical-refrigeration 
equipment which is now found in Tiiany stiires and n‘stauranls and in a great many 
apiirtnumt houses and residences. Many systems contain arninonia or sulfur dioxide, 
both toxic refrigeraiit.s. AlthougJi these, through tludr dist inctivc odor, give adequate 
warning of ilieir presence liefore dangerous eoneentrations oro reached, fire service 
may require that entrance be made. 

Hecause ol the iriitant ami poisonous nature of the gases occurring during a fire 
and the further probability of other gases being liberated, no modern fire department 
can be considereil as being jiroperly equipped if it does not ha\e sufficient protective 
eijuipment for its men. 

Subsequent to the development of gas masks for war work, there liEis been material 
iinproveimoil in the canister type of mask, which consists of a rubber face covering 
and a canister so arranged lliat all the air breathed comes through the canister which 
contains absorbing substances for removing poisonous gases. Type N, us approved 
by the U.S. Ibireau of Mines, gives protection against all the poisonous gases that 
fir<‘in(‘n are likely to eneouuter, meludiug carbon monoxide. This mask is aometimea 
called an ‘‘all-service'' mask. 

All canister-type masks have two important limitations which must be well under¬ 
stood if they are to be used with safety. (1) They are utterly uaeles.s in atmospheres 
defichmt in oxygon. This condition is found in tanks that have held readily volatile 
material, such as gaS4ilino, in sewers and manholes in w’hich ga-Nes may accumulate and 
thenf is very little ventilation, or where carbon dioxide or other gas has seriously 
diluted the oxygen of the uir. (2) If there arc high concentrations of gases, the 
materials in the canist(»rs arc rapidl} used up» and (Considerable heat is developed. 

For those iiifrefpient occurreiicns where a gas mask is not suitable, an oxygen 
breathing ajiparatus must be used. This is a self-contained breathing apparatus 
which su])plieH oxygen from a small cylinder and which purifies the air breathed, 

Mtuleru lire-department practice recognizes that the use of gas masks and oxygon 
breathing apparatus is an essential feature of effetdive fire fighting. Its value itt 
jireventing injury or death to firemen is primary^, but mateiial reduction in fire loss 
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is also possible because of the ability to penetrate to the seat of Jie fire. Less venti¬ 
lation of the structure is required where they arc brought into use, and rescue work 
cATi be performed with masks where otherwise there might be loss of life. 

For effective operation two gas masks should he provided for each company, and 
the members trained in their use. In the larger departments these would be supple¬ 
mented by oxygen breathing apparatus, carried either by ladder companies or on 
special apparatus. 

The effective use of gas masks and helmets requires training and practice. The 
men must know how to use tliem as well as when not to use a gas mask but to use 
oxygen breathing apparatus. 

Inert Gas Systems 

Fire and explosion can be prevented by the creation of an atmosphere that will 
not support combustion by reducing the oxygen content of the normal air which 
contains 21 per cent oxygen. Any inert gas can be ust'd for this purpose, but con¬ 
sideration of availability and cost limits such use to carbon dioxide, nitrogen, and 
mixtures of carbon dioxide and nitrogen produced by combustion, as in flue gas, 
intemal-combustion-engine exhausts, and other inert-gas produ(‘crs. 

Table 6-38. Dilution of Atmosphere with Carbon Dioxide* 

Maximvin per- 
miMihlc oxygent 


Suhnlance per cent 

HttiiburKh cold tlust.10 

Pyrethreum flower dlist.IB.6 

Acetone.15 

Cotton lint or dust in air. .1.5 

Ethyl alcohol. .15 

Gasoline vapor. .15 

Methane. 14.5 

Cork dust. J4.1 

Wheat, com, or oat elevator dust,. 14 

Ground-oat hulls.1 .’1.7 

Ether. . .J3 

Hard-rubber duet. . 13 

Wheat slarrh. 12 

White dextrine. 12 

Sulfur. 11 

Ethylene. 10 

Carbon dieiilflde. 8 

Cotton in bulk to pri'vent Hrnoiilrli rin^c simI reijfiiilion . 8 

Jute. g 

Carbon monoxide. 6.9 

HydroKcn. 5.9 

Note; If nitrogen is usecl alone, these percoutages ean be lowered 10 per cent. 

* NFPA Mtanda^. 


Extinguishment of Dust Fires. The introduction of inert gas into grinding equiii- 
ment and transport systems reduces the normal oxygen content to a point at which 
an explosion cannot occur. A reduction of oxygen to lc.yrt than 15 per c'cnt is ncc,cs- 
sary to prevent explosions of carbonaceous diist.s and to less than 10 per cent to prevent 
smouldering fires. 

Carbon dioxide, carbon tetrachloride, and w'atcr should not bn used on aluiniiiuin 
fires. During fire-fighting operations, caution should be exercised ii] use of heavy 
streams, as clouds of dust may be set up causing explosions. 

DUSTS 

Dusts have manj'' Rtates of division which range from particle sixes, which will 
hardly float in air, to the finely divided state knowm as ‘'flowers,” which will pass 
through a screen of 400 mesh per sq in. The finer the state of division and the more 
rapidly and violently the dust is formed, the grea.'*er the possibility of a powerful 
explosion. 

Flammability of Organic Dust The chief reason for the flaininability of dust, 
according to Von Schwartz,” is the occlusion of atmospheric air or other gases bj' 
the minute particles of dust which act like an absorbent sponge. Laden with gas 
or vapor, these dust particles form a highly flammable material which ignites with 
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Table 5-89. Effects of Inert Gases and Low Oxygen Content on Bxplosibiilty'^ 


Combustible 
gas or vapor 

Formulas 

Per cent of oxygen by volume 
below which explosions are 
impossible, at ordinary tem-> 
perature and pressure 

Volumes of inert gas necessary 
to render one volume of com¬ 
bustible nonexplosive under all 
ennditionH of dilution, with air 
at ordinary temperature and 
pressure 

Nitrogen j 

. . . 1 

CO* 

Hue gas 

Nitrogen 

CO, 

Flue gas 

Hydrogen . 

H. 

5 n 

5 D 

5 1 

16 5 

10 2 

11.0 

Carbon monoxide 

(’0 

5 U 

5 9 

6 6 

4 1 

2 2 

2 4 

Ethylene 

CiHi 

10 0 

11 7 

10 2 

16 3 

0 0 

9.8 

Methane 

CH« 

12 1 

14 G 

12 3 

G 0 

3 2 

3.8 

Ethane 

PiH. 

11 0 



12 8 


i 


* Jones and Perrotl U S Hureau of Mines 

NotK Tlie standards for reference from the National Board of lire UndcnivrjIers are the following; 

50 Acpt 3 dene Eqniiiment 

63. (laaoliiip Vaiioi Machines 

64. Piping and Fittings for Titj Gas 

51 Oaa Systems for tv elding and f’utting 
58 Liquid Petroleum Gases 

The standards set up b\ Pamphlits from the I nderwnter's Lahoratones include Spontaneous 
Ignition and Prevention, list of Approved Gas and Oil Appliances 


•y thp U.S, Department of Agricul- 

Table 6-40. Dust Explosion 
PresBurea 


greal rapidity foiming an atmosphere of hydroearhoiis and carbon monoxide that 
furnishes with the remaining air an explosive mixluie, which la ignited and exploded 
by the flame of the burning dusts. 

("onsequently, dust explosions occur in two stages—the ignition of the dust 
partii'les and the explosion of the resulting and readily formed gaseous products. 
These phases follow in such rapid suceession as to form one operation. Both 
organic and metallic dusts become far more explosive w'hen mixed wMth substances 
liberating oxygen.* 

The formation of dust is alw ays accompanied by a liberation of bent (in contrast 
to gnseB\ and if this heat is confined and is not dissipated, the temperature may 
reach the ignition point of the material of which the dust is formed. 

Dust explosions from shoek, percussion, or friction, unaccompanied by the pro¬ 
duction of .sparks, cannot take place. 

Dust-explosion Pressures. Tests were made 
tore to find out dust explosion pressures The 
quantity of dust used in these tt'sts was 5,000 
mg per liter which corresfionds to 500 oz per 
cu ft. The results of these tests are shown in 
Table 5-40. 

Metal Powders. Ignitions and explosions 
of metal powrder may oreur under the same 
conditions required to pniduce explosions of 
carbonaceous dusts. Metal pow’der or dust in 
a quiescoiil state may be ignited by a spark or 
the application of sufficient heat to raise the 
iemiieratiire to the ignition point. If undis¬ 
turbed, the powder will tium quietly, and the 
fire will spread at a late depending to some ex¬ 
tent on the availability of oxvgen to complete 
eoinbustioii. The some sources of ignition are 
generally capable of starting a dust explosion, 
but to obtain such a reaction, the powder must 
be scattered in the air in the proper proportions. It is generally conceded that the 
finer the dust, the more flammable it is, the smaller the flame or spark required to 

• Tlito » oonfirmwl by Dr. B. V Wheeler, of the British Coal Mines Committee. Eokmeals. Enalaml 

Wn'Hfi* «*—1- J * ' 


Type i>f dust 

Exploarw prMsvrs, 

p« 

Grain duet 

37^6 

Btarrhes 

38-47 

i^ugars 

22-45 

Woodn 

36-44 

Sulfur and him sulfur 

31-32 

Hard rubber 

38-37 

Cork . 


Metals 

3-10 

Fertilireps 

34-51 

Milk powders 

31 42 

Cocoa 

23 

Flours 

26-42 

Meals 

21 -42 

Spires 

28-43 

Drugs 

22-43 

Rosins, waxes, soaps 

31-42 

Coal, carbons 

24-48 
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ignite it, aud the longer it remainB in suspension in the air where it can be most readily 
ignited. 

The most widely used methods of producing metal powders Is the milling prooess, 
which includes the production of powder in stamps, crushers, rolls, ball, bar, and disk 
mills, attrition mills, eddy mills, and jet pulverizers. In the last two types of equip¬ 
ment, air curroiitB arc employed in the grinding operation. 

The Hall process provides for the mixing of a liquid with the material entering 
the mill to form a slurry or paste and thus eliminate dust ignitions within the mill. 
If it is necessary to dry or further condition the product after milling, the explosion 
hazard may be present to some extent. 

The Hametag process employs a stream of inert gas to carry the powder away 
from the mill as it is produced. The purpose of this is to prevent both oxidation and 
explosions. 

It has been estimated that 1 lb of some of the finest metal powders has an expanded 
surface of about 220,000 sq in. 

BcreeiiiiJg and packaging operations constitute dust ignition hazards similar to 
those in other dusty industries employing the same type of equipment, such as 
screens, bolters, sifters, reels, and dust (‘olleetors. 

Experiments have shown that flame propagation occurs most readily in dust 
clouds ill which the particles are small, of uniform size, and uniformly distributed. 
Under such conditLoiis flame velocities of 2,000 to 3,300 fps have been measun'd, 
with indications of much higher velocities, e\eii up to 6,000 fps. The ignition tem¬ 
peratures of the metal powders while in a quiescent statt* were found to range from 
410 to 1742"’F, 12 out of 10 igniting at temperatures below 032''F. Ignition of a 
dust cloud usually requires a higher temperature or a largt^r source of ignition than 
is necessary to cause iiiflainiiiation of a quiescent layer of the same mateiial. In a 
series of tests, it was found that the temperature necessary for ignition of a du‘^t 
cloud geiierally ranged from 599 to 1652”^ Preshur(‘s ptodueed in metiU-dust explo¬ 
sions range from 20 to 72 psi. 

Venting by explosion vents or hinged windows in buildings of substantial con¬ 
struction has been installed at the ratio of I sq ft of vent to each 25 cu ft of room 
volume. 

In recent tests to determine the ellieiejiev of inert gases to reduce the oxygrui 
content of atmosphere, mch as C'Os and nitrogen used in lire’s eiitiug ignition of car¬ 
bonaceous dusts or flammable ganes, it ^as found that some of the metal powders 
eould he ignited by sparks in pure eaibon dioxide, and for a few pow ders pure nitrogi n 
provides only a narrow margin of safety against ignition. MagncHium will burn in 
nitrogen to form inagnesiuju nitricle. Helium and argon were found to be more 
effective than ( O 2 or nitrogen. results of these l(*sls indicate that dependenee 

for protection again-st dust ignitions in metiil powdeis of atmospheres with reduced 
oxygen content by the introduction of inert gases should not be, accepted unless lab¬ 
oratory tests have demonstrated tlieir f‘ffeetix eiic'ss. 

The following recommendations for the prevention of ignition and c^xplonion an* 
not conrlusive owing to the lack of factual knowdedge relating to metal dust, but 
some degree of protection can be obtained by their o])aervance: 

1. Hazardous processes should he segregated in small detacheti buildings or Sepa¬ 
rate units writh fire walls and fire doors. 

2. Vents such as light roofs or largo hinged wdndows should be provided, designed 
in the proper proportion to release explosion pressure without slniclural damage. 

3. Equipment should be maintained as nearly dust-tight as possible and frequent 
cleaning should be provided for to prevent accumulation of dust at points where it 
may be thrown into suhjiension to form a cloud. 

4. All possible sources of ignition should be eliminated by usings (a) electrical 
equipment approved for such locations; (h) indiiect heating to prevent dust from 
collecting on heate»d surfaces; (c) ground eonnectioris on all equipment to rymov'e 
static electricity. 

5. Inert ga^ should be used to prevent dust ignitions wherever feasible. 

6. Conveying, collecting, processing, and cleaning eiiuipment designed to perform 
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Table 11-41. Ignitioii Temperature and Bxptosibility of Metal Powders with Com¬ 
parable Data for Several Carbonaceous Dusts 



Ignition temp., “F, uf 


rrewure rise, jad/sec 




Maximum 



Pubstance 



pressure, 




Quiescent 

imwder 

Dust 

cloud 

]Md 

Average 

Maximum 

Aluminum, atomized. 

e 

1292 

58 

1,060 

2,260 

Stamped. 

1085 

1193 

62 

2,170 

5,root 

Antimony. 

029 

779 

20 

90 

150 

Cadmium. 

482 

1068 

t 



Chromium. 

12471 

1662 

i 




51811 

1292 

t 



Dow metal (magneBitiin-alundiiuin alloy). 

896" 

806 

66 

1,600 

2,670 

Iron, nulled. 

8G0 

1436 

i 



Reduced. 

554 

599 

36 

230 

430 

Iron carbonyl... 

410 

60S 

31 

660 

1,200 

Lead, atomized. 

MS 

1310 




Stamped. 

672 

1076 

t 



Magnesium, milled. 

977 

1004 

\ 66 

1,600 

3,160 

Magnesium, stamped . 

887 

968 

72 

1,450 

4,760t 

Magnesium and aluminuiu, milled .... 

878 

996 

62 

2,350 

3,000 

Alanganese... 


842 

31 

220 

400 

Silicon. 

1427 

1742 

62 

440 

1 ,180 

Tin, atomized. 

80R 

1166 

34 

500 

860 

Titanium. 

806 

son 

62 

750 

1,660 

Zinc. 

896 

1112 

35 

710 

1 ,350 

Ziiu'cinbiiii. 

410 

1 

42 

600 

2,670 


("■arhonatTOiih cIumIh 


r'ornfl< arch . 

Prat inoHH . 

Pittnbur^rli rnal duM 
Wood pulp . 


♦ Ti*iiiiK*ratiirc I'ihc in powder at 12fl2“. No other cviihncc of ignition up to I6i^2''. 

t This extremely )iii;h value ehnulil be accepted with caution becaiiBC of poKHible errors in deterniininK 
niaximuni slope of prisssure-tinie curves. 

t TWs powder not ignited by standard spark in ITarlman apparatus. iKiution produced by pallet of 
cnaKni'fiiuiii and barium peroxide. 

] R<'a4‘tion not^'fl at 1247“. No other evidence of miition. 

I Powder oxidixtMl rapidly at 618®. No other evidenee of ignition. 

n Dust cloud L(fnib*'l when blown tbroujch furnace at room temperature. 

Note: In eoniparine tim iKi^ition tcinfK'ratureH for a quiescent powder and a dust cloud, it will be 
noted that there is no ronsistent Tclation between the tw'o BKuru.s. The imly explanation that can be 
ofTcrud at the present time is that in some ca.^e8 prolonced licatinK of tlie powders on a hot surface pro¬ 
duces a condition that permits the iernitinn at a lower teinpemture than is otherwise possible. On 
the other hand, in a rnr^vinn: dust cloud, the powder may eoine in eontael with the heated surface for 
only a Hluirt period. Also, tlu* nhai>e of the pow'der permits the exposure of thin mlKSS when the dust is 
in Buaiiensi'on, and thin odRes or fine projections cun Ik* ignited at a temperature somewhat lower than 
that required to ignite the product when the particles aie imrktxl lORcther. 

Rronxe dust, if frw* from nlundniim, is practically harndess. {Sulfur dust or vapor forma exfdosive 
mixtures with air and is hazardous in coutart with oxidizing materials. It should be isolated from 
rhluiates and nitratw. (Ountiowder is funned from sulfur, saltpeter, and charcoal (carbon)]. Waiter 
spray or fog is effective on sulfur fires. 

Table 6-42. Explosion Pressures of Coal, 24 to 48 Psi 


Type of coal 


Specific gravity Density 


Anthracfie. 

Bituminous. 

Anthracite (Penn.). 
Anthracite (semi).. 

Bituminous. 

Bituminuus . 

Bituminous (sub). . 


1 4-1 8 
1 . 2 - 1.5 


12,500-13,880 
13,120-18.380 
13,710-14.810 
10,020-14,700 
8,000-ll«140 
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its function with no possibility of producing metallic sparks or frictional heat 
capable of igniting the powder being handled should be employed. 

7. Fire-fighting facilities of the type found best adapted to the particular needs 
of the plant should be provided. 

Water and ordinary types of fire extinguishers are not effective on mctiil- 
powder fires, and in many cases their use will intensify the fire. 


Table 6-43 


Plasliea Group 

Cellulone aortate . 1 

CelluluHP acetato, butyrate .. 1 

Aor>'late. 1 

Polystyrene . 1 

Polyvinyl alculiol. 1 

Phenol fornialdehyde .2, 3 

Urea. 2 


Plaatica Group 

Casein. 2 

Vinyl rliloride 2 

Vinyl acetate .... 2 

CopolynierH. 3 

Polyvinyl chloride. 3 

Cold molding. 3 


Table 5-44. Relative Explosion Hazards of Powders Used in the Plastics 

Industry^ 


Type of powder* 

Ignition tempera¬ 
ture of dust cloud 

Mini¬ 

mum 

energy 
requirt'd 
for igni¬ 
tion, 
joules^ 

Mini- 
nmin 
expiosive 
coneen- 
trat., 
0.03/ 
cu ft 

Maxi¬ 

mum 

pressure 

psi* 

Knie t)f pressure 
risp, psi/see* 

“C 

“F 

Average 

Maxi mu in 

Hexametliylene tetraniine* . . 

410 

770 

0.01 

0 015 

04 

940 

2,570 

Shellac, rosin, gum 

390 

735 

0 01 

0 015 

58 

1,240 

2,990 

Phenolic resins* ... 

500 

930 

0.01 

0 025 

61 

1,370 

3,160 

Coumarone-iiidene reMiis 

520 

970 

0.01 

0.015 

63 

1,370 

2.990 

Cellulose acetate molding roin- 








pounds*. 

320 

610 

0 01 

0 025 

62 

1,180 

2,200 

Pcntaerythritol*. 

450 

840 

0 01 

0 030 

65 

980 

2,170 

Cellulose acetates* . 

4J0 

770 

0 015 

0.035 

68 

800 

1,740 

Lignin resiuGi . 

450 

840 

0 02 

0 040 

69 

760 

2,700 

Ground cotton flock*. 

470 

680 

0 025 

0 060 

67 

870 

2,990 

Ground wood flour* . 

430 

805 

0 02 

0 040 

62 

830 

2,080 

Phenolic molding coniji 

490 

015 

0 OJ 

0.030 

03 

900 

2.080 

Synthetic rubli»*r . 

320 

610 

0.03 

0,030 

59 

740 

1.870 

Phthalio anhydride*. .... 

650 

1200 

0 015 

0 015 

40 

1,270 

1,690 

Vinyl butyral re.sin. 

390 

736 

O.Ol 

0 020 

60 

470 

1,020 

Methyl methacrylate molding 








comp , . 

440 

825 

0 015 

0.020 

67 

670 

1,200 

Urea molding comp . 

460 

840 

0 08 

0 075 

63 

710 

l.KOO 

Polystyrene molding comp... , 

600 

1040 

0 04 

0.015 

60 

740 

] .040 

Ground alpha pulp*. 

4B0 

895 

0 08 

0.060 

60 

520 

1,450 

Urea rosins . 

470 

880 

0 08 

0 070 

65 

340 

850 

Polysterene resin . 

490 

915 

0 12 

0.020 

44 

3.50 

650 

Vinyl resins^ . 

650 

1020 

0 16 

0.040 

49 

250 

460 

Rennet casein*. 

520 

970 

0.06 

0.045 

49 

IDO 

500 

Vinyl molding comp . 

690 

1275 






Chlorinated paraffin. 

840 

1545 






Asbestos, asbestine, mica. 

No ignitions obtained in any test: these powders present no dust- 


explosion hazard. 

_!_^_ 1 

1 

1 

1 



1 Table Is based on te.^ts made in duht-cxplosion lal>oraiury of bureau of Mines, U.S. Department of 
Agriculture, PittnbiirKh, Pa. (see Ilurt's'i of Minee Report of Investigation a No. 3751). 

* The powders are arranged approximately in order of decreasinK duBt-explosion hazard. All tests 
were made on minus 2()0‘ineBh dustiS. 

■ 1 joule ■< 1 watt-sBO » 0.00095 Btu. Dust clouds arc. ignited by static sparks from condenser 
discharge. 

* Data on preesuren and rate of preemire rise are for a dust concentration of 0.500 r>a/eu ft. 

‘ Samples included phenol formaldehyde, plienol-aiihytlro-formaldehyde au'niii, and phenol furfural. 

■ Samples includofl cellulosi^ acetate, cellulnmi acetate butyrate, and ethyl cellulose. 

7 Samples included polyvinyl acetate and vinyl chloride acetate copolymers. 

■ Inioredients of synthetic resins. 

* Fiileri for molding oi impounds. 
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CAUSBS OF FIRE 


Coal Pulverizing.The (heniKal rom posit ion of toal vanes greatly’ as does its 
physical structure, and both features 
contribute to the pnssibiiitj of sponta¬ 
neous Ignition, the presenrt of sulfur, in 
the foitu of pyrites or maiiasite, free 
gases, oxygen, and moisture being factors 
that (ontributc to this possibility also 
(^oal should not be stored in teinpein^ 
tures in excess of 75 to 80“F and should 
be kept fiee fioin combustible mateiial 
Piles should be tested lor he atuig at regu¬ 
lar Intel\als ( oal being a product of 
carbonaceous Mgetablc matter when 
pulvcnzed creates a 8C^ ere dust-explosion 
liRi'ard, and all precautions suggested for 
explosive dusts should apply to coal 
particularly 

PLASTICS 

The relative r ooibustibility of an\ 
particular plastic composinon depends 
not cmlv on the svnthctic re sm use d but 
also on the plastic izers, fillcis and pig¬ 
ments mcorpoiated in it In i piclimi- 
nar-N test, the various tv pcs of plastics 
bubjc‘ctf d to test dame fallow gis flame) 
were found to fall into thrc‘c^ groups (see 
Table 5-43) 

Ciroup 1 Those plastics which are 
Ignited b> the t( st flame in appioximatcdv 

the same timi and Imrii at about the same rate as cellulose acetate 

(iroup 2 Ihosc plastics burning with a feeble flame, which i& extmguished by a 
slight diaft and which inav oi may not piopagate awav fiom the point of ignition 

Group 3— Those plastics w hie h burn 
only during the application of the test 
flame 

CAUSES OF FIRE 

According to the latest statistics the 
classified causes of fires are ab shown m 
Table 6-46 

The per e e nts m Table 5-46 are for re¬ 
ported flies where the cause is ascertain¬ 
able and do not repiesent either the total 
number of fares oi the total property loss 
in the United States Excluded are all 
unreported losses as well as fires result¬ 
ing fiom unknown causes It is esti¬ 
mated that the aggregate property loss 
in the United States during a decade was 
ill cxe PSb of 3 billion dollars The causes 
of fire in productive industry of which 
theie is definite knowledge aie those taken from tlie enumerated fire losses where the 
I aiise lb given, and the roiieriion of these known eauBC's ib of primary importance 
Electrical Fires. Some of the causes of electrical fires are arcing, sparkmg, over- 
heatmg, switchboards, transiormers, generators, motors, winng, switches, lightning 
arresters, switehboxeb, and panel boxes, 
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Table 6-46. Causes of Fue 

Prr cflit 


SniokinK and matrlips 20 II 

Mihuhl of 10 11 

Ex])nHUTi fire onmnatuiR otT jirfniisoB 7 5ft 

‘^parkH nil roof** 7 08 

OMrfiratndrrdijfKtivi tl imm jRandfluffc. 7 OR 

T iRhtniiiK 0 49 

StriMH fiinaiPH biilirs miuI ihiir piiua 0 16 

Op* II liEhtR 5 00 

Pf ti ill um and its i indutth 5 5*1 

TIrf anhea and r lals o|rnfii(H 4 18 

m of hot KitantR 1 16 

Spuniaiii oua tonilnislim 7 08 

OkM natural and arlifid i1 1 12 

Spaika ariruriR fr* ni (onil iiHtiun 1 61 

Rubhiak and litter 0 76 

Miar* llaTunua 1 65 

1 Tution sparlu from i uiiuiiik luai hiiiir\ 2 34 

Rxploaiona 1 70 

Lirewoika balloons *ti 0 28 


Table 6-46. Permissible 
Percentage of Oxygen in 
Atmospheres to Prevent 
Explosions of Powders Used 
in the Plastics Industry* 

Maximum 

permiamblt 


oxyffen 

Type Qf poll der per cent 

\lplia pulp eround 7 

Casein rennet 7 

CrlluloH* aixtati 7 

Cellulose acetate molding ‘^omp 7 

C otton flock ground 7 

Coumaiour indene resins 11 

Hexairuthylene teiraminc 1] 

Lignin 7 

Mcth\ 1 nu tharri late molding romp 7 

Penta* rvthntol 7 

Phfnolir resins 9 

Pkenolir molding romp 7 

Phi h.ili n anh\ dndr 11 

PohsUrene ream 7 

Po]}HtvT<ne molding comp 0 

Rubber nth* til 11 

Slullac ro&in gum 9 

I ri a n hiiib 11 

L rt a moldini, i oinj) 9 

\in\l butvral resin 5 

'\in\l rtains 11 

Vinyl molding Lomi 19 

Wool flour ground 7 


* S* e Burr bu of Mines Rtpori of Inveattgahon 
No 3751 
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The National ElertriDal Code is the governing standard for all olectriral instaHa- 
tiona in the United Stales. This code differs from most standards aa it is unquestioned 
in its authority on the subject because of its wide use and approval by the electrical 
industries and cnguiccring bodies. 

Electricity passing over a circuit gciicraloR heat. This heat is generated in direct 
proportion to the rosistxuice of the i-ondiiclor and lo the square of the current. Resist- 
ance of a conductor varies with its length Double the length, and the resistance is 
doubled; treble the length, and the lesistance is trebled. Resistani-e varies inversely 
with the cross-sectional area of a conductor. Doubling the cross-sectional area 
reduces the resistance to one-half. As the temperature rises, the resistance rises, 
except in carbon where the resistiuice falls as the temperature rises. The sizes of 
wires or conductors are expreshcd in the Brown and Sharpe Oaugo the smaJJiT 

numbers indicating the larger wires. 

Arcing. Arcing is caused by the mlerruption of the current, its intensity depend¬ 
ing upon the amount of current and voltage. The arc temperatures can be very 
high, and if the arc comes in contact with combustible material, fire will ensue. To 
eliminate the possibility of arcing, all connecting joints and tie-ins must be made 
secure, and the possibility of exposed conductoib (uires) should be avoided (see 
Motors). Ends of conduit should be pioijeilv lupplcd to avoid rough edges. There 
should also be proper iinsulatjon where conductors pass through partitions or are 
held on supports, particularly metal supports. 

Sparking. Sparking may occur if conductors come in contact with metal, such 
as the conduit it.self, the metal used in the insulation of the conductor, metallic 
supports, nails, or junction boxes 

OvciheaUnq. Oveiheating is usually caused by overloading the circuit. The 
National Klectiical ("ode limits the current a conductor shall cairy and therefore the 
amount of heat genrrati‘d. The resistaine of conductoib depends upon foiu factoib: 

1. Kind of material 

2. Length 

3. Cross-sectionaI area 

4. Temperntuie 

Taking the resi.stancc of silver, the bobt electrical conductor, at 1 ohm, the resist¬ 
ances of several othfT matciials are expressed in Table 6-47 


Table 6-47 


Matmal 

Ohms 

Timulalorh 

Pillion billion oluim 

Copper 

1 1 

Till kpliie 

0 (1.il 

Aluminum 

1 6 

niauff 

20 

Iron 1 

R 5 

Mira 

30 

i^latinum 


A mbi r 

3,300 

Gkrman mlver (whit/O lopperj 

1 16 

Sulfur 

10 000 

Mercury 

' 00 

Hard rubbf r 

JOG.000 

Niohrome 

70 



Carbon 

; 2,300 




Swiichhoards. Switchboaids should be examined for defects such as loose connec¬ 
tions, lack of cleanline&s, and freedom from combustible mateinJ. This also applies 
to panel boards. The u.se of marble or slate is not recommended because of the pres¬ 
ence of iron in these materials. Ebonized asbestos or mica is pref(*rablo. Protection 
for over and under 600 v should follow National Electlical Code. Shunts or tie-ins 
on current, for purposes other than switchboard design, should be avoided, J’eatures 
such as overloaded relays, lightning arrestors, grounding, bus bars, and wiring should 
be constantly examini'd for defects. 

Fire Streams and High-tension Electric Lines,^’^ Tn this day of high-voltage lines 
and equipment, it is pertinent for every plant manager to have some knowledge of 
the danger involved when a fire occurs in electrical equipment or near electrical lines. 
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Numerous teats have been conduetod ou this question, and from these teats cer¬ 
tain facta have bc<‘n deduced. These are us follows: 

A stream of water will carry current hack to the nozzle, and this current may be 
sufficient to injure or kill a person. 

The amount of current will depend iifx^n certain conditions: 

1. The voltage of the wire or device 

2. The distance from the nozzle to the electrically charged line or devico 

3. The size of the stream 

4. Whether the stream is solid or broken 

6. The purity of the water 

For voltage up to 60(), which is clas.««‘d by the National Electrical Code as the 
limit of low potential, there is no danger unless the nozzle is brought within close 
distance to the lino or device. This is particularly true where the tire fighter is wear¬ 
ing rubber boots. For ordinary lighting wires of ]2(J v to ground, llic nozzle can bo 
within a few inches of the charged line. For such voltages as are ordinarily used for 
troUej'^ service, f.e., 550 v, the nozzle can 
be htiridJed without disconiforl at a point 
3 to 4 ft from the wire. However, it is 
well to consider every wire as a hot wire 
because of the possibility, at fires, of 
crosses with high-voltage wiring. 

For voltages higher than 000, the dis¬ 
tance that a nozzle should be kept from 
the electrical line or device would be as 
shown in Table 5-48. 

Table 5-48 applies to fresh water: sea 
nr salty watt^r or the discharge from a 
soda-aeid extinguisher may have such 
high conductivity that no rule can l»ea|)- 
plied as to the safe distance for a solid 
stream. If it beeome& ne^'cssary to use wafer known to have high conductivity, the 
stream should bo brok<'n up. 

The spra>ing (»r a stream iiiav be an important factor in electrical fires, especially 
those involving traii.sforiners, oil-eooled ^\vltehes, burning Insulation, and wood or 
other coinbustilile nuiteiial near electrical equipineiit. Tests indicate that the spray 
OT fog nozzle gives protection to the holder and also that such a nozzle is very oflicient 
in cooling the equipment and extiiigmsliing the lire. 

Home recent installations of sidxstatioii.s, transformers, and switch points on high- 
tension networks have been ecpiipjied "with .‘<prny or fog nozzle systems with thermo¬ 
static systems to give automatic operation. 

The data available indicate that for 
fog or spray nozzh>a the gejieral clearances 
between any portion of the equipment 
ami live electrical apparatus should not 
be less than as given in Table 5-49, and 
whenever possible these clearances should 
be increased. 

Of the various hand exiingiushers 
listed by Underwriters' Laboratories, 
Tnc., the ones suitable for electrical (class 
(’) fires are those which discharge carbon 
dioxid<‘ and tliosc wilh u earboii-tcfiaclilinnde base. Dry-powder extinguishers are 
also suitable. 

Foam, soda acid, and liand-pump tank.s with antifreeze solutions are not suitable 
for eleetrical equipment. 

7Vows/orwer. Transformer fires are due to possible ares in the easing, whieb also 
e,^n <‘ause exqilosiona. Gauges should be checked to see that the oil is maintained 
above the arcing point of the contacts. Thi* oil should be tested to ascertain whether 
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Table 6-49 





I'H.staiiri', 

Vt»ltaK«'a 

1 ... 

t oltagi'i 

ill. 

7,.500 

0 

SH OnO 

52 

15,000 

L3 

110.000 

04 

25.000 

17 

132 000 

77 

.37 non 

24 

151 000 

80 

50,000 

32 

IR7 000 

100 

73,000 

44 

230,000 

J24 


Table 6-48 



8afo rlistance, 

1 ^ if-iii. nozzle, 

Safe distaiicr. 

Voltaje*' 

1 ’ j-in. nozzlf'. 


fL 

ft 

1,100 

5 

0 

2,200 

11 

IG 

3 .3(K) 

15 

22 

5..500 

18 

27 

r».lH)0 

10 

29 

11 000 

1 

30 

22, (KH) 

25 

33 

33.000 

1 30 

40 
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a lighter oil haa been substitutod for a hi^-tost oil. Oil used in transformers is for 
the purpose of conducting heat to the casihg and thence to the atmosphere. 

QeneraltoTB, The operation of generators is attended by many hazards, the worst 
of which is the breaking down of the windings which causes a disalignment of the 
stator and the disruption of the apparatus. Oil-feed systems for lubrication should 
be checked for leaks. The transit oil used in generators has a temperature limit of 
360 to 470'*F. (doling systems are of the air-blast type—with hydrogen and (^0* 
gas. The prescaice of hydrogen increases the fiie hazard. 

Motora,^^ There are several hazards attending nuttors. Motors are liable to 

{ produce arcs and sparks from lack of maintenance and from burnouts due to over- 
oads and to low voltage at terminals. There is oiten improper overcurrent protec¬ 
tion. Motors of over 5 hp should be equipped with an overcurrent device not greater 
than 25 per cent of the rating of the motor. iSingle phasing of multiphase motors is 
another hazard. Overrunent protection should be installed to prevent single phasing 
which is generally caused by blowing of a fuse where n multiphase motor is protected 
by fuses. Motors should be prolected from daiiipriOHS, corrosion, aeeumulations of 
dust and lint, eombiistihle material, and oily waste. The locution of motors should 
be studied and frequently checked as they may be fouml in out-of-the-way plaecs, 
such as small enclosures and closets, or they may be supported from rollings or on 
top of elevator shafts. 

Motors in hazardous locations sliould bo of the explosionproof type but preferably 
located outside of rooms or enclosures where flammable gases are present. iShaft 
drives through walls can be installed to aeeomplish this. Explosion proof motors in 
spray-painting atmospluTes should be eleaiied freqin^ntly so that cooling elToet is not 
retarded. All motors should be adequately groiindf'd. \\hc*re starting devices are 
used on d-c ciinent resiatanees, the starting device should be fiee of combustible 
material because of its oveihi^atiiig pos.sibilitips. 

Wherever specific maintejiance instructions for a particular motor are available, 
they should be followed ilosely. In the absence of such sjiecific instructions, tho 
following periodic chei'ks should be made. These are liased on average (‘onditions 
with regard to severity of duly and dirtiness of location. The frequency of the 
inspections can bo varied to suit actual plant conditions. 

Weekly inspections and operations: 

1. Examine commutator and brushes. 

2, Check oil level in bearings hut do not overlubricate. 

3. See that oil rings turn wdth shaft, and note any excessive end plav in shaft. 

4, See that shaft is fiee of oil and grease from bcurings. 

5. Examine starter, switch, fuses, and other conliols, as well as ground connci- 
tions and motor loads. 

6. Open-type motors in dusty locations hliould be blow^n out thoroughly. 

7. Cheek air gap b(*tw'een rotor and slator. The difference in w idth oi gap aiound 
circumferenre will indicate extent of wciu on bearings. This check should be made 
weekly on motors operating with exce.s8ive belt tension: otherwise check air gap 
semiannually. 

8. Start motor and see that it is brought up to .speed in noTmal time. 

9. ('’heck motor and bearing temperature under actual load conditions by feeling 
for heat. 

Semiannual inspections and operations: 

1. Clean motor thoroughly, blow'ing ont dirt from winding.-', and wipe LOnnnn- 
tator and brushes. 

2. Inspect commutator clumping rbig. 

3. Cheek brushes and renew ‘iiiv that ure more than half worn. 

4. Examine brush holders and clean them if dirty Make suio that bru-shes ride 
free in holders. 

5. Cheek bnish pressure. 

6. Check brush jiosition. 

7. Drain, wash out, and renew oil in sleeve bearings. 

8. Check grease in ball or roller bearings. 
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9. Check operating speed or speeds, 

10 See that end play of shaft is normal. 

11. Inspect and tighten connections on motor and control. 

12. Check current input and compare with normal 

13 Run motor and examine drive ciitically for smooth ninmng, absence of vibra^ 
tion, worn gears, chains, or belts. 

14 (’heck motor foot bolts, end-shield bolts, pulley, coupling, gear, and journal 
setscrews and key. 

15. See that all motor covers, belt, and gear guards are m good order, in place, 
and securely fastened. 

Annual inspections and operations: 

1. (’lean out and renew grease^ in ball- or rollei-bearing housings 

2 Test insulation by Megger. 

3 (’lean out magnetie dirt which may be hanging on |K>le& 

4 (’lu'ck clearance lietween shaft and journal boxes ot slee’i e-beaiing motors to 
prevent ojieiation Miih worn heaimgs 

5 (’lean out undercut slots in commutators 

6 Examine connect ions of commutators and armature roils. 

7 Inspert amatuie bonds 

Motors sliould generally be given complete overhauling at intei^als of 5 years or 
so, noiinally 

ir(-‘Weltling Sth The genoial maintenance schedule relating to motors aud 
motoi rontroih will apply gauinlly to aie-weldmg sets Proper ventilation should 
be provided, and mar him s opciattd oiitduois should not be eoveiul with tarpaulins 
in sinh .1 way as to inijii^dr viivliliition 

H itiny Wiring in giiuial sliould be piotected agamst coirosioii due to acids, 
(onosive vajHiis, or r h (tiolvsis, heat and moisture, and loosening of supports The 
juiiction-box (oveis should not be lemoved, and wirmg should not come m contact 
with HK'tal The hrst requisite is good workmanship and compliance with National 
Electrifal ( ode 

SwiUh($ The defects of knife and snap switihes aie an mg due to loose conncL- 
tions, pitting and burning of contact points, ovcihcatmg, and poor meehaniced 
(onditions, sin ^ as cunosion The meicury switch is adaptable for hazardous 
locations 

Lightning AiresUn '* Lightnuig arrcstcis should be inspreted at connections m 
early spring just befoic the lightning scanou and evciy mouth duiing summer It 
ground resistance exceeds 5 ohms make necessary improvements to lower it to 5 
ohms or less Never lun giouiid wiie thiuugh non oi steel pipe for protection against 
jnechfinnal injury uiilc'ss wiie and pipe uie boiid(*d together 

( opiK’j used in lightning an esters should have a weight of at least 3 oz per ft. 
Alumuniin should have a weight ol at least 24 pcT It Steed should have a weight 
of at least 4^ ^ oz pii ft. Grounding should be to a plate iilaccd at least 8 ft m the 
giounel, d possilde, and kept wot 

If Jightnmg disables si'nicc, all switches should be tuined off as resumption of 
(une^nt iiiav start inathincs oi apparatus at aii moppoitunc moment. 

JSwitih Jioxa^j FamJ Rojcs, hU All mental >)oxes of the wiring system should 
undergo inonihly inspection, in locations that aie particulaily dusty, boxes should 
be (leaned out weekly AH covers should ht tightly and be in place. All unused 
kroekovit holes should be plugged tightly. Bond wires and gioimd conueetions 
should be* checked 

Fuics (iiui SmdJifb All fuses should be inspected twice each year to BBcertain 
that ciicults are not overfused I'use clips should lie clean uud light, and all connec¬ 
tions should be cheeked to prt‘veiit overlu*ating I'use a and swit(*hes should be 
uispeMded (‘losely for any evideiici of oveiheating as a result of high-iesistanco con¬ 
tacts or nveilcradfl. Kehilablc fuses sliould be examined, and chaired cases replaced, 
after making certain that cases aie ledilled with links of proper rating and that fuses 
aie assembled tightly Switches should be inspected at same t ime fuses are checked 
Opeiation of quick-bietik featutes should be cheeked 
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CotUrd Equipment, Control equipment should be kept clean. In dusty locations 
all starting switches, compensators, controllers, and air-circuit breakers should be 
cleaned and blown out at least weekly. Dust or dirt should not be allowed to accu¬ 
mulate on high-voltage bushings or terminals. An accumulation of dirt, oil, grease, 
or water should not be permitted on the operating parts of control equipment. In 
damp or corrosive atmospheres, control parts should be painted quarterly or semian¬ 
nually. In clean loi^ations semiannual cleanings will suffice. The mechanical condi¬ 
tion of all control equipment should be checked w'cekJy if subject to vibration, or 
monthly otherwise. All nuts and screws should be tightened, and electrical and 
mechanical connections on both panels and resistors should be examined. Condition 
of pigtail eonnections should be checked closely, esp<»cially in corrosive atmosphere. 
Any damaged or worn parts should be replaced, and condition of magnet contact 
surfaces should be inspected. Control mechanism should operate freely, and oil or 
grease should be applied if neceasary. C’ontact surfaces should not be lubricated. 
Equipment subject to severe operating conditions should be cliecked; coidacts should 
be inspected weekly. A monthly check is sufhcieiit for average operating conditioiis. 
Contactor tips should be adjusted, filed clean, or renewed if badly worn or burned. 
C^ontaetor circuit should bo examined closely for any high-resislance joints. A new 
combustion a-c/d-e millivoltiiioter is available for eht*cking resistance of bolt«<^d joints 
and contact surfaces. A si'iniannual mspcction of oil level and condition in starting 
compensators, oil switches, and circuit br(*akers should be made. Leakage' and 
evaporation loss should be replaced; oil slioulil be replac(*d if dirty or gummy. In 
dirty or damp location, oil level and condition should be inspected quarterly or 
monthly according to severity of condition. 

The following overload devices should be tested: 

C’ireuit breaker tripping points should be checked monthly. Dashpot oil should 
be replaced if thick and gummy. Orifices in plunger bhould be kcjit clear. lA'aiher 
bellows should be kept soft and pliable with ueats’-foot oil. IleaUT cods for thermal 
overload relays should be checked to see tluit they are the correct size. Overload 
relay settings should be checked every 6 months. 

Spontaneous Ignition. Ib'atmg and ignition, involving a t'ombustiblc material, 
due to (dicmieal action rather than a heat source, such us u flame, spark, radiation, a 
hot surface, or friction, are known as '^spontHiieous,” The process is known as spon¬ 
taneous heating if tlie ignition point is not reached and as sponlaneous combustion 
if the ignition occurs. Spontaneous heating starts with a alc»w oxidatitm or fermenta¬ 
tion which generates heat. As the heat increases, the chemical action is accelerated 
until the ignition temperature is reached. The processes and conditions that may 
lead to spontaneous heating or ignition, taken in their widest sense, are 

1. Moisture 

2. factorial activity —Agricultural products, fodder, manures 

3. Germination 

4. Storage in large heaps—Agrieullural products, coal, toba«;(*o, olcagiiieous 
substances 

5. Protracted drying—Wood, organic substances 

6. Contained sulfur—Jjampblaok, coal 

7. Gontained finely divided carbon—Metallic sulfides 

8. eWtuning fat or oil—Organic substances, fibers, colors (paints), cUithiug 

9. Occlusion of oxygen—Coal and metals 

10. Absorption of moisture—Quicklime, potassium, sodium, carbides (atetylene) 

] ]. Pineness of division- -Metals, bronzes, dusts, fats, and oils 

12. lleeent calcination—(.Carbonized substances, metallic iKiwders,metallic suliules, 
lampblack 

13. Exposure to the sun—Phosphorus in fragmei.ts, oxyhydrogen gas 

14. (Concentration of the sun rays (burning glass)—All readily ignituble 
substances 

15. Friction, pressure, shock fall—Numerous d(*tonating, explosive substances; 
s}>ontaneous iguitiuu here generally residts in explosion 
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16. Electririty (sparks)- 'Explosive vapor mixtUTrs, dry-oleaninf^ works, r«»BinouB 
bodies 

Examples 1 to 9 znostly exhibit slow development (ohroixjc spontaneous! ignition). 
Numbers 10 to 14 progress with moderate rapidity, while 15 and 16 are sudden and of 
explosive character (acute). 

Substances liable to spontaneous ignition have been classified by A. H. Nuckolls 
of Underwriters' Laboratories as follows: 

(iroup 1—Calcium oxide (unslaked lime), barium oxide, sodium peroxide (with 
water) 

Croup 2—Hydrides of phosphorous and silicon (In air), sodium and potassium 
(in water), turpentine and ammonia (in vratcr), hydrogen and chlorine 
(in light), phosphine with vapoi of hydride of phosphorous (in air) 

Group 3—Vegetable oils and fats (rancid oils and fats more susceptible), metals 
m finely divided states (oil soaked), metallic sulfides, charcoal (hard¬ 
wood by retort methods is worst; in new charcoal mostly; sacked 
charcoal should be piled 6 in. high only), coal (except hard) sprayed 
with a high-flash-point mineral oil prevents spontaneous ignition 

Group 4—Hay and grain, owuig to enzymes, ferment during germination period 
and when wet 

Other Substances Subject to i^ponianeous Igrntion. Some other substances subject 
to spojitancuus ignition are the following: 

Fish scrap (green) 

IJemp, jute, and sisal 
Sugar and gunny sacks 
Wood sawdust (m icehouses) 

Lampblack 
Leather scrap 

Smoking. Cigarettes and MaJtches, There are manufactured in the United States 
every year 70il milhon miles of cigarettes. These arc burned down to about one 
inch while bemg smoked and then discarded. This amounts to 513,520 million 
potential fares from this cause every year. It has become the leading cause of fire 
and involves the home, industrial plants, and the forests. Thu match is another 
contributing factor, as the type now used, the book match, has a wide distribution. 
The sulfur-head match, subject to ignition from daiiipness, is responsible for the mice 
and match theory and for tires where they are stored in poorly protected premises. 
Jt is suggested tliat signs be posted in industrial plants to discourage the discarding 
ot lighted cigarette^ and matches. These signs might read: 

'^Cigarettes arc dangerous if not put out bcdorc throwmg them away. Please be 
careful.” 

"Don't be a ‘Ciggyflipper''’ (an accepted word). 

"Only smoke in safe places.” 

Oily Waste. The fire hazard of cotton waste and wiping rags impregnated witli 
oil is due to the phenomenon of oxidation. Cotton waste that is "slightly” coaU^d 
with oil presents a large surface witliiii the mass to the process of oxidation, and tlie 
heat of this process will roach the ignition temperature of the oil and the cotton. 
Cotton waste or rag saturated with oil does not present this danger. Oily waste 
when not in use should be kept in a standard wask' can, which is a metal can without 
any soldered joints. It has a self-closing cover and sets on legs 3 to 4 in. from the 
floor. (This is a standard piece of equipment for all machine shops.) 

Pacing Material. Any kind of packing material that is combustible, such as 
excelsior, should be kept in standard bins. Thei»e bins, designed to hold at least 1 
bale of excelsior, are constructed of wood covered with k)ck-j'ointed tin (similar to 
fire-door construction) with automatic covers. Large supplies of packing material 
should bo kept in firi^rcsistive sections of an inside area or kept outside the building. 
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Wool waste 
Oily waste 

Prmted matter in piles, owing to linseed 
oil and ink 
Nitrate of soda 
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Open Lights, flames, ai^d Sparks. Any ojien hglit or spark^praducing apparatus 
is a possible source of fire, particularly in the presence of flammable vapors and on 
or in the vicinity of the leeward side of any air or wind motion which may carry 
flammable vapors such as gasoline, brazing torches, kerosene torches, welding torches, 


Table 6-60. Iodine Absorption 

(Indioatiiig tendoiioy to spontaneoiu ignition) 


Acetone.. 90 

Alcohol, amyl. 76 

Denatured. 80 

Etfayl Cgrain)... 78 

Methyl (wo<»d). 85 

Amyl acetate. . 77 

Aniline oil. 65 (Vlackoa) 

Benatne.. 95 

Beneol (benaene). 96 

Bone oil.....-.. 25 (Vlackos) 

Carbon bisulfide .. 100 

Castor oil.. 10 (Vlackos) 

Coal tar.. 93 

Cocoanut oil (refined). 32 (VlaekoB) 

Com oil....... -. 69 (Vlackos) 

Cottonseed oil (refined). 62 (Vlackos) 

Cylinder oil (mineral). 1 

Ether, sulfuric. 07 

Fuel oil. 83 

Fusel oil. 75 

Gasoline. 06 

Glycerin. 5 

Kerosene. 70 

Lard oil (commercial or animal oU») 62 (Vlackoa) 

Lard oil (pure). 19 (Vlackos) 

Linseed oil... 75 (Vlackos) 

Lubricating oil (mainly mineral)... 12 (Vlackos) 

Menhaden oil. 85 (Vlackos) 

Mustard oil (wild). 67 (Vlackos) 

Naphthalene. 85 

Neat's-foot oil. 15 (Vlackos) 

Nitrobensol.. 60 (Vlackos) 

Oleo oil. 19 (Vlacktw) 

Olive oil (pure). 13 (Vlackos) 

Palm oil... 40 (Vlackoa) 

PalUi-kernel oil. . 33 (Vlackos) 

Peanut oil. 18 (Vlackos) 

Perilla oil. 72 (Vlackos) 

Petroleum (crude). 93 

Pyridine.. 89 

Rape oil (pure). 58 (^^ckos) 

Red oil. 50 (Vlackos) 

Rosin oil. 76 (Vlackos) 

Solvent naphtha. 90 

Soybean oil. 70 (Vlackos) 

Sperm oil.r. 30 (Vlackos) 

Tallow. 22 (\nackoB) 

Tallow oil. 26 (Vlackos) 


gauge glass lights, gas jets, pipettes of 
glass blowers, and inert-gas producers 
burning gas or oil. Salamanders used in 
buildings during construction or razing of 
buildings should be set on incombustible 
material and never left unattended. 
Chimneys, stacks, and refuse burners 
should be equipped with spark arre^sters. 

Bearings. Bearings are a source of 
fire, particularly neglected bearings (from 
a mechanical sense) or ones not oiled 
regularly. On driven shafts, the offside 
bearing is the one most likely to heat. 
All shafting should be properly aligned to 
prevent undue friction at the bearing. 
Bearings that may V)e concealed on the 
inside of apparatus should be made ac¬ 
cessible by providing hand holes for 
inspection and lubrication. Bearings 
should be kept clean and free of dust and 
lint. 

Belts. Any moving belt is a potential 
generator of static electricity and should 
be tested for it. When it is present, the 
proper grounding apparatus should be 
installed. This consists of combs and 
points properly connected to the ground. 
Pulleys of wood should be kept clean and 
free of oil. Hope drives should have 
sufficient clearance from combustible 
material to avoid friction (see Static 
Electricity). 

Belt Dressings, The problem with 
belt dressings consists in developing a 
materia] which can be easily applied to 
belts, which will have sufficient electrical 
conductivity to remove or neutralize 
static electrical charges as rapidly as they 
are formed, which will resist wear, which 
will not decrease the coefficient of friction 


Toluidine . 64 between the belt and the pulley, and 

T^Alnnl Q2 * ' 

Tang oVr :71 (viacko.) wjurioua to the belt. 

Turpentine . 85 (Viacko,) A good rubber belt dressing can be pre- 

Whale oil. 77 (Vlackos) pared by mixing 18 parts of lampblack 

.. 88 ports of good spar yarniiiih. The 

Note: Fifty grams of cotton impregnated with dressing must be dry on the belt before 

running. A nonflammable thinner for 

the first hour. In 15 hr, however, it rises to 17(rC. ,, *1 v j , . 

the varnish can be prepared by mixmg 

equal volumes of carbon tetrachloride with VMP naphtha. 

A good leather belt dressing consists of 


100 cu cm liquid fish glue 
100 cu cm Bulfbnated castor oil 
80 cu cm glycerine 
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170 cu cm water 
82 g lampblack 

20 cu cm 2 per cent ammonium hydroxide 

This can be applied while the belt is moving. If the belt has not been properly 
maintained, this dressing will cause the belt to stretch. 

Cheap and low-grade stick or semiliquid belt dresHingSf which generally contain 
the ingredients shown in Table 5-51, should never be used on leather belting of any 
kind.** 


Table 6-61 


mi(‘k t>pe j J*pr cent 

Semiliquid type 

Per cent 

Graphite . 22 

Tar 

36 

Bewin. 27 

Bnpe on loltoii ml 

64 

Vegetable ml . 44 

KoMn . 

10 

Paraflin. 7 




Itubber belts** are more prone to the accumulation of static electricity than 
leather belts. The rubber belt has been given a (‘erlain amount of immunization by 
the incorporation of acetylene black in the fiiction c€>mpound. This makes the belt 
a good eoucluctor, thus permitting the diftusion of the static charge. This type of 
belt is reef»mnieinied for hazardous locations and can be installed without grounding. 

Air-conditioning ducts and filters constructed of combustible material are subject 
to ignition from sparks, either from the internal apparatus or those sparks sucked 
into air ducts from lionfires and carelessly discarded cigarettes. Hcreens should be 
provided on ail intake ducts. 

Focused rays from bubbles in glass are frequent causes of fire, and where flammable 
or combustible material is stoied, this feature should be chc'cked. 

Heating furnaces or cupolas of stationary types, whether coal-, oil-, or gas-fired, 
should have (i‘*aranees as prescribed in the standard classification of furnaces (sec 
Ovens and DryerhJ. 

Overheated Materials. Overheated materials such as boiling or cooking rosins, 
greases, asphalts, or pitch are liable to froth and flow dowm to the combustion unit 
or chamber and ignite. Proper clearances should be maintained around all kettles. 
They should be set on incombustible material and properly diked to prevent the con¬ 
tents of the tank from llo\Miig out if frothing occurs. Molten metals can be a source 
of sparks and radial oil heal, th(»y should be safeguarded and kept from contact with 
rombustible material. M<*tal, lead pots, zinc coating (subject to evolution of hydro¬ 
gen gas), forges, oil-tcmpenng furnaces, and bonderizing furnaces (metal spraying) 
arc types of molten-metal hazards. 

Sparks on Roof. The antidote for the danger of sparks on roofs is noncombusti- 
>)le roofing, tin, tar, or gravel, and a.sbc.stos or copper shuigles. Somi* wooden shingles 
are treated with chenin*als to make them slow-burning, but in the course of time, 
the heat of the sun nullifles this feature so that all wood-shinglc roof coverings become 
a serious menace. The expoHure of one wood-shingle roof to another is a grave 
danger in sections w here they are much used. This calls for drastic action for their 
f^limination. 

Defective Chimneys and Flues. (Direct ignition with flaming or glowing mate¬ 
rial, prolonged Ji(‘at, sparks.) C’himiieyB and flues as a source of fire are associated 
with the heating of buildings or power plants and with carrying off heated gases and 
vapors. They are in a dire<*t sense a passagew'ny eonneetmg the source of heat writh 
the outer air. Their construction varies with the conditions, but they are most often 
eonstrueted of brick, stone, or cement block, with a suitable burned-tile linuig. Some 
aie made of metal and in rare eases of wood, the latter construction being necessary 
for conveying corrosive vapors. Under this heading w'ill also be found sooty ajad 
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dirty chinmeyB originally designod for one purpose ai\d used for another. • A dcfoe- 
tive ehimney or flue, therefore, may involve any one of throe conditions—^poor oon- 
structioUp soot or dirt, or overburden of original design. 

Delects of conatruetion consist of poor design, poor cement between bricks, inade¬ 
quate thickness, no lining, or insufficient draft, thus permitting the escape of fire or 
sparks or heat which will ignite flammable material adjacent to the chimney. 

Sooty or dirty chimneys may result in the ignitic>n of the soot or dirt and cause 
an intense fire in the chimney, thus inducing disruption by expansion, the escape of 
fire or sparks, or the dropping of burning soot into the connecting flue or breeching 
causing it to become overheated and set fire to flammable material. 

Overburden of original design creates a condition similar to poor construction 
with similar results. 

The construction of a chimney is of the utmost importance, for it is a flue passing 
up through the building from cellar to roof and through attics and roof spnccs, some 
of which are open and others closed. In many instanci^ such spaces are boxed in with 
lath and plaster or wainscoting. These concealed spaces make it difficult to observe 
defects such as mortar falling out between the bricks, thus permitting sparks and 
flame to ignite the woodwork. This is also possible where the flue from a stove enters 
the chimney passing through this boxing. A chimney should be built in a straight 
line from the ground up, extending well above the roof. The bricks should be laid 
with care in a good smooth cement mortar. Unless it has 8 in. of brickwork around 
each throat or flue, the chimney should be lined with a hard-burned-tilo pipe laid in 
smooth cement mortar with aU joints tight. A chimney should never be used 
as a support for beams or joists nor should these ever be permitted to enter the 
chimney. 

Ovens and Briers. Under ovens and driers eomc all classes of heat-treating 
mediums involving enclosures, piping fluea^ and stacks and involving the sourec of 
heat, the material to be treated, and the method of removing gases and flammable 
liquids. 

The various types of ovens arc graded on a temperature basis: 

Low grade—Those developing a temperature up to the melting point of lead 000°F 

Medium grade—Temperature of 601 to IfiOO^F 

High grade—^Temperature of 1501 °F and over 

Almost all devices will fall within thc.se grades, but owing to special function and 
performance, many devices will require special treatment. Hox-type ovens include 
all ovens that are closed -when in operation. Coni innoiis-conveyor ovens include all 
ovens that are open at both loading and unloading ends. Ovens should be located 
abovegrade and so installed that an explosion ran be relieved with the least damage 
to building and equipment. Ovens should be arce.s8ible on all sides. Tliere, should 
be sufficient space between the top of the v»ven and the ceiling to permit the installa¬ 
tion of automatic sprinklers or proper use of hose streams. Ovens should not be in 
contact with po.sts, beams, trusses, or other structural supports for the building. 
Regardless of the type of oven or furnace, certain clearances must be maintained. 
Tliese clearances arc shown in Table 5-52. 

Table 5-62 


>^itbout Belting of brifk or eiiuivalciii With m'iling r>f brick nr rqiiivalent 


Grade 

Above 

Kidf^ und rear 

]• rout 1 

Above 1 

HidoB and rear 1 

Front 

1^0 w. 

48 111. 

3G in. 

48 i'-. 

36 in. 

24 in. 

48 in. 

Medium. 

4S 111. 

36 in. 

! 6 in. 

36 in. 

24 in. 

96 in. 

High. 

15 ft 

10 ft 

30 ft 

16 It 

10 ft 1 

L. ... 1 

30 ft 

— _ 


* The introduction of nil Immcrii hns pul a heavy biiiden upon the ordinary dwflUnE rhimnoy 
many were nover doaigiied tti resiHt tlie mtouae heat or conntaiiry of flame, 
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The front end of the ovod or furnace is the loading end; becauac of the opening 
and closing of doors and the possible emission of heat and flame, Oie clearance is 
naturally greatest at this end. Ch'ens and furnaces in certain industrit»s will be 
constructed on the earth or solid brick or concrete foundations. 

Where ovens are supported on wooden or combustible floors, they should be sep¬ 
arated therefrom by a space of at least 18 in. or insulated by one, two, or three courses 
of 4-in. hollow tile, the tile eells laced end to end to form ventilating ducts to permit 
circulation of air under the oven. In large furnaces in which the material is melted 
by straight fire heat or an oxidizing flame, incombustible areas should l>e maintained 
around the furnaces in case the furnace walls should break permitting the contents 
to flow out. 

Core Oveiia. Core ovens are used for drying cores or sand molds in foundries. 
They should be constructed of incombustible material, and the interior racks should 
be of metal. Flasks and fallow boards should be k(‘pt clear of core ov(ms. 

Caul Boxen. C’aul boxes are used for drying pattcTns and wood molds. They 
should be made of incombusti>)le material with interior nicks of metal. They should 
be cleaned frequently. 

Dry Boomn. Dry rooms are of various types l)ui involve similar hazards. 

Lurfiber Dnern. Lumber driers should tie made of ineonibustiblc material and 
cleaned friHpiciitly os interior surfaces become coaled with resinous distillates. They 
should t>c eiiuiinied with steam jets or fog, manually or automatically controlled. 

Atmealing Furnaces. Annealing furiiace.s run high temperatures and should be 
made of inconitnisbible material and have clearaiieos similar to ovens. If electrically 
heated, control apjMiratiis should be of the temperature type to prevent overheating 
and should be (‘quipped with jiilot lights to show when current is on. 

Special Types. Ovema using japan or enamels with dipjhng are a special type. 
They should lie of brick, concrete, or steel and approved ineombustible material. All 
walls should be free of hollow spaces to avoid accumulation of vapors. If heated by 
steam, this rule* is not mandatory. Ovens of this type should be provided with explo¬ 
sion ri’lipfs, hatches, or permanent openings having an effective area of not less than 
1 sq ft for (‘ach 15 cu it of capacity. Vent pipes should be treated os ^‘heat flues’* 
and kept well away from eniiibiLstilde construction or materials and be insulated 
where neci'SKai y. They should not pass through lloor.s, if possible to avoid, but be 
as short as possible in passing to the outside of the building. To avoid an explosive 
atmosphere in box-type ovens and maintain a reasonable factor of safety (2), 4,600 
cu ft of air should be provided for each gallon of solvent evaporated based on an oven 
temperature of 70°F, The lowivst explosive^ limits of the vapors, from the (‘ominonly 
us(‘(l naphtha, lienzine, gasoline, and turpentine substitutes, are about 1.0 to 1.4 per 
cent vapor in air (by volume) at 70°!'' -or as an average, 1 gal of solvent evaporated 
in 2,300 ft of air. 

Healing (see standards). A reliable pilot light or electric ignitor should be 

provided for gas or oil burners and should lie so arranged that the main fuel valve 
cannot be o^ienod unless pilot is in ojieration. 

Ground%ng. All metal parts of ovens and conveyors that may be exposed to 
flammable vapors should be thoroughly grounded. Cbounding conductors should be 
not less than No. 8 gauge copper and should be proteeti'd from mechanical injury. 

Fire Extinguishment for Ovens, Water, (*arbon dioxide, or nitrogen, foam carbon 
tetrachloride, or steam can be used to extinguish fires in ovens. Where temperatures 
aie over 260®F, open sjirbiklers should be installed which are oontroUed by automatic 
valve or releases. At temperatures over 250°F condensations from finishes will 
cause loading or coating of sprinklers. 

The use of flammable Kolveiits to clean ovens sliould be prohibited. 

Welding. Welding and cutting operations present hazards due to sparks of 
molten metal igniting paper, rags, oily waste, excelsior, and other loose material or 
the sparks lodging in cracks in woodw'ork or falling through holes in floors. Tlie 
flame of the torch, a high temperature, 2000 to 2400"r in the range of orange yellow 
or yellow white, may come in contac‘t with combustible material, or a backfire from 
the torch may cause a tire. Where welding is done by portable systems, such as 
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those on trucks or near or attached to workbenches, all roiiibustlblc material should 
be protected against sparks by metal plates or asbestos blankets, and a hre extin¬ 
guisher or pails of water and sand should be kept near by. C^anvas tarpaulins should 
not bo used as covers. The welding eqiu]>ment should be securely fastened in an up¬ 
right position on the truck or at any bench, and only experienced njK'rators sliould be 
allowed to use it. All Jiose should be kept in perfect condition and froo from leaks. 
Jf there is any doubt of the int(‘grity of the hose, it should he disr*ardcd. Tape 
should never be used to fix up a hose. Hose lines can become Imriied by the flame 
of the torch in moving equipment about. Oxygen hose is colored green; acetylene 
is red for identification. Wliere ox 3 '’gen is used under pressure, all grease and oil 
should be positively kept awa 3 " and removed if found to be present, as grease or oil 
in contact with oxygen under pressure wiU cause a violent exphision. 

In fixed systems where welding is done as a prime process, the entire operation 
should be installed in a fireproof explosion-vented room, cut off from the rest of the 
plant. 

Cylinders of oxygen should not be stc»red iu the same room with cylinders of 
acetylene, unless separated by fire-resistive jiartltions fsee Standard 'Welding lioom 
Design in Standards). C'ylinders should be kept away from stoves, heaters, radiators, 
furnaces, or forges. All space around them kept clear of combustible niatonal, oil, 
and grease. When c^'liiiders are stored in the open, they should bo protoctod from 
accumulations of ice and snow and from the direct rays of tho sun. ^hen* the gen¬ 
eration of acetylene is carried on, this sliould have positive protection and should he 
installed in a separate fireproof explosion-vented room, even if this must be a part of 
the enclosed area of the entire process room. This section should be kept dry and 
waterproof. The storage of 600 lb of caliMum carbide is jiennittcd in generator rooms 
or in a separate compartment near by in one-story buildings, preferably without 
cellar or basement. No water should come in contact with 4‘arbi(ic outside the gen¬ 
erator. No open lights should be brought near carbide or opcui containers. \\'ater 
should never ]w used to extinguish a carbide fire. 

Friction. 'V\’herever there is melal-to-iueial contact in inechanical apparatus, 
particularly’’ in bearings, the use of tlie light tyjie of lubricant is essential. A healing 
bearing is the sign of neglect, or it niay’^ be that the oil or lubricant is not reaching 
the points of contact. J)rip and wick oilers are liable to clog; the ring or splash 
types are less liable to give trouble unless the oil gets low. Inspections should be 
made frequently to ascertain if drip cups are full, il the lubricant is reaching the bear¬ 
ing, and if sufficient oil or lubricant is piesenl. Friction caused by the clogging or 
stoppage of conveyor Iielts in elevators at the pulleys is a cause of fires. To avoid 
the continuous operation of the p(mer mechanism in such inst allatUms, it is recom¬ 
mended that a ^‘Betlilehr’in starter'’ be set between the powiT unit and the belt 
mechanism.This device is iiiherenlly a limit torque coupling. It will not trans¬ 
mit to the driven mac*hint‘ or iiiijio,s(‘ on the motor more than the maxiinuin load for 
which it is designed, ft is therefore an absolutely flepeiidahle ov^crload protection 
for the motor and the drivc’n machine. 

Rubbish and Litter (sparks, direct ignition with flaming or glowing material, 
prolonged heat, spontaneous ignition, tocused rays). The' undue accumulation of 
discarded material, whether it be the usual household rubbish or industrial-plant 
refuse, is always a breeder of conditions that may result in fire. The rubbish may 
contain oily '.vaste or greasy rags and paper which can set up a reaction causing spon¬ 
taneous i^iition. Matches are frequently caught up with the rubbish and by dainp- 
ncsB or friction may ignite the surrounding flammable material. A carelessly thrown 
cigarette, cigar, or match may lodge among the litter and cause' fire. 

If there is no specific place, such as a firi'-resistive rcceptaele, to put rubbish, it 
may be thrown anywhere and lome in contact with steampipes, defective electric 
wiring, or be subject to the focused rays of gloss bubbles. All these direct causes of 
fire are rightly attributed to rubbish and litter because if it were not permitted to 
accumulate the fires would not occur. Rubbish and litter should be removed from 
the premises and kept in metal receptaedes until final removal, which should be often. 
Wastepaper is a menace because of its heterogeneous character and the jioBsibility of 
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Bpontaueaus ignitioH) for it may consist of greasy lunch papers, oil-soaked paper; 
and even unping rags. Also eigarettes may be ttown into the pile or be gath^ 
up when it is collected. Wastepaper should be kept in foe-resistive rocnns and d^ : 
posed of daily. 

Static Mectricity. Static electricity is generated by friction or the bringing 
together and then separating of two unhke substances. It is not altogether possible 
to prevent, but static sparks can be avoided by preventing the accumulation of the 
static charges. The static charges are found to be present in processes involving 
the flow through pipes or restricted orifices of flammable Uquids such as gasoline, etc., 
in dust that is in motion, in finishing and coating'processes, and on belts and dryers 
in motion. They are also found in mills employing spinning and roving operations. 
The usual methods of preventing the accumulation of static charges is by grounding 
all moving parts and containers and by bonding connecting apparatus. Humidity 
may also be applied in the form of vapor, spray, or evaporation at times when humid¬ 
ity is low (winter) or in sections that may become low in humidity. A relative 
humidity of 50 to 60 per cent may be sufficient, but the m i ni mum for safety may 
vary with conditions. It is believed that a normal percentage of carbon dioxide 
must be present to make humidification effective.®* 

Neutralizing. Air is ordinarily a nonconductor of electricity, but if sufficient 
ionized conductivity is produced, it will prevent the accumulation of static charges. 
Ionization can be produced by electrical discharges or by radioactive substances. 
Static neutralizers employ a high-voltage transformer of small capacity to produce 
brush discharges. This equipment is liable to ignite flammable vapors or duste. Gas 
flames produce an ionizing effect but should not be used in the presence of flammable 
vapors or dusts. The human element enters the study of static electricity as it 
has been found that some people are more subject to the accumulation of static 
charges than others. People with dry skin appear to be more liable to this accumula¬ 
tion than those having moist skins. Similarly, people of blonde coloring are more liable 
than those of brunette coloring, who are generally not negative to the charge. The 
grounding of the person by portable ground wires, using a metal-grounded plate to 
stand upon with metal-pegged shoes, and grounding portable knives on coating 
machines are effective. A method of grounding the personnel in a hospital operating 
room has held, some attention because of the hazard that has developed in the case 
of anaesthetics wliich are explosive. A specially constructed floor, both grounded 
and of material to prevent static charges, has also been given attention. 

Hospitals. The use of flammable and explosive anaesthetics in operating rooms 
is liable to cause damage. Such anaesthetics are ether, ethylene, cyclopropane, 
propylene, ethylene chloride, and nitrous oxide. Where oxygen is used, because it is 
a supporter of combustion, its presence may add to the rapidity and intensity of a 
fire. Fire in hospitals may be caused by the use of X ray, electric cauteries, radio 
knives, high-frequency machines, and open gas flames in nearby laboratories and 
kitchens. 


Table 6-63. Properties of Anaesthetic Gas—Explosive Limits* 


Gas 

Per cent in air 

Per cent in oxygen 

Per cent in nitroiia oxide 

Lower 

Upper 

Lower 

Upi>er 

Lower 

Upiter 

Ethor. 

1.85 

36.6 

1.7 

39.5 

3.8 

26.7 

Ethylene. 

2.75 

28.6 

3.1 

79.9 



Ethyl chloride.. 

3.7 

12,0 





Cyclopropane. 

2.4 

10,3 


63.1 

3.0 

28.0 

Propylene. 

2..2 1 

9.7 

,2.46 j 

62.8 




• Bee in/rc»«pifaZ«i NEPA. 

^ettrostatlG Voltmeter. The ordinary voltmeter designed for measuring voltages 
of an electrical circuit is not suitable for measuring the voltage of a static charge^ 
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For this purpose a reliable clectroHlatic voltmeter must be used. An electrometer 
or electrostatic voltmeter has been successfully used when calibrated to 10,000 or 
50,000 volts. Although the calibration varies to some extent when the infitruments 
arc moved, they have been found to be suflicicntly accurate for most electrostatic 
voltage determinations. Another voltmeter consists of a needle system with the 
needle moving over a graduated scale so arranged tliut the operator may arrest the 
movement of the oscillating needle without w^aiting for it to come to rest by natural 
damping. The voltmeter scale is graduated in equal divisions which, together with 
the calibration curve which accompanies t))e instrument, give the static voltage. 
This type is available for a range up to 5,000 or 10,000 volts. The range of these 
instruments may be increased by connecting one or more condensers in series with 
the voltmeter, but unless the condensers arc each of the same capacity, a large error 
may be made in such measuromenis. Before each reading the eoudensers should be 
completely discharged in order to ensure accuracy. 

Neon-tube Testers, l^obably the most satisfactory and iiicxpensivc portable 
instrument for detecting the presence of static electrieiiy in manufac turing plants is 
the noon-type tester commonly used for testing automobile spark plugs. It consists 
of a small glass tube containing rarefied neon gas into which the two electrodes extend. 
The electrodes are protected by suitable resistors built into the equipment itsc‘lf. 
The neon tube glows when one lead is brought into contact with a body cliargcd with 
static whether or not the other lead is grounded. It in sensitive enough to glow when 
held in the hand of a person walking over a high-pilc rug in a dry atniosi)here when 
one of the leads is grounded or brought into contact with a conducting material. 

One method of testing for static at any given location is to touch one of the loads 
with the hand and to hold the other lead in close proximity to the suspected equip¬ 
ment or material. A glow in the neon-tube tester indicates the presence of static. 
The amount of the charge camiot be determined liy the neon-tube tester alone. Thf‘ 
use of this type of tester may be hazardous at some locations where explosive dusts 
or flammable vajHirs are jiresent, smee the static .s))urk may jump from the object 
containing an aceuinulation of static to the lead of tlie tester or the operator. 

Gold-leaf Electroscope. The gold-leaf electroscope is another instrument that 
may be used to detect the presence of static. It is primarily ffir use in the laboratory, 
consisting as it does of two delicate pieces of gold leaf suspended fioni a single elec¬ 
trode in a glass tube or one piece and a permanent bar. In tlie presence of a static 
charge, the two pieces of gold leaf will V)e repelled from each other sufllciently to be 
seen very easily by the observer. It is sensitive enough to detect a very small eharg(‘. 
Since the capacity of tin* gohl-leaf electroscope is so small, there is practically no 
spark when it becomes charged in the presence of static or subsequently discharged. 
For this reason it may he used with h*HS hazard for atinosjiheres where H.'uiimable 
vapors or dusts ma}" be present, but wiien used in the industrial plant, it must be 
handled w’ith care since it is cjisily injured. The gold-leaf electroscope do(>s not indi¬ 
cate the quantity r»f static liut merely it.s jiresencc. 

Ohmmeter. Clround wires are often “rung out*’ by using a small hand-oijeratcd 
magneto and bell set. While this indicates thai an c'lectrical path to ground exists, 
it does not give any indication of the resistance of the path. Since it is essential 
that grounds for static have a low resistance, tlie use of the magnotu-bell set or 
‘‘ringer*' is not recommended for testing static grounds. For this purpose an olim- 
meter, or meter reading the resistance in ohms, must be used. A common type 

consists essentially of a direct-reading 
Table 6-64 fihinmetcr of the permanent magnet 


ficoJa, ohme 
0.0-1.0 
1.0-100.0 
100.0-10,000 0 
10,000 0-1.000,000.0 


Smaiiina scale divunon moving-coil type mounted in a suit able 
^ case with a hand-dnven generator or 

provided with other means for sujiplying 
10,000 00 direct curieiit at suitable poleiilial for 


the trf'st. The iiistruinent is so simple 
and direct in its operation that anyone can U8<‘ it successfully by following dircclioiis. 
The ohmmeter can be obtained with direct reading scale having ranges as shown in 
Table 6-64. 
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Bwitches on the instrument change the scale. The instrument has two binding 
posts, one of which is connected to the equipment and the other to known positive 
ground such as an underground water main. The magneto built into the instrument 
is rotated by the small hand crank, and the resistance of the instrument is read 
directly. Since the current flowing is inlmitesimal, the resistance of the instrument 
leads is negligible. Static grounds, to be most efTective, should have a low resistance. 
Ohmmeter tests should not be made in operating buildings while any exposed flam¬ 
mable Hoivent or vapor is present in 1.he equipment or immediate vicinity of the 
equipment 1)oiiig tested, since the ohmmeter itself may produce a slight spark. Bead- 
lugs of resistance should be made of all ground coi nections and all parts of grounding 
systems when the systems arc installed, and regular and iK»riodic readings should be 
made thereafter to make sure that high resistances do not develop over a period of 
time because^ of corrosion, broken connections, or loose cozmcctions caused by vibra¬ 
tion or in some other way. 

Infrared Driers,®^ Drying by the radiant heat froni infrared lamps lias now 
become common in industry. Lamp driers are used in a variety of industrial proc¬ 
esses, especially in the automobile industry and where finishes of paint, lacquers, and 
enamels are used. The princii)h‘, in effect, is the utilization of the radiant waves 
from lamps whose liglit waves aie at the red end of the spectrum in the nearly invisi¬ 
ble field of light rays. The near-infrared field includes wave lengths of from about 
0,500 to 14,000 A. Most of the heating lamjis used permit a utilized enrrg^'^ 
below 20,000 A. The violet rays at tlie other end of the spectrum are about 
4,000 A. 

The term Angstrom unit (A) indicates a standard scale for measuring the length 
of light waves devised by Angstrom, a Swedish physicist. The Angstrom unit is 
one-biJlioneth of a ceutirncter. Another standard is called the millimicron, which is 
ten limes an Angstrom unit. The temperalures usually listed at the filaments (of 
the lamp) are about 1500®K. The symbol K is used to indicate the color tempera¬ 
ture, which is the same as Fahrenheit, so far os it can be measured by color-tempera¬ 
ture measuring devices. The siiii is fiOOO'^K. Mazda lighting lamps are from 26(K)“ 
to fl2()0"K. (’arbon lamps are 2000''K. fckjmo uuentdosed resistance heaters are 
made as low as 1200°K. The 250-w heating lamps on the market rate at approxi¬ 
mately ]1,50C^ A (770 Jitu per hr). The temperatures of surfaces painted or being 
treated usually run 250 to 350''F. 

Drying by infrared lamps 1ms some advantages over ordinary gas- or oil-heated 
ovens. Some of these arc quicker results on certain types of goods, low cost, better 
working conditions, less floor area required, less odor and smoke, no oil- or ga»-fuel 
hazards. Explosions arc imlikely to occur as enclosures are not required. The dry¬ 
ing results from the heat of the infrared lamps. The lamps usi‘d are usually' 250 to 
2fi0 w^ rated at voltages of 105 to 110. Some 500- to 1,000-w lamps are used for 
spc'cial puriKwes. This method of drydng was first developed by the Ford Motor 
Coinj>any. The lamps are usually arranged in drying tunnels, in the form of open 
cages, to fit the particular tyjje of work to be treated. The lamp bases are usually 
ventilated so that the, mountings may' be kept cool. The drying effect is due to the 
heat produced by the interruption of the rays by the metal or body of the work being 
treated so that it may be said that the paint or coating is dried from the inside out. 
The lamps are said to Iiave a life of from 10 to 20,000 hr. 

Suggestions for Installations. All eleidrical equipment should be in acrordanee 
with the National Electrical Code. Installations should not be confined to small 
rooms unless they are thoroughly ventilated. Ventilated hoods or enclosures should 
be built at the first part of the eoiiveyor with exhaust systems to discharge the first 
evaporation of .solvcmts wht're large amounts of solvents are used. Lamp drying 
units slioiild be well sei>/irated from spraying and dipping processes, (''ontrols should 
be provided to shut off tJie lamps automatically if and when the conveyor stops and 
also if stationary goods are not removed from the drier on lime. Goods on con¬ 
veyors should be rigidly supported. Fire protection may consist of automatic sprin¬ 
klers or approved water-spray systems over the lamp tunnels and under ventilating 
hoods, or an approved C()s gas systcmi sliould be provided. 
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Electrostatic Coating Process. The electrostatic coating process, or electrical 
^^deteafing/’ supplies an automatic method of freeing materials of accumulations and 
fatty edges, which are spray- or dip-coated with alkydsynthctics, oleo resins, or 
polymerized types of finishes. In the process the article on a conveyor is dipped or 
flow coated in any suitable manner. It is then carried over the usual drainboard 
and is permitted to air-dry or set sufiicicntly so that the flow has practically ceased. 
At this point the grounded article is carried over an insulating grid to which a high 
voltage can be applied. An electric field having a difTerenre of potential of 50,000 
to 100,000 volts or over between the grounded goods, being painted, and the electrodes 
is maintained. Only a low amperage is used, about 10 ma. 

One type of apparatus consists of a small oil-immersed power pack requiring less 
than 4 amp at 220 volts (single-phase) in the primary. This pack can produce 72,000 
to 126,000 volts (alternating current, 8 steins). Tlie device has a rectifying tube to 
produce direct current from a-c power. It is wiroil to electrodes hung in the sjiray 
booths or to other electrodes near which painted goods pass on the conveyor. Sparks 
can jump to the goods if they are within 6 or 7 in. of the electrodes. This iniroiluccs 
a serious spark hazard in the painting area and process. This for(‘e is particularly 
strong at points where drainoff is apt to occur and the excess paint is removed from 
the piece and a smooth coating remains. 

Tentative Suggestions for Installations of Eievirostatic Apparaius in Painting 
Processes^^ 

Transformers, power packs, and all electrical controls are to be located outside 
the immediate painting area (not inside spray booths, well away from dip tanks, 
etc.). 

The electric installation is to be in aceordance with the ^National Klectiical Code 
in so far as it applies. 

Electrodes are to be rigidly supported in permanent locations and well in.sulated. 

Miniiuum spaces between electrodes and painted goods arc* to be at least twice 
the distance of the length of the possible spark gap. 

Installations arc not allov^ed viliere goods being painted are handJi'd manually. 
All goods subject to the processes arc to be handled on conveyors and be so fixed to 
the conveyors that the minimum spaces from goods to electrodes will be maintained 
under all clrcumstanrcs. Also guards should be provided where necessary to produ<‘c 
this result. 

Automatic control should be provided to make the entire electrostatic equipment 
"dead'* when vi*iit fans and conveyors .stop. 

Standard ventilation should b(‘ majiitairied for tlie areas containing the electro¬ 
static apparatus; the exhaust-fan motors for the ventilating system are to be connected 
in series with the voltage pack primary (rules for blow^er, exhaust, and ventilating 
systems to apply). 

All painting procpsse.s supplemented liy electrostatie apparatus should be pro¬ 
tected by automatic sprinklers or other approved automatic extinguishing sysicnis. 

Where necessary, adequate fencing, railings, or guards are to be provided to main¬ 
tain safe isolation of the process from other work in the vicinity and to guard pf rsontiel. 

Signs designating the 'vvork zone as daiigiTous as regards lire and accident shall 
be posted at the jirocess. 

Electrode insulators shall be kept clean and d^ 3 ^ 

Drip plate*' and screens shall be removable and taken to a safe place for (^leaning. 

Cleanliness shall be maintained and 8to<*k or goods not stored witliin 6 ft of the 
process. 

Exposure. In fire-prevention parlance tliis liUTaily meaiLS the spread of fire from 
one building to another. As a cause of tire, /.p., of causing other fires, it iooxiis large 
on the reeoids. A fire in progress, in order to spread and cause other fires, must 
have opportunity for so doing. This is givim it by th : failun* to safeguard surrouml- 
iug prop**rty or by using flaininable material for construction or roof coverings. 
Brick or eonerete construction will resist fire, but it the openings in walls are not safe¬ 
guarded by wired glass in metal frames or standard metal-clad shutters, file wdll enter 
the building. When wood eonstniction is used, the safeguarding of the open- 
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inga in walls as noted above, is a material help to the fire-fighting forces as the time ele¬ 
ment enters, and before the fire can bum through a frame wall, water can be applied 
to cool the surfaces. Water curtains on wood buildings are also of value, applying 
the same principle. Incombustible roof coverings also are essential to prevent igni¬ 
tion from falling brands or sparks, as is the protection of roof openings by wired glass 
in metal frames or metal screens over heavy ribbed glass. The prevention of fires 
from exposure therefore calls for construction safeguards which will not permit igni¬ 
tion or entrance of fire to buildings. 

Steam- and Hot-water Pipes (prolonged heat, spontaneous ignition, chemical 
reaction). Faint but prolonged beat is the classification under which fires from 
steam- and hot-water pijies are placed. This type of fire is also recorded as spontane¬ 
ous eonibufr-tion owing Ui the fact that the process of decomposition or chairing is 
very slow, and ignition resulting from this, not being easily underst/ood, is character- 
izc‘d as such. Steam- iind hot-watcr pipes maintain a constant heat of low degree. 
As a source of lire they are to be eonsiden d more as a means of causing other material 
to ignile by contact, which breaks down or volatizes the flammable constituents, 
igniting at the temperature of the radiated heat or, upon cooling, absorlnng oxygen 
Retting up rapid heat or reaction. Woodwork or any eombu8tjl)le material that is 
liable to remain in coni act with heated pipes may be ignited at an unexpected moment, 
ft therefore coiihlitutes one of the fire 
causes that is to be feared, as it is not 
always di^teeltnl in its most insidious 
stage. Tlie iidierent hazard of steam- 
pipes in contact with wood is tlic slow 
action of applied heat which produces 
pyrojjlioric carbon. Th(» temperatures of 
,steainpip(‘s which ciui produce this result 
arc shown in Table 5-65. 

(Hearances around steainpipcs of from 
2 to 18 in. must be maintained. 

Pipes Conveying a Heating Medium, 
as steiiin, w'ater, or oil, where they pass through floors or partitions, must have a 
siiliicieni clearfoiee around them to prevent their inclusion in the list of causes of fire. 
The prolonged heat will eventually reduce wood to a charcoal or pyrophoric carbon 
which will igjii1,e, or wli<*ii the heat is withdrawn the wood will absorb oxygen and 
set up a reaction resulting in tire. 

Pipes running in a horizontal direction through concealed spaces are liable to 
come in contact with dust accumulations or siftings or because of their warmth may 
attract mice to build nests close to them wdiich can be a possible cause of fire. 

Woods of commerce, being nature’s product, are complex things made up of vari¬ 
ous materials which go to form a composite whole which is called wood, but varying 
in dc'gn-es of const met ion to such an extent tliat no one wuo<l is like another, either 
in il.s cojiHtriietion or action under various treatment. Wood is that product which 
is made up of cellulose or lignm in combination with various resins and aromatic 
Hubsljjiices which have served the Jiving tree. Therelore, in analyzing the burning 
peunt fif wood, w'o may reach false conclusions if we assume that all woods are alike 
ill tliis nvspect. 

I’lie Jong- and short-leaf or winter or summer, growths will differ greatly in action 
under heat owing to the rtvsistaiiee to volatization of the rcbins and aromatics. For 
gciUTiil purposes it may be assumed tliat tlie usual w'oods used in commercial struc¬ 
tures will act in the same way with one exception, t.c., the matter of bulk, for large 
meintiers will not succumb to disintegration so quickly as smaller ones owing to car¬ 
bonization of outor fibers whereby a protective layer of carbon is formed wliich will 
protect or envelop the inner layers and prevent further volatization. Therefore, the 
degrees of heat necessary to ignite the so-calli'il ''w'Ood” would d(‘pend upon the 
cousirnction or kind of wood and its bulk or volume. 

It is a well-known axiom that W'ood which is slowly h(‘atod is more susceptible to 
ft lower degree of ignition temperature than woods heated very rapidly. This is 
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xrie preasure, lb 

Temperature, deg F 

14 7 

212 

25 

267 

50 

298 

100 

338 

150 

366 

200 

387 

300 

422 

500 

470 

1,000 

546 


Pipes conveying a heating medium, such 
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entirely due to volatuation of the resina. In the former, this causes a complete vola- 
tization, leaving the cellulose in a very dehydrated state. In the latter it merely 
brings to the surface the resins which bum at their ignition point but eventually 
ignites the cellulose structure, thus bringing up the interesting subject of the ignition 
points of resins, aromatics, and cellulose, which vary in considerable degree. 

Ordinarily it may be assumed that at 1 IC’C the water and aromatics are disi>elled. 
At 150*’C the carbon monoxide (C/0), carbon dioxide (C 3 O 2 ), and resins are dispelled. 
At 230**(/ the external browning or carbonization starts. At 270°C pyrophoric carbon 
is formed. This is pure cellulose in pimk form which has a tendency to self-ignition 
while undergoing this heat process. At 300‘’C charcoal or carbonized cellulose is 
formed. Where there is an actual contact of flame, the process is very rapid but 
the cycle remains the same. 


Table 5-66. Density of Gases Lighter or Heavier Than Air (Von Schwartz) 

(Density of air taken as unity: g — gas, v ■> vapor) 

Lighler than air 

Hydrogen (g). 0,069 Wood gas fg). 0.700 

Coal gas (g). 0.400-0.600 Acetylene (g). 0. R98 

Pit gas (fii^amp). 0.553 Hydroryanic acid (g). 0.946 

Ammonia (g). 0.588 £th:>lene (g>. 0 967 

Water vapor (v). 0.622 Carbon monoxide (g) . 0.967 

Heavier than air 


Ethane (g). 1.036 

Nitric oxide (g). 1.039 

Oxygen (g)... 1.105 

Methyl alcohol (v). 1.120 

Phosphuretted hydrogen (g). 1.185 

Sulfurotted hydrogen (g).192 

AUylonc (g). 382 

Propylene <gj. 451 

Propane (g).520 

Nitrous oxide (g).527 

Ethyl aldehyde (v).630 

Hyponitrous acid (g).590 

Alcohol (v).613 

Methyl ether (g). 1.617 

Methyl chloride (g). 1.738 

Cyanogen (g)...... 1.800 

Butylene (g)... 1.935 


Butane (g). 2.004 

Carbon oxysulfide (g). 2.104 

Sulfur (v) .. 2 200 

Chlorine (g). 2 448 

Ether (v). 2.665 

Carbon disnlBdp (v) . 2 645 

Araeninretted drogen (v). 2.697 

Bencol (v). 2 770 

Seleniuretted >i> ilrogeu (g). 2 784 

Ainjl alrohol (\).3.147 

Chloroform (v)... 4 215 

Phospkoms (v).4.355 

Telluretted hydrogen (g). 4 498 

Holeniun) (v). 5.700 

Sulfur vai>or. 6 660 

Tellurium. 8.896 


Approximate vapor 
or gae denntg, air ~ 1 


Oaa or vapor 


Hydrogen.. 

Carbon monoxide. 

Aloohol, methyl. 

Alcohol, ethyl... 

Acetone. 

Ether, ethyl. 

Carbon disulfide. . 

Benaeiio. 

Gasoline. 

Kerosene. 

* Nots: These arc mean valups for gasolhie and kerosene found in conknion use. 


0.069 

0.96 

1.1 

1.6 

2.0 

2.6 

2.6 

2.7 

3.6* 

4.6* 


Hot Ashes and Coals (direct ignition with flaming or glowing matcrjals or sparks). 
These causes of lir«* arc readily apparent, as they involve one source, that of direct 
ignition from flaming or glowing material. 4shes or coal removed from furnaces 
contain sufficient heat and in many eases visible fire to ignite material with which 
they come in contact.* l^lacing them in wooden receptacles or in contact with com¬ 
bustible material is inviting disaster as is also placing them or permitting them to 
rest on metal-covered wood. 

lotion of Hot Greases, Tar, Wax, Asphalt (open lights, sparks, flames, and static 
electricity). FJamniabJe materials, as has been stated, vary in their flash and igni¬ 
tion points, and flres resulting from the use of such matcrialH arc to be cxpcc'ted if 
they are subjected to heat or flume wliu h will ignite them. The above-mentioned 

* Ashes from a furnaoe piled on a concrete floor ugainsi a brink valt 12 in. thick cauned a fire owing 
to the radiation of beat through tiie wall to a wooden guide track of an elevator on the other stde^ 

242 

























































nBE EmTECTtON 


tSisd. 5 


materialfi are in addition auhjoct to ebullition and frothing, whioh cause them to 
overflow their containers, whether a frying pan or a pot used in industrial establish- 
iiients. Flames or open lights are the usual source of ignition, and fire results from 
contact with those owing in most cases to lack of proper supervision and care, unless 
a defective vessel should break, permitting the contents to fall into the flame of the 
heating medium. This latter disaster is avoided only by frequent in6i)ection. 

Hot greases, tar, wax, and asphalt materials are flammable. Their flash points 
and Ignition points are higher than petroleum oil or gasoline, but they will ignite at 
Ihcir own proper temperature. This should be remembered in order to safeguard 
Ihcm from any and all flame. Their use is very broad, so it is hard to lay down any 
sot rules for avoiding Arc except the one above. If they are being heated for any 
purpose, careful watching is necessary to avoid overheating. This is very essential 
if an open flame is used. Coutainers should also be carefully examined for cracks 
or defects. 

Gas, Natural and Artificial (see Flammable Gases). (Open flame, sparks, pressure, 
lightning and static cleetricity,) Since the fire record encompasses the whole country, 
the flroK from gas as a cooking and illuminating medium would naturally include 
natural and artificial gas. For the purpose in hand, it is not necessary to consider 
the technical fire hazards of gases, as thp.se arc well understood by those who know 
about the manufacture of artificial gas or the control of natural gas. To those who 
use these gasc^s for industrial or household purposes, however, a word of warning 
seems not untimely, as the record shows that greater care is necessary if fires are to 
be avoided from this source. 

Natural and artificial gas are explosive, and the greatest need for care is in avoid¬ 
ing leaks or the accumulation of these gases in low spots or enclosures. Fires result 
from those gases being ignited by flame or sparks. Open lights, matches used in 
locating leaks, defective electric wiring, or friction from machinery will ignite them 
causing fire or explosion. Danger from these gases is present when they come in 
contact with an ignition medium, and although the cause of ignition and eonsequent 
fire is given as giis, it is in reality the open flame or spark, lightning, or static elec¬ 
tricity. Caution should be exercised in looking for leaks. (Ree Table 5-56.) 

FIRE PROTECTION 

The extinguishment of fire in industrial plants is an essential responsibility of 
plant nianageinent. It will not be a success unless recognized by the executive man- 
ageinent as an im^xirtaiil pcmiauent addition to the plant operations. Regardless of 
tlie size of the plant or establishment, the personnel and workmen should be organized 
for the purpose of preventing and extinguishing fire. In some plants the plant man¬ 
ager will be the fire-prevention engineer, vrhose duties are confined to the analysis 
and correction of fire hazards. The extinguishment and fire fighting wdll be delegated 
1o a fire chief and private fire brigade. In other plants the analysis and correction 
of fire hazards as well as the fire fighting are delegated to the fire chief and the plant 
iire brigade. In still other plants the safety engineer will include in his duties 
the analysis and eorreetioii of fire hazards, and the fire fighting will be delegated to the 
fire chief and plant fire brigade. In sotting up “the defense against fire“ within the 
plant, it is necessary for whoever is responsible for the defense to have a knowledge 
of those things wliich comprise the defense. These are 

1. A groun<l plan of the propfTty and all buildings thereon 

2. A plan of all available water supplies (public and private), including water 
mains, reservoirs, sumps, and tanks, with capacities and pressures available at ground 
level 

3. A diagram of all controlling valves, check valves, pumps, hydrants, and hose 
houses 

4. First aid equipment, fire extinguishers 

5. Standpipes 

6. Yard hydrants and hose streams 

7. Automatic sprinkler systems, foam and water^iray or fog 

8. Alarm systems 
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9. Plant fire brigade 

10, Attack 

11. Stock flow method 

Gtotind Plan. The gi*ound plan should include the boundary lines of the property 
and plans of all buildings thereon, using the map synibola, as given on previous page, 
for types of buildings, heights, stairways and elevators, shafts, and window protoclioii. 

Plan of Available Water Supplies. The plan of available water supplit's should 
show the water mains by sizes (and open-butt flow tests at ground level). It sliould 
also show standpipes and tlieir gauge* pressures at tup outlets; sprinkle^r risers and 
their gauge pressures at top outlets; and reservoirs, sumps, and tanks, with their 
capacities and pressures at ground level, if elevated. 

Diagram of Valves. The diagram of valves should show all eonirolling valves 
and check valves (above- and belowground) and post-indicator valves (OS and Y 
valves on sprinkler sysU^m). If single-floor control, it shcmld be so indicated. Tin* 
diagram should show pumps, indicating the type, capacity, type of power, and 
location; hydrants, their location, number of outlets, and pressures; and hose houses 
(if over hydrant) with the quantity of hoB('> in each and their size. 

First-aid Equipment.^^ The primary purpose of first-aid equipment is its immedi¬ 
ate application to an incipient fire. To accomplish this, it is essential tlmt those 
who are charged with its application be thoroughly familiar with the cliaracteristics 
of the portable equipment. It is recommended that all employees and TneiubcTS of 
the fire brigade be given an opportunity to handie and oj)(‘rate the equipment at 
drills and at time of recharging so that they 'will know iiow they oiierate, then 
ingredients, their weight, and the purpose for Avhich they are best suited. TIik 
drill will tend to make their attitude one of coiifidcnee and familiarity witli the 
instrument. 

Fire EztingmslierB. The action of portable extinguishing mediums eonsists in 
cooling the burning .substance to below its ignition temperature, excluding tlie air 
supply, or a combination of both, and in excluding arcs in el(‘ctriral eipiipiucnt 
Portable fire extinguishers should be purchased only if they bear the approve I of 
some authoritative testing laboratory .su(‘Ij as UnderwntcTs' Lal^oi a lories, Inc , f>r 
the Fartorj' Mutual Laboratoric.s, not only to ensure the ix'rrorinance reliability and 
suitability of the device but to ensure safety, as the pressures developed require suffi¬ 
cient strength in the materials used. The queiiehing, cooling, and lilanketiiig effeets 
are set forth in the plan dr*v(‘lop('<l by Umlerventers’ Laboratorii's as follows: 

Classification of Firta 

Class A fires—Fires in ordinary coinlm.stible ninteriaJs, \>lieu the (lueuching and 
cooling effects of quantities of water or .solutions contaiiuiig large jK'rci'ntuges of water 
are of first importance 

Class B fires—Fires in flammable liquids, greasi's, I'tc., 'ivhi're a blanketing effect 
is essential 

Class C fires—Fir(‘S in electrical equipment, where the use of a nonconducting 
extinguishing agent is of first iiiq)orlanco 

Extinguishers are further classified in uiiit.s of first-aid fire protect urn, depending 
on their relative extinguishing cajjacity under average conditions of use. 

As a guide in deterniining the number of units that sliould bf* installed under 
various conditions, the following recoiiinieiulations are given: 

Class 1—Ijight-hazard occupancies. Ofiice.s, .schools, public buildings, etc. Units 
should be so located that a person will not have to travel more than 100 ft from any 
point to reach the ncanjst unit. At least one unit should be niquired for each 5,000 
sq ft of floor area. 

C^lass 2—Ordinary combu.Hible occupancies. Department and dry-goods stores, 
warehouses, nianufacturerH, of average hazard. TTnits should be so located that a 
person will not have to travel more than .50 ft from any ixniit to reacn the nearest 
unit. At least one unit shall be required for eaeh 2,500 sq ft of floor area. 

Class 3—Extra^hazardoua oecupaneies. Woodworkers, paint spraying, dipping, 
etc. Units shall be so located that a person will not have to travel more than 50 ft 
from any point to reach the nearest unit. At least one unit shall be required for 
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each 2|500 eq ft of floor area and any additional units as the severity of the hazard may 
require. 

Wheeled oxtinguishers, provided for larger hazards, shall be located within 200 ft 
of all ordinary hazards or within 75 ft of extra hazards. Classification or designation 
(in standards) A -2 indicates that the extiuguislier is suitable for class A fires and that 
two cxtinguisliors arc required to make a unit. 

Fire pails—five 12-qt pails equivalent to one 21^-gal soila-acid extinguisher 

Bucket tanks—six 10-qt pails, 40 gal equivalent to one 2>^-gal soda-acid 

Band pails—Same as water pails 

The manufacturers' instructions as to filling and maintenance should be follow^ed 
out carefully. All extinguishers should be inspected once a year and tagged. 

Use of Extinguishers on EleHriral Equipment. Streams directed on a niotal plate 
at 550 volts, alternating current to ground, gave results as shown in Table 5-57. 

Table 6-67 

Diatance currenl 
was conducted 


Calcium chloride. C ft 

Roda acid.ft 

Foam. n in, 

’W at cT.2 in. 


Carbon tctnicldoridu', carbou dioxide, COi; Dry chemical; Ntmcomiuctorsat all dintancca 

Streams directed at 550-v switchboard paiirls having live bus bars and cutouts 
shrjwed that foam and calcium chloride caused suflicient arcing on the switchboard 
to blow tlie fuses. 


Table 6 - 66 . Weights of Typical Fire Extinguishers Charged and Ready for Use 

Type Approx, weight. Ib 

IH ffal Hoda acidj foam or water.2f>-25 

sal Koda auid, foairi or water.35 

2^2 zal pump tank.40 


6 Ral pumi) tank. ... 

6 Ral fvmm. 

2" 2 Kul calcium cidorido or loaded atrearn... 
1 (ii-vaj)orizinR>liqu!d carbuii-letrachloridc 
1 Ral \apikiuIiiR-liqind carbun-tctraclihiriilc. 
3 gal vapo izing-liquid carboii-lctrncliloridc 

7W lb COa. 

20 lb COa. 

714 It* dry rhciiiical. 

20 lb dry rhciniral. 


Sotia-acid Extinguisher for (lass A Fires. Soda-arid extinguishers are marie in 
two ))rincipal sizes— 2^2 P^d liquid capacity and H 4 or 1 ^2 gnl liquiil capacity. The 
materials used are a dry chemical, bicarbonate of .soda, designed to be dissolved in. 
water, and a liquid chemical sulfuric 

acid ( 112 ^ 0 ^). Reaction of the acid and Table 6-69. Antifreezing Solutions, to 
the bicarbonate of soda 3 )rofhices pressure Make 2 ’ 2 Oal 

which expella the liquid from the extin¬ 
guisher a horizontal distance of 30 to 40 
ft at a rate of 2*2 pal in I min. Protec¬ 
tion against freezing consists of a suitable 
heated cabinet or felt-lined boxing. An- 
tfreezing solutions should not be used in 
the extinguisher, as they interfere with 
the operation. 

Foam Extinguisher for Class A and B 
Fires, Foam extinguish ers arc made in 
two sizes—] * '2 Ptii liquid capacity and 2 
gal liquid capacity. The materials used 
are a dry chemical, bicarbonate of soda, a foam stabilizing agent (soap bark) dissolved 
in water for the outer compartment, and aluminum sulfate dissolved in water for the 
inner cylinder. Reaction between the aluminum sulfate and the bicarbonate of 
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sodtt produces carbon dioxide gas in the form of bubbles with a light prwipitate of 
olumiiium hydroxide in the bubble film, which will expel the foam a horisontal dis« 
lauce of 30 to 40 ft at a rate of 2>2 8 * 1 ^ ^ 2 ^-gal extinguish^ will produce 

18 to 20 gal of foam at ordinary rocmi temperature. Protection agaiiiBt froesing is 
the same as for sodoracid extiiigiiishcris. 

Loaded-stream Exiingmsher /or Class A atui B Fires. Loaded-stream extinguishers 
are made in three sizes—I gal liquid capacity, 1®4 gal liquid capacity, and 2 ^^ gal 
liquid capacity. There are also 17- and 33-gal liquid capacity extinguishers in wheeled 
unit. The material used is a special solution of alkali metal salts, which is a trade 
secret. It is esstmimJly an antifreeze solution. Pressure to expel the liquid is pro¬ 
duced by either a CX)* cartridge or by chemical action. The stream reaches a distance 
of 30 to 40 ft at a rate of 2 ^^ gal in 1 inin. The alkali metal salt solution has an 
effect on fire that is unlike any other extinguishing agent. On class A fires, the 
flame is extinguished rather suddenly, and there is a pronounced fireproofing effect 
in that flash back is materially retarded. The effect on small class B fires has not 
been explaiiK'd. There is no smothering vapor to blanket the fire, but there is a 
chemical action t(‘nding to inhibit oxidation. This extinguisher must be recharged 
annually anti after use. 

Plain Water Extinguisfter for Class A Fires. Plain water extinguishers are made 
in 2^2 8*1 liquid capacity. The material used is plain water, and a (X )2 cartridge is 
used to provide the pressure. Tht' cartridge should be weighed and tested for leaks. 
The stream reaches a distance of 30 to 40 ft at a rate of 2 ^ ^ giil in 1 min. 

Calcium Chloride Extinguisher for Class A Fires. Calcium chloride extinguishers 
are made in two sizes— 2^2 8*1 liquid capacity and 5 gal liquid capacity, hluterial 
used is plain water or an tmtifret^zing solution of granulated or flake eiik'iuin chloride 
and water. The piessure to expel the liquid is produced either by a slow-biiniing 
fuse eartridge, a C (>2 cartridge, or T>y chimiical action. The stream reaches a distance 
of 30 to 40 ft at ii rate of 21 2 8*1 in I min. 

Pu7np Tank Extinguisher for Class A Fires. Pump tank extinguishers are made 
in two sizi's—2-* 2 8*1 liquid capacity and 5 gal liquid capacity. The material used is 
the same as in the calcium ehloride extinguisher. Pressure to expel liquid is by s 
hand pump installed in tank. 

Vaporizing Liquid Extinguisher for Class B and C Fires Vaporizing li(iiiid extin¬ 
guishers (carbon tetrachloride base) arc made in four sizes— 1 , II 4 , li 2 ) *nd 2 qt 
liquid capacity. The niaterial used is a specially treated nonconducting liquid having 
a carbon tetrachloride base, with eompoiients added to depress the fri'czing peunt to 
—SO^F and to avoid corrosion. The liquid is heavier than air and will not sujiport 
combustion. Carbon tetrachloride vapor has an anaesthetic elTcet and if siibjocted 
to high tempcTature decomposes to some extent, forming toxic gases such as liydro- 
chloric acid and phosgene (CO + CL 2 =* COCIjs). When it is used, caution should 
be taken to avoid breathing the vapors or gases produced. Tlic stream reaches a 
distance of 20 to 30 ft at the rate of 1 qt in 1 min The stream of liquid rapidly 
evaporates to form a sinotliering vnpor. The quantity of vapor from 1 lb of liquid 
is approximately 2 *^ cii ft at room temperature. Tht*se extinguishers are made in 
1-, 2-, and 3-gal capacity for special use, in pump-type and stored-prescure-tyiMs 
extinguishers, using either air or CK )2 gas. 

Carbon Dioxide Extinguisher for Class B and C Fires. Oarlwn dioxide extinguishers 
are made in six sizes— 2 , 4, 7*^, 10 , 15, and 20 lb. The mat;erial used is CO 2 under 
pressure in a liquid condition. The stream reaches a distance of 3 ft at a iate of 2 
lb in 11 sec. Carbon dioxide at ordinary temperature and atmospheric pressure is a 
gas, times as heavy as air. It is inert and will not support combustion. The 
pi-essure in the container is tht v.ipor piessure of CO 2 , which varies with the tempera¬ 
ture. It is reduced to a liquid by pressure if the temperature la l>cluw SS^F, the 
critical temperature of CO 2 . At ordinary room temperature ( 68 ”!') the pressure is 
between 800 and 000 psi. One pound of liquid CO 2 converted to u gas will occupy 
approximately 8.6 eu ft. Carbon dioxide gas, like any inert gas, will produce suffo¬ 
cation owing to oxygen deficiency. ITie extinguisher should be weighed annually for 
leaks. A loss of 10 per cent is normal. 
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arft made in thw sii^es 7^^, 12, and 20 lb. The material used is bicarlyonate of 
soda whieh hm been chemically processed to make it waterproof and frt*e flowing. 
Preasure is j^nerated by a CX )2 gas cartridge. The strenin reachrs a distance of 14 
ft at a rate of 7H lb in 17 sec. Dry-compound wheeled engines are available in ISO* 
and 350-lb siros, with pressure furnished by nitrogen gab. The streams from these 
reach a distance of 35 ft at a rate of 150 lb in 1 nun and 350 lb in 3 min, respectively. 
Dry-conii>ouud oxtiiiguishers should be inspected evc'ry 0 months. 

Fire Pails for Class A Fire. The 12.qt pail is standard. 

jSond PaUsfor Class B Fire. A 12-qt, fine, dry, clean, sand scoop should be pro¬ 
vided (see Antifroeziiig Solutions for unheated arcHs). 

Soda and Sauniiist for Class B Fiies. llicarbonate of soda and sawdust in bins 
viih scoop is the usual equipment. 

GUiMS^hulh and Bottle Extinguisher for Class A and B Fires. Carbon tetrachloride 
is used in Inilbs or bottles. This typo of extinguisher is UB(‘d in confined spaces or 
applied directly on incipient fires (ace Vaporizing Liquid Extinguisher for phyedcal 
l)roiw*rtiea).*‘’ 

Standpipes. A well-designed, -equipped, and -maintained standpipe system con¬ 
stitutes one of the best means for the extinguishment of fire m buildings as it is the 
only reliable means of obtaining effective fire streams at the upper stories of high 
laiildings in a short spare of time. 

Htandpipe systems are designed for two typies of service—for small hose streams 
for of occupants of buihUng and for largo liose streams for use of public fire depart- 
nuuits or plant brigades. 

For small hose streams for use of occupants, 11 2 -in. unlined linen hose, vith 3^- 
or * 2 “hi. nozzle, with not more than 100 ft at each outlet should be provided. The 
liose should be eoiipled to a control valve, either straightaway or globe and carried 
in an approved rack. Drip ooniieetions should be piovid(‘d as hose is liable to rot 
at the coupling, gaskets should also be replaced at intervals. Where the pressure 
cAceeds 50 psi, an adjustable reducing valve should be provided. For large hose 
streams for pulibc lire depnitinent or plant brigade 2 ^ 2 -m. unlined linen hose with 1- 
or I S“hi. nozzle should lie used. In hiigi* systems, the hose may not be attached, 
as the fire d» jjartmeiit may jirefer to bring in its own hose, llofec can also be 
stored at various fimir levels for use of public ilepartnients. Reducera can be pro¬ 
vided if both small and large liose are to be used on the same systtun. The smaller 
size hose is sometimes attached to automatic sprinkler systems. 

The size of sfandiiipes 1*3 govenicd by Die size and number of fire streams needed 
and by the distance of tlie outlets from tin* source of water supply. Standpipes for 
small hose streams should not be less than 2 in for buildings 55 ft in height; 4 in. for 
buildings 55 to 75 ft in height, 6 in. for buildings 75 ft or over in height; and 2^ in. 
for theaters 011 both sides of stage. 

The iiuinbei of standpipes sliould be arranged so that all parts of every floor can 
be reiiehed wit bin 30 ft, from a nozzle attached to 100 ft of hose connected to a sland- 
l»iIM‘, c.g., an area covered by interlocking circles having a diameter of 130 ft. Out¬ 
lets for occupant use* should be loeated in floor area. Standpipes should bo loca>ted 
in fire-resistivt‘ stairways, or near fire escapt'S or fire towers so as to be available for 
)>ublic firt' department’s use. 

Water Supply for Stand pi p<'S. The value of the water supply for standpipes 
should be eoiisidered in the following order: City water-works system, where the 
domestic pressure is adequate, should be not less than 250 gpm for one riser or 500 
gpiii for tw^o or more risers. The supply should deliver 1 hr pressure at 40 to 50 lb 
at topmost 2Lj-in. outlet, discharging through 50 ft of 2^^-in. CRL hose with a Ij^a- 
in nozzle. Tw'enty pounds at 1 opmost outlet flow ing pressure is the minimum acxjejjt- 
ahie ll is a practice to add 25 Jl) to pressure requirements for all standpipes. 

Wliere fire putuiw are required, for buildings up to 150 ft high, the sizes should 
be 500 gpm for 4-iii. Htandpipe; 750 gpm for fvin. slaiidiniio or two 4-in, pipes; and 
1,000 gpm for two or more 0 in. piiws. 

At least one fire-department connection should be provided for each standpipe. 

247 



Sec. 6] FIRE PREVENTION AND PROTECTION: COMBUROLOGY 

Water pressure should be maintained at all times in standpipes. If building is 
unheatedy water should be controlled by manually operated remote-control valves or 
automatic dry valves. Monitor nozzles and hose houses can he placed on roofs. 

Yard Hydrants and Hose Houses.Wliere hose is kept connected to hydrants 
in hose houses, a tire line can be laid and water turned on in approximately one-half 
minute, as compared with 2 or 3 min where a hose cart must be run up, the hose 
coupled to the hytlrant, run out, and the nozzle attached, before the water is turned 
on. 

The standard mill-yard hose house embodies the features of protection against 
the weather and ventilation, the ventilation being secured through slatted floors and 
shelves and vent spaces under the overhanging roof, so arranged so that rain cannot 
drive into the building. At least 100 to 150 ft of 2 ) 2 - 111 . cotton-rubber-lined hose 
should be attached to one outlet. One shelf in a staiidai'd hose house, will hold 150 to 
200 ft of single-jacket cotton-rubber-lined host‘, folded forward and back, so placed 
that it can be readily inspected. To determine the length of liose required in a host' 
huiisp, a line should be laid in easy curves from the hydrant to the building, through 
the door, up the stairs, to the toji story of the building, and tlieii a stream played from 
a far window. A hose should also be taken up an extension ladder to the roof, allow¬ 
ing one length (50 ft) on roof. Make sure that hoisting ropes and hose straps are 
kept in hose house. There should als(» be suffieient hose availalde to reach to the far 
side of a building, 1 emote from the hydrant, and a safe and effective distance from the 
building. If it is necessary to lock the hose house, a special lock with brittle shackle 
should be used or a lateh placed behind a glass plate which can be broken easily. 

Acressory Equipment for Hone UoaseH. Accessory equipment for hose houses 
should consist of the following: 

Standard play pipe Cone for each hydrant outlet) 30 in. long with swdvel handles 
and smooth-lxire tip 

2 play-pipe holders 

4 to 6 tabor spanners 

1 fire axe weighing 0 lb 

1 1 t 4 -in. by ^ft crowbar 

2 hose straps 

1 extra hydrant wrench 

1 heavy mill lantern kept filled and ready for use 

4 to 6 extra washers for hose couplings 

1 hand line of manila rope, long enougli to reach roof of highest building 

Public and Private Water Supplies. The following data may be* hi'lpful to private 
plant brigades: 

The capacity of any public watc'r sy.stem is determined by the total amount of 
water it must furnish. This is the sum of 

1. Water required for domestic or indiistruil use 

2. Water required for fire service 

In rural districts the water problem has these phases: 

1. The population needs, donu'Stic, near centers 

2. The population needs,^domestic, aA\ay from centers 

3. The fire-protection requirements which involve small congested areas spreading 
fires owing to shingle roofs and brush fires 

In cities, the problem has tliree phases: 

1. The population needs, domestic; 

2. The fire service needs, domestic and industrial 

3. The lire service needs, conflagration 

The general domestic water consumption will range frcjm 40 to 250 gal per capita, 
varying with the peaks of daily eonsujiiptinn and seasonal variations, inrliiding 
wastage from underground piping and eareleBflne.ss in private use. 

Fire service or fire flow' based upoji average conditions found in comimmities of 
various sizes is showm in Table 5-00. 

A fire requiring 10 streams fiir 5 hr tvould use 750,000 gul of water. A standard 
fire stream is taken at 250 ginn, 50 psi, with 1 ^s-in. standard play pipe. 
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Table 6-^. Required Fire Flow lor 
Average City, Gpm*^ 


Fopulntion 

Ftr^ Aowi gpm 

1,000 

1,<XH) 

2.000 

1,600 

4,000 

2,000 

0,000 

2.500 

10.000 

3,000 

13,000 

3.500 

17,000 

4,000 

22.000 

4,500 

28,000 

6,000 

40.000 

0,000 

00,0(NI 

7,000 

80,000 

8,000 

100,000 

9,000 

12,1,000 

10.000 

150,000 

11,000 

200,000 

12,000 


Note. Over 20(1,000 populfttion, 12,000 Epm 
with 2,000 to 8,000 additional for a aecond fire. 

♦ NHl’U. 


AvcTiiRo ar<*a per liydraiit, sq ft 


To determine the reliability of the 
water supply, the following should be 
taken into consideration. 

1. Frequency of and duration of 
drought 

2. Condition of intakes 

3. Danger from earthquakes or seismic 
disturbances 

4. rhysieal injury 

5. Reservoirs out of service for 
(‘leaning 

6. TJio condition, arraiigeiiKuit, and 
reliability of individual units of plant 
equipment, such as pumps, engines, gen¬ 
erators, electric motors, fuel supply, and 
elcGtri(‘abtriiusin ission lint^s 

7. Combustible construction of puini>- 
ing stations 

8 Marhiiic shops conm'rled with nmiiitenanre 

tSpacing of Hydrants. Hydrants and pip<;‘s are chi‘ai)cr than hose in the long run, 
so fr(Miuent hydrant spacing is desiralile. 

The minimuni satisfactory pressim' at which water can bo supplied for fire pumpers 
is 20 lb ol the liydrant. If supply for automatic si)rinklerq in taken direct from 
municipal water mains or yard systems, normal pnvssure should give 15 lb on top 

line of sprinkh'rs with 250 to 500 gal 

_ Table 6-61 _ flowing For extra haisards, pressures 

from to 75 Hi are desiraldo. 

Piping. Piping should be no less 
llnin 0 in. in diameter for fire service. 
J)p))tli <»f cover to prevent freezing will 
vary from 2J 2 It in the South to 10 ft in 
the Noith. 

JIyd)ants. Hydrants should not be 
distiibiitt'd moR' than 300 or 400 ft from 
buildings to be protected, ns hose lines of 
400 or 500 ft are diflicult to handle. If 
liOhP streams are to be used direct from 
hydrants, the spacing should be 100 ft 
le<w, ilydrants should bo placed 50 ft 
Ironi building to prevent damage, from 
falling w'alls. Pettiing hydrnnt.s for freez¬ 
ing: may l)c accomplished by sound by 
striking the hand over open outlet; water 
or ice shortens the length of sound tube 
and raises the pilch. The stem should be tried; if frozen .solidly, it will not turn, 
Tajiping on hydrant nut may release it if it is not frozen solidly. If a weight is low'ered 
on a string into hydrant, it nmy strike ice or water, shown if the, weight is wet. Steam 
should lie used to tliaw out tlie hydrant. 

Vnhes. Fire-prevention in.siiectors must be valve-conscious. Many plants have 
been destroyed, beeaiisc a valve was closed. 

Reservoirs. Reservoirs form a good source of water supply if adequate. A fire 
flow of 10 hr is adequate for large cities or similar n(‘eds. A tire flow of 5 hr is ailequate 
for cith^ of 2,500 population or with similar needs. Auxiliary sources consist of 
ponds, 8W imining pools, cooling 1 anks, rivers, and streams. Streams of 1,000-gpm flow 
are acceptable, with suitable Biiproach for fire-engine suction. For a fire pump of 
1,000-gpin rating, a tank or reservoir for suction sliould liavo a 100,000-gal capacity. 

Gravity Tanks. Gravity tanks are usually built of wood or stod and supported 
on stocl towers. If there is exposure within 20 ft of tower, steel should be fireproofed. 
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Pire flow 
rctiuired, Rpin 


liiiRim' htrcanih 


Him <f Indraiit 
sit en Ills 


_ - 

1 

-- 

1.0(J0 

120.000 

100.000 

2 000 

110 000 

8,1.000 

3 000 

100,000 

70 000 

4,000 

90,000 

55,COO 

5,000 

85,000 

40 000 

(>,000 

80,000 

40,000 

7,000 

70,000 

40,000 

8.0U0 

OO.OftO 

40,0(KJ 

9.000 

55,000 

40 000 

10,000 

48.000 

40,000 

11,oco 

43,000 

40,000 

12,000 

40,000 

40,000 
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All brush should be cleared from vicinity of tower. Steel tanks of 50^000- to 100^000- 
gal capacity should have four-colunm support. Steel tanks of 100,000- to 300,000-gal 
capacity should have six-column support. Steel tanks of over 300,000-gal capacity 
should have eight-column support. 

If the tank is directly connected to hre service and is to supply hose lines from 
hydrants, a minimum capacity of 30,000 gal with the bottom of tank not less than 
75 ft above ground is required. For iinsprinklered buildings where hose streams are 
relied upon for protection, the bottom of the tank should be 40 ft above the roof of 
the highest building. 

Supports for tanks should preferably be in the ground. If supported on buildings, 
they should be located over non combustible stairways or an elevator tower. Build¬ 
ings should be examined by conqictcnt engineers to determine their ability to sustain 
the load including trestle or towers. Drops should be protected from freezing by 
suitable boxing. Tank lumber can bo trealed against rot by preservatives such as 
sodium fluoride, creosote, or zinc chloride. Tanks can be heated liy steam from 
boilers at not less than 10 lb of pressure. Pits containing OSandY gates and checks 
should be heated to 40°F during freezing weather. Water-level indicators arc of the 
float or mercury-gauge type, but when there is doubt, the tank should be flooded. 
Flat hoops, subject to rust, on wooden tanks arc obsolete (schj Hurricanes). 

Pressure Tanks. Tank capacity of pressure tanks is tlie total combined, including 
water and air, not including dish ends. Tank capacity should Vie 4,500 gal lor liglit 
occupancy, but 3,000 gal is acceptable. Capacity should not exceed 0,000 gal, Tt 
is preferable to use two 4,500-gal tanks. Tanks should be kept two-thirds full of 
water, and an air pressure of 75 psi maintained. When the bottom of the tank is 
located below the highest line of Npriiiklerh, the air pressure should be throe times the 
pressure caused by the column of water in the sprinkler system above the tank bottom, 
plus the 75 lb. Pressure tanks should be tied into s^^stem 40 ft below the bottom 
of pressure tank and gravity tank to prevent water lork. They should bo in,stalled 
in incombustible buildings, kept painted, and given a hydrostatic test every 2 >ears. 

Air Compressor. An air compressor should bo capable of delivering 16 cu ft of 
free air per minute for tanks of 7,500-gal total capacity; 20 cii ft of free air foi larger 
sizes. Steam or electrically driven compressors should V»c located in tank houses 

Fvre Pumps (specified by Underwriters' liaboratories, Trie., or Associated I’aelory 
Mutual Laboratories). Fire punqis should be located in rooms or buddings so coii- 
Btructed as to prevent damage from falling w^aUs. floors, or macViinery and from sinoke, 
fire, and water which may prevent their operation. Troubles with iiuinps can be 
traced to defecis in suction lines. Suction pipes should be tight and should be laid 
to true grade. Air traps should be avouled. The greater the lift, the less the length 
of the suction should be. Foot valves .should be provided for all eentrifugal pumps 
and for rotary and steam pum^is having a suction lift of over 10 ft or suction pipe 
over 100 ft long with any lift. Screens should be provided, where needed, with an 
approximate area of ten times the area of the suetioii pipe. 

Pump Capacities (feeding Automatic Sprinklers only). For light hazards, tht 
pump capacity should be 250 gpm, for ordinary hazards, 500 gpni; and for heavy 
hazards, 1,000 gpm. Oerupaney, construction, size, and value of propt'rty should be 
considered. 

Steam Pumps. Steam pumps should conform to the specifications for Under¬ 
writers stoara-fire pumps published by the Factory Mutual Ijaboratories. See also 
the NBFU Standards. 

To test for condition of steam pumps, all valves should be closed, the pop valve 
should be set at 100, if pislon moves, the travel should be measured (140 fpm JS usual 
travel). 

Centrifugal Pump. Tlie eentrifugal pump is a casing in which a disk impeller 
carrying vanes rotatf^s at high speed. By increasing the speed of an impeller, by 
increasing its diameter, or by arranging two or more impellers in series (multistage), 
higher pressures may be obtained. The pump can be driven tiy an eloetric motor, 
gasoline engine, or steam turbine, since the speed of the pump and prime mover may 
be the same, thus permitting direct connection. 
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Tftble Standard Steam-pump Sizea for 1,000 Gpm 


Pump flOMB, in. 

Ratio 

Capacity at 
100 lb at 
pump 

Boiler power 
requirM, hp 
steam 160 
pres, at 
pump, lb 

Full 

speed. 

rpm 

Piston 

travd, 

fpm 

Steam 

Water 

Stoke 

18 

10 

12 

3:1 


45 

70 

140 


PumpB aro made in six sizes--500, 750, 1,000, 1,500, 2,000, and 2,500 gpm. 

Maximum speeils for centrifugal fire pumps are usually 1,800 rpm, but in some 
casos^ speeds are as high as 3,600 rpm. The minimum-siae fire pump recognized is 
500 gpm for supplying standpipes and sprinklers; 750 gpm, for supplying both sprink¬ 
lers and standpipes; and 750 gpm, for supplying hydrants. 

In lighf hazards pumps with a caparity of 250-gpm for sprinklers only and pumps 
of 500-gpin capacity should supply sprinklcTs and standpipes. 

Pumps should be primed by a 250-gal tank or other reliable source. 

Rotary Pumps. The rotary pump is simple in construction and inexpensive, but 
wasteful of power. It is generally of the double-shaft (or twin) type vvith cams or 
buckets which intermesh, the pump being direct-connected by a spur gear or gear 
clutch or by a friction gear. The cams aie keyed to the shafts as are the gears. The 
gears and cams are so fitted that when the gears are properly in mesh, the cams just 
touch each otber. (>ams cannot be fitted absolutely tight, and there is an unavoid¬ 
able slip or passing of water bai*k into the suction. Bronze fittings have eliminated 
wear and corrosion. The rotary pump "akes w'ater under a slight head. Pulsation is 
reduced by having air chambers attached. Discharge outlets should not be less than 
6 in. for 500-giirii pumps; 8in for 750- to 1,000-gpm pumps; and 10 in. for 15,000-gpm 
pumps. Htuf^g boxes should be checked for leaks. Bearings should be lubricated. 

Booster Pump. Booster pumps with a capacity of from 30 to 100 gpm are used 
in conjunction with a water tank of 80-gal capacity. An 80- or 100-gal tank takes 
the same spm*e as a 40-gttl chemical tank. Rural districts use tanks of 300 gal or 
larger. Some fire departments carry lines of l’ 2 ’'in. hose with or ®'^-in. norzies 
connected to large booster tanks for use in dwelling and brush fires. The booster 
pumps supplied by OCl) are centrifugal gasoline-driven pumps on trailers or tied 
onto front of motor trucks. 

Automatic Sprinkler Systems. An automatic sprinkler system is the extension of 
the public walcr ayslcm or private-supply installations to every part of a building 
by a network of piping of reducing sizes, with automatic spray valves placed at 
intervals on this piping system, which, when activated by the convected or radiated 
heat of a fire, permit water to be sprayed upon a predetermined area. The design 
of the system is based upon the nature of the occupancy; the possible fire intensity, 
wliich includes the character of the raw stock, the process, and the finished product; 
the area exposerl, the internal exposure to fire spread, and the external exposure tO 
fire attack; and the character of the building that houses the occupancy. 

Types of systems designed to meet these requirements are automatic wret system, 
automatic dry system, automatic deluge system, thermostatic preaction system, open 
sprinkler system, and nonfreeziiig solution system. 

The auxiliary water supplies, which enter the design of the systems, are taken 
from gravity tanks and pressure tanks and from underground sumps. To augment 
the water pressure from public mains and private water supplies, the design may 
include^ pumps, either s^^eam or electrically driven, of the piston, cam, or vane type, 
known as positive displacement, rotary, or centrifugal, respectively. 

The stan^rd requirement for aiitoiuatie wet systems is that wato shall be 
delivered to the spray valve or sprinkliT luMid, located on the highest pipe lines, at 
not h'ss than 15 psi with a flow (»f not leas than 100 gpm per head for all heads in the 
largest single fire area. Tliesc requirements arc minimum for ordinary occupancies, 
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but where the heat intensity, owing to character or quantity of the combustible 
material present, warrants, they are augmented to effect the control of fire. 

The design of the system must aJao take into consideration the type of building 
construction, particularly the floor spaces, bays, and ceiling contours, vertical and 
horizontal openings, roof type (peak or saw tooth), skylights (monitor, Texas), and 
roof structures. The shape of the floor area is also important as this determines the 
layout of the piping network. 

The internal temperatures which result from Ihe heat intensity of the occupaney 
and all the equipment it entails in the effective control of fire are based upon the 
speed of operation of the sprinkler head activated by these tcinpiTaturcs. The exter¬ 
nal temperatures (weather) are important factors in the design, as the freezing of 
water in any part of the system will impair its effectiveness. 

The above requirements may he termed the basic factors of design, and upon 
these the system is laid out to protect the single structure, series of stmetures, or 
multiple fire divisions in a single structure. 

The foremost intent of the installation of an automatic sprinkler system, however, 
is “the extinguishment of fire in its incipient stage,*' and the design of the system 

^ ^ «... «. ^ should be such as to accomplish this 

Table 6-63. Sprmkler Pipe Sizes* purpose. 

The details of the design of th(‘ sys- 
Bi*e of pipe, in Liplit Ordinary tein iiuist take iiito Hceount the adequacy 

' ‘. and control of water supply; fire areas; 
. _ dovice.s for water flow due to fire or 

94 Eliiniiiaieii leakage; alarms and detectors; air supply 

1 ^ ^ 2 1 for drj^-pipc systems; .'lecelenitors and 

5 g g exhausters; thermostats for preaetion ays- 

2 10 JO 8 terns; valves, cheek valves, dry valves, 

40 20 16 heaters for tanks, melers on public suij- 

® plies, poHt-iiuJieator valves for the eontrol 

ZH No hunt , 40 j. /■ 1 i* • j. e • t 

4 No limit 100 ! 66 of sectjon.s; protect ion against freezing of 

5 No limit 100 00 tank drops; corrosion aiul pollution, hoBo 

6 No limit 260 j 1.50 uttachnicrils, building-constniction de- 

® I tails; tightness of floors; curtain boanls; 

- ; scuppers; steam pressure for pumiis; elec- 

•NFPA 1940 Htanriaid. *.* i • i ^ \ 

trical equipment; supervisory .systems 

Buch as ADT to call outside aid nr fire deiiartment; yard hydrant system for outside 
protection; hose houses; iiiaiutenance and su|)plies, additional lieads; and necessary 
tools to make repairs. 

The 1940 standard provides for three elapses of oecupsinc\ . 

A —^Ijight-hazard occupancies. This iiedndes aiairtnieiit lumses, asylums, club¬ 
houses, colleges, churches, dormitories, 

dwellings, hospitals, hotels, libraries, Table 6-64 

museums, office buildings, schools, and rimiiTfg prentu , pn DiKhmife, gpm 

tenements . lO 'i8 “ 

B — Ordinary-hazard occupancies. 20 26 80 

This includes luereaiitiJes, varehouses, 30 Zz 8(i 

manufacturing, and occupancies not 'H 

covered by A or C". 

C—Phttra^-hazard oceupaneiiss. This includes only those buildings or fKirfions of 
buildings where the hazard is Bev(*re as determined by the irmfx‘ction department 
having jurisdiction. 

It will be seen by the foregoing that m the 1940 standard ronsiderntion svas given 
to the theory of heat intensity and quantity of combustible material as det.ermined 
by the occupancy. In terms of immediate extinguishment, this will call for wider or 
closer distribution of water but will not affect the quantity of water flowing from the 
sprinkler head other than the quantity that would flow under ii given preasiire. The 
Underwriters' Laboratories' test in 1926 indicated the quantity of water per head as 
shown in Table 5-64. 


*NFPA 1940 Btandaid. 


rimtiTig pTfHifu 
6 
10 
20 
30 
40 
60 


Ditchatge, gpm 
12 80 
18 10 
26 80 
Zz 8(1 
37 20 
42 20 
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FormulaH for the discharge from orifiGOs, according to Factory Mutual liabora- 
lories, are as follows: 

Gpm - 29.83CiJ» Vp 

where C * roeflfieient of discharge 
I) = diaiiictor of outlet, in. 

P =» pitot-tube pressure, psi 

Coefficient =* O.IK) for srnnolh and well-rounded outlet 
0 KO for square and sharp nutlet 
0.70 for square outlet and outlet projecting into barrel 

t 

For ordinary use 29.77^* \/~P can be used. For sprinkler heads only, 

Gpm — 5.6 \/ 

For required quantities on top lines gpm * -1- 15 lb. Average flow in sprinkler 

(ir(‘s 3= 5,000 gal, \vhirh would fill n tajik 12 by 12 by 5 ft. Standard sprinkler heads 
liave ' j-in. ring nozzles or Capered nozzle. 

Sprird'hr Valve or Head. There are approximately six types of sprinkler valves 
or beads 

1. Link and lever 

2. Frangible (fragile; bulb, noiisoldcr 

3. Spring, lever, and strut 

4. Duckbill 

5. C^bermcal, nonsolder 

6. Triangular strut 

The frangible (fragile) bulb non solder-type head is a quartz bulb nearly filled 
N\itb a IhiuuI (letrHehloiide of piirboiD wbieb exiauids when heated, shattering the 
bulb and rr'leasing ilie vnivi* rap The cheinieal type (iSaveall) eontiiined in the strut 
IS a small eyliiirler filled v^ith a low-fusing rhemieal This ehemieal liquefies at the 
rated temperature and allows the strut to collapse, releasing the valve cap. The 
pendant is a special tyiie which ]>revciits clogging Knh'w all sprinkler heads have flares 
attached to defh'ct the water irom the wall about 15 ft. They should only be used in 
hp(*eial places, I’lcker-trunk sprinkler heads have a smooth deflector attached to 
avoid colleci joii of duM C’hloride of calcium sprinkler liead is a sjiecial design for this 
ty])r of ('qiiipnieiit. 

Tlu'se are furnished in various imtterns—plain, ornamented, wax-eoated, lead- 
eoatevl, wax- and lead-coaled, calcium chloride, lai*qiier- and Aviiv-coated, upright, 
pendant, jiicker trunk, and siciewall. Must of the heads used are of the solder type 
(:i metal stmt and fusible soldiT). 

Tesis of sprinkler heads should be mad^* at about 15-year intervals. Tests in the 
field can be made })y cutting the solder if fragile or flaky, head should be removed. 
\n extra supply of heads .should be kept on hand at all times and kept at a tempera¬ 
ture not exceeding 10(I°F. The operating parts of a sprinkler head should never be 
iniinted. 

Table 5-66 




OpiTHtiiiK temperature, deg K 


Max 

Type ratrii 



Color 

Nonsolder 

Solder 

at i^ciUniE, dcfi; V 




100 

OjrhnBFV 

1.35 150 

155 105 

Bmnae 

150 

Intel meiliate 

175 

212 

While 

225 

llai rl 

250 

2S0 

Blue 

300 

Extra hard 

325 

360 

Red 

375 

Extra hard 

400 

360 

Green 

475 

Extra hard 

500 

300 

OrauRO 
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Temperature ratings of a sprinkler he^d approximate the temperature at which 
the sprinkler bead operates in a hot-water bath at a riowly rising temperature. 

Where room temperatures exceed 100“F or in any space subject to the heat of 
the sun’s rays, it is better practice to use the next highest test head for margin of 
safety. 

Network or Piping. If reference is made to differentiate a system such as 1-2-3, 
1-2-4, or 2-3-5, this refers to the number of sprinkler heads on a given size of pipe 
(branch lines). 

1 heEUl on a ,^-in. pipe or 2 heads on a 1-in. pipe 

2 heads on a 1-in. pipe or 3 heads on a 1^-in. pipe 

3 heads on a 1^-in. pipe or 5 heads on a Ij^-in. pipe 

The piping increases as it reaches the riser. The pipe sizes have been figured to 
allow sufficient water to reach the sprinkler head without undue loss by friction. 
The design of the network of pipes is governed by the floor construction, as all sprink¬ 
ler heads should be in an upright position wherever possible. 

The deflector or spray shield should not be more than 10 in. 
or less than 4 in. from the ceiling or bottom of beams or 
joists (in fire-resistive construction, 14 in.) (see Fig. 5-7). 

The sprinkler head should be so placed that all parts of the 
ceiling are sprayed by the water. 

1C 


Pkj. .*5-8. Automatic 
sprinkler riser positions 
to accommodate con¬ 
struction types. 

The spacing of sprinkler heads is generally staggered so that all intervening spuecs 
are covered. Find sprinkler head on alternate lines should not be more than 2 ft 
from wall; alternate line, 4 ft. Network designs follow four general patterns (see 
Fig, 5-8). 

The center central feed is the most efficient network design as the others favor 
friction loss. 

Table 6-66. Spacing and Area 

Max. sq ft per Bprinklcr Max. spacing bet. lines and bays, ft 

Cona. of ceiling ----------- 

Ord. has. Light haz. Ord. haz. Light haz. 


100 106 12 14 

100 168 12 14 

90 144 10 14 

80 80 8 right anglp to joist 8 parallel to joint 

Risers. The size of the riser depends upon the number of sprinkler heads on any 
one floor or section fed by the riser (see Table 5-63). Foi 400 heads on an 8-in. 
pipe, it is preferable to use two or more 4- or 6-in. risers than one 8-in. riser where 
there are more than 250 heads on a floor. 

Exaicpub: riooT or section srea is 60 by 100 ft » 5,000 bq ft, divided hy SO sq ft » 63 
heads^ 

20 psi on head-gpm - }iP 16 « 25 

25 X 03 1,675 gpm for 20 min - 31,600 gul 

All floors or sections should bo equipped with scuppers, two to each 250 gal flow¬ 
ing. The water flow from the riser to the network of piping is controlled at each 
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floor or section by OSaixdY valves (outside screw and yoke). These are sealed open 
with a dated tag (to prevent tampering). Check valves placed in the piping to 
maintain pioflsures and control from yard main, tanks, etc. PIV (post-indicator 
valves) are installed to control water supplies to buildings and sections and to cut out 
valves for n>pair8. Cortain types of systems have a single^ontrol OBandY valve at 
the base of the riser for a single building or section. This necessitates shutting down 
the entire water supply to the network in case of Are. The control by floors or single 
sections shuts ofl only that area where the fire occurs and is confined^ thus making 
it possible to save water damage and to restore service promptly. 

Hydrostatic TesL The entire system when completely installed should be sub¬ 
jected to a hydrostatic test of 200 psi for 2 hr or ^ lb above the normal pressure 
when the normal pressure is in excess of 150 lb. The general practice is to test at 
200 psi plus 50 psi for 2 hr. All tests should be made by the installing company 
with an inspector (from rating bureau) present, and a written statement should 
be furnished that the work has been completed and tested in accordance with the 
approved specifications and plans. 

DeUixla of Automatic Sprinkler System. The hose of the riser where it connects to 
the main water supply should be carried to a point below the frost line and from tbig 
point to the floor of the building. It should be protected against freezing by suitable 
boxing or bri(‘k walls filled with solid earth. 

Control Va.lves. The control valves should be OSandY, inside buildings, in 
pits, or aboveground. Underground valves, controlling main lines or sections, should 
be of the post-indicator type PIV. 

Check Va lve.s. Check valves should be of the straightaway pattern, placed in a 
liorizonlal position. If double checks are used, they should be arranged so that 
inspection is made easy. 

Fittings. Ijong-turn fillings are preferable. Extra-heavy fittings are required 
if normal pressure exceeds 175 lb. 

Hangers. For piping, see listing by Underwriters’ Laboratories. 

Corrosion. Nonferrous metal is used for sprinkler parts, but special coatings 
are needed when parts are exposed to corrosion, chemicals, or vapors, such as wax, 
lead, paper, or gla^ glolies. 

Test Pipa?. On all 4-in. or over risers, a 2-in test pipe is required which should 
discharge to the outside of the building. A 1-iu. test pipe should be installed on wet 
systems near the top of the system or riser for use of inspector. A l-in. test pipe 
should be installed on dry systems on the end of the most distant branch linos. A 
test gauge should be installed at the test pipe to note the drop of pressure, if any. 

Alajimh. All sprinkler systems should be equipped with alarm devices to notify 
those resixinsiblo for its eorc and also the autlioritics, such fire department or 
special services These alarms are attached to the 85 ’’ 8 tem at or near the base of the 
riser to indicate the slightest flow of water. There arc many types of alarms, includ¬ 
ing the vane or paddle type, with make-and-break electric circuits, vertical checks 
with electric attachment; retard-chamber tyjies which prevent false alarms, water- 
flow gongs, and electrical water-flow gongs. All valves, checks, and alarms should be 
clearly marked. 

Supervisory Systems. Supervisory systems are those which are imder supervi¬ 
sion of a speeiaJ service of American District Telegraph which responds when the 
alarm is given by sending a messc'Uger to the plant and also to the Are department. 

Proprietary Systems. Proprietary systems are those within the plant to notify 
the employees and local fire defense. 

Obstruction. A clear space of at least 24 in. should be maintained tinder all 
sprinklerB. 

Mainierumce. Automatic sprinkler systems should always be mwtained at the 
highest efficiency. A record of 21 years shows unsatisfactory oonditbns as given in 
Table 5-67. 

Sprinkler Leakage. Sprinkler leakage is accidental leakage or discharge of water 
from the sprinkler system, which includes piping, heads, tanks, and other water sup¬ 
plies. Systems are nigged and are subjected to heavy pressure. Sprinkler hea^ 
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viU Jiot break unless injured. Fifty per cent of the leakage eases are due to acci¬ 
dents to sprinkler heads, 

Prmzing. Freezing of sprinklers is generally caused by lack of heat in exposed 
places such as roofs and skylights and end pipes near windows; concealed Spaces; 
windows left open; incorrect pitch of lines; and i)oor drainage. 

Vndesirahhi Cmudiiiom. Some undesirable conditions are change of occupancy, 
which may call for change of heat temperature rating, lack of heat, improper mechan¬ 
ical conditions with risers not properly supported, and strains due to settling of build¬ 
ing or ground. 


Table 5^67 Table 6-68. Effects of Sprinklers 


Water shut off.... 

Unspiinklered portions. .. 

Defective water supplies. 

Freeamg... 

Dry systemB not maintained. 

Wrong temperature rating of sprinklers.. 

Obstruction to distribution. 

Alarm valves and Ronjp(8 out of order.. .. 
Gate valves, repair needed. 

Cases 

1,370 

26.669 

2,607 

5,049 

2,564 

2.260 

11.001 

9.197 

7.805 

Effect 

Practically or entirely extin¬ 

Fires, 1897 to 
1939, inc. 

No. Per Rent 

Gravity tanka, repair needed. 

4,450 

guished . 

44,256 

70 

Pressure tanks, repair needed. 

1,596 

Held in check. 

16,500 

26.1 

Fire pump, repair needed. 

184 

T otttl. 

60,750 

96.1 

Outside sprinklers with plugged heads.., 

208 

TJiisatLsfactory. 

2,490 

3.9 


Water Supplies. Water supplies arc treated under Public and Private Water 
Supplies (page 248) and consist of fire-department connections, city water, gravity 
tanks (from 5,000 to 100,000 gal), pressure tanks and fire pumps and underground 
sumps. 

Outside Sprinklers. (See Exposure.) For pipe sizes and supplies see NBFU 
Standards on Automatic Sprinklers. 


Table 5-69. Pipe Sizes for Six Stories (Counting Down) 



Orifice, in. 

1 

Riser size, in. 

Branch lines, nuiiiber of heads 

H in. 

Me in. 

M in. 

Top line 

H 


6 

6 

6 

5 


2 

10 

10 

10 

4 

Ms 

2H 

20 

20 

20 

3 

Mo 

3 

36 

36 

36 

2 

H 

31-^ 

55 

65 

55 

1 


4 

72 

72 

72 


Not more than six beads should be used on ,a branch line. Cornices should be 
treated the same as windows. For ridgepoles M-in. orifices, 6 ft apart, should be 
used. 

Btluge System. The purpose of the deluge system is to wet down an entire area 
all at once by admitting water to oi>en sprinklers. These sj^stems can be operated 
manually or by thermostatic or rate-of-rise control. Deluge systems are used on 
extreme hazards, films, lacquer, spray coating, cotton nitrating, and airplane hangars. 
These systems have from 75 to 150 heads, and the usual requirements are doubled.®* 
Prmetion Systems. Preaction systems are designed to eliminate the delay in the 
discharge of water which occurs in the operation of dry-pipe systems. An air pressure 
of 1 or 2 lb is maintained on the system. If this pressure is relieved, an alarm is 
^yen, and a deluge or hydraulic Valve is opened. This also prevents the danger of 
premature or accidental operation of automatic sprinklers. 
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A ut^matir Ratc-of-^risf Sy^ivmH. A lieat-activaU*d devi(5P is fastrnod to the ceiling 
and fonnortod by a coppf-r tubing coniaining air. The impuJae caused by increase 
of air pressure operates an “automatic redeaso.” This device gives an alarm, closi's 
fire doors, opens explosion vents, releas<‘s water to the sprinkler system, and stops 
fan motors, etc. The autmiiatie “Supertex'’ system is a development of the preaetiou 
sysb'm. It operates on 1lb of air. 

Drtf-pipi^ SustfTHs. The piping system for dry systems is the same as for wet 
systems, the dilTerenee being that the dry system is tilled with air under pressure 
which is controlled by a dry valve. When the dry valve operates, the system acts 
like a wet sysUun. 

Dry Valves. Dry valves are generally of two types—the differential type and the 
mechanical tyi)r. 

Tlie djflereiitial type of dry valve has two elappt'rs of unequal size. The tripping 
jioint of one clapper to the other is dHermined by the ratio of area. The ordinary 
ratio of water to air is 0:1, e,g.^ water pressure of 50 to 100 lb will take an air pressure 
of 15 lb. As a factor of safety, 30 to 40 lb of air may be carried. 

In the uu'cliauical type of dry valve the clappers may or may not be of the same 
area. The air clapper holds the water clapper shut by a series of levers and a stress 
screw. Tin's type is obsolete but will be found in many plants. 

Not more than (i(X) sprinklcTs should be on a single dry valve. Dry-pipe valves 
controlling Jiu^re tluin 300 ''pnnklers should be eciuipped with quick-opemng devices. 
Dry valve.s should be located in accessible places as near to the sprinkler system they 
supply as possible and protected Iroiii mechaiiieal injury and freezing. 

Air Pressure. The aiiloinatic sprinkler system should not lose more tlian 10 lb 
of air iHT w ec*k. It is jM'rniiasible to carrj 20 lb over the tripping ratio. Tlie air eom- 
pn*asor should be ahli‘ to supply the normal nir pressure times 25 per cent in 30 min. 
lleli(‘f valve« should be set betwuHii compressor and controlling valve (on lino) to 5 
111 exechs over maximum requiri‘d. M ater supply should enter below dry valve. A 
2-m t(‘st })ipo should be located betwf^en control valve and dry valve. A 1-in. test 
pipe should be provided also. All sprinklers should be in an upright position. All 
piping hIiouKI be arranged to drain properly and be protected from frwzing. 

Hecords show’ that twice as many sprinklers open on dry aj’^tems as wet systems. 
The fire record shows the following for a 5-year iieriod with a total of 2,1M fires: 
For fires, sprinkler op<‘ratioii wras satisfactory (92.1 per cent); for 169 fires, 

sprinkler operation w'as unsatisliictory (7.9 per cent). The setting up of the dry 
valve should be studied in order to understand its t(H*hni(iuo. 

liLSptciion of Dry System. The main gate should be checked. It should Vie open 
and fasb'iied. Th(‘ air pressure and wati'r pressure should be noted. The 2-in, pipe 
should be tested, and the air coniprcKsor sUould b(‘ checked. The dry valve should 
be tested for watiT above the valve (at air tost pipcV If water is present, it should 
lie dravni off slowiy if quick-ojxniing ileviees are attached. 

Nonfreezbig Solutiohs. Calcium chloride or sodium chloride should be used in 
cold-storage warehouses as well as glycol and glycerine. 

Quick-opening Devices. On systems of over 300 heads, quick-opening devices 
should be employed. 

The accc'Ieralor type of quiek-ojxming device operates as follows; When sprinklers 
oiwm and air pressure drops 1 or 2 Ib, the diaphragm becomes unbalanced. This 
forei'S open a valve whif'h ptTmits the air to enter the inteTinediate chamber of the 
differential valve, and the valve trips. 

The cxliauhtor type of quick-opening device operates as follows: The diaphragm 
causes a laiger valve to open, and tlie air dischargi^s by a 2-in. outlet to the ouU'r air. 
The exhaust or takes a little longer time, but the water reaches the sprinklers in about 
the same time. 

Alarms. The alarms on dry systems should b(» the same as those used on wet 
systems. 

Cost of installation of automatic sprinkler systems can be given only after a com¬ 
plete analysis is made of the plant. For a rough estimate of approximate initial cost, 
however, the foUow'ing items can be considered; entire floor-plan area, including 

257 



»BC. 6] FJm PREVENTION AND PROTECTION: COMBUROLOOY 


baB«mcntj attics^ and roof structurps and all areas iu coneealrd spaces, docks, and 
tables. This entire square-foot area divided by 80 will indieale Ihc numbt^r of heads 
needed. The price ix'r head area will raiige from $20 to $30, or an average of $25. 

Additional chEirges for dry-pipe Hyafeins may inrr(‘jiH<‘ llie cost 15 to 204jpcT cent. 
The city meter charge varies greatly as to \\lie1h<‘r llio public water supply is munici¬ 
pal or private. 'I'he cost of gravity tanks, pressure tanks, outside sprudders, and 
rate-of-rlso systems has to be ascertained. This estimate in no wise fixes the price 
of the entire installation as this must be given by the installing company. 

Special Types of Extinguishing Systems.’’ Foam Syatenis, It has been demon¬ 
strated that the extinguishment of fircis in tanks of flammable liquids by smothering 
them through the use of foam on the surface of the liquid can be successfully accom¬ 
plished. The use of this form of piotection is particular]}- indicated where the usual 
means of extingxiishment involving the use of water may bo undesirable. Foam has 
the quality of flowing over and floating upon most flammable hqiiids, and it also 
adheres to most surfaces, tht*rcby protwting them against fire by disiilacing the oxy¬ 
gen and cutting off the further formation of burnable gases. The ioain consists of 
minute bubbles of carbonic acid gas and lias a smolhcring action on the fire. 

The variety of hazards which may be protected by foam extinguishment systems 
is great, and in applying the rules care should be taken to deitTiiiine first under which 
class the hazard to be protected falls, so that the particular rules for that class may 
be applied. There are two types of foam: 

T^e 1—Suitable for use on flammable liquids not miscible with vrater, prini*ipally 
petroleum and its products 

Type 2—Suitable for use on flammable liquids that arc miscible with water, such 
05 alcohols, esters, and acetones, and may be used on ix'tioleuiu products 

At present there is approved apparatus covering four general methods of apiilying 
foam : 

1. Self-contained apparatus cousisiiug of certain approved types of containers 
with devices to operate them automatically, the foam-pro due mg materials being c‘on- 
tained within the device. 

2. Closed apparatus containing the chemicals necessary for producing foam but 
having provision for the admission of water to these materials with the necessary 
automatic or nonautomatic apparatus to produce proper operation. 

3. Generators re<iuiring a winter supply and into whu‘li drj^ foam-producing chem¬ 
icals arc added, the generators being designed to mix the ehenncals and water and 
produce a discharge of foam solution. There arc tw-o types ot these generalois. 
One type uws a single foam-producing dry chemical, and the other uses tw-o dry 
chemicals constituting each of the two principal ingredients, the tw-o solutions lurrned 
in the latter type of generator being kept separate until mixed in or beyond the 
generator. 

4. Storcd-solution systems. The two foam-producing liquids are stored separately 
and handled by piiinp pressure or gravity tanks to provide the necessary mixing and 
discharge to produce foam. One pound of combined chemicals and 1 gal of water 
are necessary to produce 1 cu ft of foam. Wheie two solutions are used, }'2 gal of 
each solution to make 1 gal eomVniied Imving an expansion of eight at urdinar* tiun- 
perature, may be assumed to produce 1 cu ft of foam. 

Water-spray Fog Syslems.^* The value of w-ater applied in finely divided form 
by means of a special type of sjira^ and so-ea]l(‘cl “fog nozzles^’ in extinguishing or 
controlling certain types of fires has been recognized. There attj two methods of 
applying water spray: 

1. By tlie use of hose lines (sec a below) 

2. By the use of fixed systems of piping (see b below) 

Bhetinguishmeni of fire by the application of wat'r in a finely divided form is 
probably accomplished by a combinstiuii of a smotiiciiug effect produced by steam, 
displacement of air, or a maintained film of water; by cooling; uxul in the cane of 
some oils, by forming a smothiTing foam or emulsion o; nr the suriace of the burning 
liquid. Water thus usi^d evaporates (absorbs heat) rapidly and so has a marked 
cooling effect. 
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a. For manual uae, spray nossles and play pipes may be used on outside and 
inside hose lines. When using spray nozzles on hose, a distance of at least 10 ft 
should be kept from eWtrieally charged apparatus to protect operators. 

h. Wliere fixed-pipe systems are installed, the construction standards for auto¬ 
matic sprinkler systems shall apply. All piping should be galvanized or of noncor- 
rodablo material. 

Carbm Dioxide (CO 2 ) Systems.^^ The extinguishment of fires through the use of 
carbon dioxide, producing a smothering effect, can be successfully accomplished 
where there are flammable liquids in open and enclosed containers, rooms or enclo¬ 
sures containing flammable liquids, ovens, dryers, electrical and other special machin¬ 
ery and apparatus, and processes involving the use of flammable liquids, vapors, or 
dusts, fur storage, lumber dry kilns, coal bins, loose textile stocks, grain-haudling 
machinery, and in other enclosures containing stocks through which gas may permeate 
and where prot<‘ction by water or other means may be ineffective or undesirable; also 
in vaults, library stacks, organs, and other such places where fires may be extinguished 
by carbon dioxide gas v ith less loss than if water is used. 

lliGH-piiBRsrRE Systems. Carlxm dioxide is applied from cylinders in which it 
is stored at a pressure of about 850 psi at 70°F. It is required that the quantity of 
carbon dioxide in the cylinders be detormiiieJ cither >)y weighing or by other means 
at lt‘asl once h year. 

Low-prkssi'be Systems. Carbon dioxide gas may be stored in tanks in liquid 
form ill any capacity. Ijow-pressure tanks are kept refrigerated so that gas pressure 
may not exceed the designed W'orking prc'ssuro of the vessel (usually around 325 psi). 
So far as safety to lilc ib coneenied, the gas, if not breathed in excessive amounts, is 
not dangerous, but in quantities it is suffocating. 

Alarm Systems.The priiuary intent of all alarm syistems is to notify someone 
that a fire has broken out. This can be done by audible alarm or by direct connec¬ 
tion to public fire-fighting forces. All alarin systems must work 24 hr a day. There¬ 
fore, care and mainteiianco must be maintained every hour of the day and night. 
Alarm systems have entiTed the broad field and are used as detecting devices on all 
typ(*H of luacliiiiery op<*nited automatically to maintain water levels, steam prcbsures, 
atmospheric conditions, gate vslves, and fire doors to ensure their immediate opera¬ 
tion Some tyfw' of hre-alanii system should be installed in every plant because the 
immediate detection of a fire is the most important factor in its extinguishment. 

f7r>rA“ rinrf Dial Tlie watchman carrieH a clock which contains a paper 

dial. Keys are placed at predetermined locations throughout the plant (usually by 
the rating bureau), and the watchman on his hourly rounds ''punches the clock” 
with the key, which makes a perforation in the dial. The dial is printed as an hour 
and minute graph, and the perforations complete the graph as to the watchman’s 
rounds. 

Key and Dial Systejn. The paper dial is set up in a central clock in the office or 
any suitalde location. The W’atchman earrie-s the key and sends an impulse from 
the boxes or stations placed throughout the plant. The mechanism of the clock 
makes a perforation on the dial, which also acts as a graph. 

Magneto and Dial System. The magneto and dial system is the same as the key 
and dial with one difference. The w'atchman rotates the magneto at each station to 
send the impulse to the clock, 

WaUr^flow Type of System. The water-flow type of system is an electrical alarm 
af‘tivatcd by the sliglitest movement of water in pipes on flaps, vanes, or w-hwls, 
which close a circuit and thus send in an alarm. 

fJofc-of-rtac System (air expansion by heat). The rate-of-risi' system is operated 
by the expansion of air in sinull copper tubing run on ceilings strategically, This 
expanded air exerts an impulse on a selenoid cell, which in turn cither opens or closes a 
circuit to give an alarm or activates a diaphragm for the same purpose. This system 
can lie extended to njierato fire doors, etc. 

Thermostat System (metal expansion). The thernio-^tat system is made up of a 
circuit in which is inserted a broken coil or ring. This coil when heated closes the 
gap a.nd thereby closes the circuit to send in an alarm. There is also a system that 
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uses the properties of two metals, bismuth and antimony, for making nii clectricnl 
contact when heated (Ruchcl rate of rise). 

SuperviBory or Centrai-siaiion Proieciivf Signaling Syntcm. The, supervisory or 
eentriii'^Btation protective signaling system is an aiitomatir electrically operated sys¬ 
tem, using detecting devices. It operates on th(‘ principle of n'urlcring a service in 
addition to transmitting alarms. It checks the watchman on hia rounds and main¬ 
tains runner or armed-guard service which can be sent to the plant in case of tr(»uble. 

Proprietary Systems. Proprietary systems are operated on the same prine>iple as 
that used in the electrical circuits but are confmed to the plant and give only an 
audible local alarm. 

Auxiliary Alarm Systems. Auxiliary alarm systems have circuit-closing sw itches 
throughout the plant tied into the mimicipal circuit and arc of the shunt or aeries 
types. The shunt type is connected to the main circuit and is etpiippcd w*ith a trip¬ 
ping magnet which shunts the current until one of the circuits jh cIosimI. The series 
type has a separate source of current whieh oporiites an electric relay controlling the 
current to the tripping magnet, wliich is separate from the main circuit. When a 
swdtch is closed, the tripping magnet is energized and operates tlu‘ nmmeipal fire- 
alarm box. The shunt type is acceptable to most fixe depai tments. The aiitomatic 
McC^ullouglier circuit utilizes a ground return for the current by inserting a code 
wheel, which makes and bicaka a connection between the line and the ground. 

Plant Fire Brigade. Regardless of the size of the plant nr pstahlishane'nt, tlu' 
personnel and workmen should l)e organized for the purpose of preventing and e\tiii- 
guishing fires. A plant fire brigade, to be a sueeess, must be n^eognized by the man¬ 
agement as an important permanent addition to the plant operation. The the 
brigade should be organized under a constitution and bv-laws and hold regular meet¬ 
ings for disciis.'iion and diill. Kuch officer should be provided w'llh a budgt' denoting 
rank, and incenti^T,s should be given for membcTship and distinction and j)rivileg(*s 
awarded. 'I’he ehief of the brigade should be seiectc‘d for his ability to lead, aiialyzi‘, 
and plan; he should he resjionsible and report to the liigh(‘st executive in the plant. 

The master mechanic makes a good hre chief if he has the ability. Tin* clntt 
must have full charge at a firt* unless superseded by an ofliciT in charge of the pufdie 
fire departments. The assistant chief should have qiudifications similar to those of 
the chief. C’aptains should be selected from heads of departments. Tlie plant engi¬ 
neer and electrician should fie iiiembers of the brigade. Tli(‘ w atchman should be, 
brought into contact with tVie fjrigadc to beeoine accpiainteil with the proper procedure 
in case of fire. The strength of a company should be 10 men, but the division of 
units may call for a smaller number. To be efficient a fire brigade should observe 
three essentials: rigid discipline, jirovision and mairiteriain‘e of jnH*essary apparatus, 
and adeipiate training under disi'ipline ivith the apparatus. The plant fire Inigade, 
should invite the pul die lire departineiil to visit and inspeiq the plant and should 
cooperate \vith it. The entiie strength of the brigade, amount of equipment, and 
frequeney of fire drills will depend u|>on the size of tlie plant and the nature of ihe 
hazards involved. Tire drills should be held at least twice a month, and the locution 
of the drills changed so that the men can become familiar with all parts and condi¬ 
tions of the plant. 

Drills should consist of making hose connections w'lth hydrants and stand])ipew, 
laying hose, coupling and uncoupling, carrying hos(' up ladders, over roofs, and 
in holding play pipe because of kickback. When plant is in proximity to nafinil 
water supply which is available for fire use, lanilings should be maiiilaiued for pump¬ 
ing engines to take suction. Roads should be, kept idear, and if snow impi'deLS access, 
hydrants should be marked with suitable signs, (’rossings at ranroads and trucks 
should be kept free. In spriiiklered plants, olficers should delegate men in case of 
fire to make sure the sprinkler valv^es are open, to see if sprinklers arc openuing, and 
that the fire pump is stalled. Vse of Jiose streams should not enilanger the "Supply 
of water to the spiinkier >ystem. No one should cU »e a sprinkler valve ujiless 
ordered to do so by the fire chii'f. After the fire all iUS‘d sprinkler hi'ads should be 
replaced, valves shoiiid be elieckcd to see that none is closed, and the system restored 
as quickly as possible. 
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Watchman.^'^ An alort, intelligeat watchman should bo employed. He sliould 
kuow the plant thoroughly, should know how to send in an alarm, and how to shut 
off water in case of si)riiikler leakage. IJis rounds should be made on time, but lime 
should be allowed to make a thorough inspeetion of premisos as he proceeds. 

Stock-flow Method, llie stock-flow^ method is tlie proper approach to the study 
of fire prevention in the industrial plant. A diagram of the plant operations and 
processes, including raw stock (storage), stork flow, machinery and mechanical ron- 
versions, finishing proeessea and finished stock (handling and storage) should be made 
and studied to ascertain 

1. (kuicentration of critical material 

2. (Concentration of values 

3. Susceptibility of materials (raw, in process, and finished) to water and smoke 
rliiniage and flaming and the degree of buniability 

4. Operational proeesbcs of a Hinglc‘ inaehinc or group eoneentraiion that may 
d(*veIop a fire hazard 

5. 'J’he area that may be affecled by a single fire, incliwling liorizontal and ver¬ 
tical art'a 

0. The rapidily of spread of fire due to the flaming milure of the material 

7. The jioasible damage In equipmoiif and stock and ih(‘ time replaeement of 
sui'li equipment and stock 

8. The v!ilii(‘ of fire barriers or cutoffs to eonfim* a fire to a given area, both 
liorizontal and vertical 

0. The standard treatment for uiitigatiug or removing possibilities of fire in any 
process or maclime operation 

10. The exposure of hazanlouH operations to high values, critical material, and 
eijuipment 

Fire Attack. A map should lx* made of the entire plant and surrounding expo¬ 
sures. A good-sized map can be made on a scale of 60 ft to I in. The map or plan 
should bo divided into squares of 60 «(i ft and again iiilo squares of 200 sq ft. The 
stock flow, concentration of values, hazards, siisceptibiliiy of stock and equipment to 
W'ater and smoke, gases and and discoloration and eonlaiuination should be 

studied as well as floor openings and cutoffs. It should be remeiubcreil that fire and 
smoke go upujird, and water goes downw^ard. The necessary" first-aid equipment 
should he provlib'd; precautions to be taken and the necessary action to he taken 
should be iiosted. Workmen ami einployei's should he in.stnieied to notify plant fire 
chief at once, no matter how small the fire. The public fire department should 
i‘!illed at once. 

Self-inspect! on Blank. The following Idnnk should be used as a constant cheek 
on thi* jdant, and this report should be penisiMl by the plant manager every montli. 
Thf* in,spectioTi .slioidd be matle bv a eoiiipetent man W’ho is familiar 'with the details 
of the blank and who can interpret the defects in an understandable manner. 
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11^;; 'V' V'" SUG^ 

" " OF .' ' ^'■ 

SELF-INSPECTION BLANK 

FOR 

INDUSTRIAL PLANTS 

Prepared by the National Board of Fire Underwriters, 85 John Street, New York 
City 7, iu a Daily Report for Plant Owners to Have Printed in Quantity for Their 
Individual Use. 


Note; The follo'iving general rules should 
employee selected to make these reports. 

Give attention to every question on 
this blank. If the question does not 
apply to this plant, draw a line through 
the space left for the answer. In this 
you can be sure that you have not 
overlooked anything. 

Some questions are to be answered by 
Yes or No, but others must be answered 
more fully. 

When you find some defect, explain 
its cause and the steps that you are tak¬ 
ing to correct it in the space headed Cor¬ 
rections and Remarks, on the last page 
of the blank. In doing this, give tfis 
number of the question. 


GENERAL CONDITIONS 
Cleanliness and Order 

1. Was your inspection complete, 

covering all parts of the premises, includ¬ 
ing looking under benches, into closets, 
behind radiators, elevator pits, etc?_ 

2. Where did you find dirt or litter? 

3. Were all clothes lockers clean and 

ill good repair?...... 

4. Where did you find oily waste or 

any other greasy material outside of 
approved waste cans?.... 

5. Are any waste cans nvi emptied 

daily after closing hours?.... 

6. Is there any failure thoroughly to 

f^an up shipping and packing rooms at 
oldsing time?—-. 

7. Is there more packing material 

brought ill than is needed for one day’s 
USfe?... 

8. What rooms or departments were 

hot as clean as they should be?.. 


be observed by the foreman or other trusted 

If it ever becomes necessary to shut 
off the water from the sprinkler system, 
notify the office of the plant at once 
(even in advance, if possible). 

This is important to enable ua 
to notify the insurance companies or 
association. 

If there is anything that you do not 
understand, consult with the manager at 
once. 

Turn in the report blanks promptly 
to the manager of this plant. 

Remember that these inspections are 
very important. The safety of this 
plant from fire is largely up to you. 


9. Was yard free from combustible 
material?... 

10. Was basement clean?. 

Maintenance 

11. Is there any part of the plant 

w'hich the w’^^atehman fails to visit?..... 

12. Are any watch-clock records 

unsatisfactory ?... 

13. Where w'ere machinery, belts, or 

shafting in bad condition ?. 

14. Where were bearings dirty or 

poorly oiled?... 

15. Where did you find broken win¬ 

dow panes, plastering, partitions, floor¬ 
ing, or other defects?____ 

16. Were any aisles obstructed in 

stockroom?!..... 

17. Where do piles of stopk or other 

obsfj^uctions interfere with entering any 
part of building ?.„... 
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SEW-WBPECTION BLANK 


HAZARDS 

Heating 

18. Where Was woodwork or other 
combustible material too near to smoke-* 
stacks, flues, furnaces, boilers, steam- 
pipes, etc.?... 


19. Where was any thing placed to 

dry on boiler or steanipipcis?. 

20. Was fuel supply safely arranged ? 

21. Cyan heated irons be B(‘t upon 

combustible material?. 

Lighting and Electrical Equipment 

22. Where were there any open Hamc 

lights near cunibustilile material? . . 

23. Where were there any brokeji fix¬ 
tures or loosened wires?. 

24. Where were ordinary electric 

cords looped over nails or found in con¬ 
tact with anything?.. . 

25. Where were any fuses replaced 

by wire or otherwise defective?..._. 

26. Where did any panel boards or 
switch and fuse cabinets need cleaning? 

27. Where did motors need clean¬ 
ing, outside or inside? . 

28. Where was there iusuflieient oil 

in any motor beaniigs?. 

29. In what inatiupr was there any 

violation of our rules for storing or han¬ 
dling oils, gasolii.i*, or oilier iiiflaminable 
liquids? ... 

30. Did you find dry roojii disorderly 
or with dirty steampipes? 

31. Where were any fan bearings 
inaccessible or jioorly oiled? 

32. Where were any sereens or 
dampers in air ducts out of order? 

33. Where did you find any otlier 

than safety inatche.s? 

34. Where diil you find any violation 

of our rules on smoking? . .. 

PROTECTION 

Fire Doors, Traps, Shutters, and Escapes 

35. Where were fire doors wedged 

opcui, oKstructwl, or out of order?. — 

36. W'hcre wore the automatic attach¬ 
ments of fire doors out of order?. 

37. Where were traps or <loors 

on opimings through floors out of 
order?... 

38. Arc they ever left open when not 

in use?__ 


39. Arc fire doors pr shutters cvea* 

left open at night or on Sundays or 
holidays?...... 

40. Where were fire eew^apes 

obatnicttMl, broken, or out of order?_ 


Fire Apparatus 

(Nots: Each hose house, watchman 
station, room, or department should l>e 
known bv a separate number. If you 
find any df^fect in any items, place the 
station number opposite the item. This 
will aid in keeping records. At each of 
these points there should be a card stating 
the quantity of the various kinds of 
apparatus whieh are required at that 
point.) 

Jnaide 

41. At what points are there less 
than the required number of 

o. Full water casks. 

b. Full fire pails_ . 

c. Full sand pails... 

d. Feet of hose - . 

e. Nozzles.. 

/. Spanners... 

g. Chemical extinguishers.. 

(Should hr recharged at least once a year) 

h, Laddcra..- 

Outsiile 

42. Where were post-indicator valves 

poorly oiled?.. 

43. Where did indicator valves fail to 

show open ?. 

44. Which yard hydrants are hard to 

operate?... . 

(Do not open or test hydrants in the 
wintf riime) 


45, Winch ones do not drain 
properly? .. 


46. Which ones have you found 

obstructed with snow or ice?.... 

47. Which ones are otherwise 

obstructed or hard to reach?.. 

48. Where have you found that hose, 

nozzles, or spanners were missing or not 
ready for use?.. 


Fire Pumps 

(Note: Pumps must be started at 
least once a week, disrharging water 
through relief valve, in order to make 
certain that they are in working order. 
They must be given a thorough test with 
rated number of hose streams every 
spring and fall.) 
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SiQC 61 FIRM PREVENTION AND PROTECTION COMBUROL()G\ 


49 Givt make, stjU, and si/l of all 
firo pumpb m thr plant 

Afa/bs Stifle aid vi e 


B 

r_ 

50 (>ivf i<suite of any mule 
BMice last n port 



1 

lei 111 Shim tankH add 

\ 

B 

( 

•57 

WJiat was air ]if<isiirf 
ami wu- tvatci livil c r 





rect' 




58 

What was tanl r uitriii 
perature t 





City Water Connection 


A 


n f 


a Tunc required to obtain 
watt I ^ 

b What presRim wo* main 
taint d 

c Was Btti nsmi th** 
d Ib there an aut iiiiatio rc(, I 

ulator ^ ' 

r as pnminfr tank full * 

S Was prin in*, #catt \al\p. 

rloaed^ | 1 

g Were atiam dnpfl 01 
h Did ateam irat >| crate I 

■ Was there tnt ue,li d 
) Was siiCti in il if (fit IV s I i 

or other ol air itti n | | 

Hr Was puiiq rtstrv ir full 
{ Were vaht s in stia ( r 
nection from iKikrs t 
I ump WJ ir* or en^ 
m How manv rj m at 100 11 
watti iresflure with all 
outlc i«- f 1 sf 1__ 


> or tkttn I 11 I \ H j r 


0 Has f uir 1 1 I I 11 Itr 
rui tr d MI n la i r I i 1 
p What is ( 1 cliti I f 
tact iMiris j sivit 1 
circuit Ir iktrs t i Ir I 
lere ett_ 


Gravity Supply from Tanks and 
Reservoirs 

51 C«iv( liuifiin ind rnpiriLt of 
oath tink or rise i\ojr 

location f ipacil / yd 


A 

h 

r 



A j n 

( 

62 What waa water lev 1 

1 


63 Was water frozen? 



64 Was ladder out of ord r’ 

1 ^ 1 


66 Were hoops and sup^oil 1 

’ 1 ' 


defective’ 

1 


66 Was tttlltaU out of order"' 




50 "Was \ live (on our pienuses) in 
toimcftion to city nattr mam wide 
open‘d 

(>0 W li it w is ju (ssurt on g iug( ? 

11 ) 

G 1 Ills thin hf III anv intiiruption 
of tity supph siiKC list JI port ? 

02 (live I (suits of my tests since* 
1 1 st ripoit 

a 'Niiiiilx r of host streams 
b l)i iiiu 1 ( t 111 no/rlt s in 

r Pnssiiit it iioz/lcs 11 ) 

Sprinkler Supply Valves 

(\oii Ml gitc \ ihes must bt 
s (uifil op<n\Mth h itlui ^trijis or otlui 
i|)pro\fd nifthod litcnid with se dt d 
or rivitiil pullodLS the keys being held 
bi re ponsi})l( prisons Jii mspeetioii 
t uh 1 il\f must be mven one* full turn to 
Til ik( suit that it IS wiip open iiid in 
w iikiiip,, oiiei Drip \ lives must b( 
t ippe d shut in similar maniie r \ ih r s 
iindci ujipioMcl supir\jsor> sjsteni 
Inwfiei lie id not be seeund) 

Mirk tveiv sprinklei supjilv \alvi 
pliiiilv with a, number This will iid in 
keeping if tore! 

63 (»iM the number of am \ dies 
found close d 

61 (rive tbe nunibei of in\ vdvis 
found not stripjn d 

65 (lilt tlir iiuiiibei (f am drip 
i dies foiiTid open 

66 Cfivt the ijiimlxi ol any * xheslo 
w hieli access w is (bstruete d 


Dry Valves 

(Noir I)r\ valvfb should be tested 
for water column anel eondition of spring 
it It ist once taeh 3 months tbcj should 
be tripped at Ic isl once i year ) 


I Tcafton location 
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8ELFANSPECTI0N BLANK 





A 

B 

C 

D 

67 . What was rcMJiii li^ni- 





peraiure?. 

_ 


_ 


68 . What vraa air prcfisurp’' 





69 . What waa vraler prcb- 





buro? . 





70 . Wa» alarm out of order’. 


i 

i:'"j 

"I'l 


Alarm Valves 


Automatic Sprinblera 

74. Where is stock piled within 24 

in. of sprinkler heads?... 

75. Have any sprinklers operated 

since last inspection?. 

76. Where are any sprinklers roated 

or corroded?... 


77. Where are any sprinklers 
olistructed by partitions, joists, etc? 


Locatiov 


Location 


78. Where are any sprinklers bent? 


A . 
B . 



71. was valve 

72. Dill aii.\ hi 1J.S faih tci 
nnis''^ 

7.S Wajh vaivi* Irft in ord^r * 



79. Where are any spnnklers leaking? 


80. Whore are any sprinklers exposed 

lo freezing?.. 

81. Where »any sprinklers missing ? 


82. Where are any sprinklers dis¬ 
connected?... 

83. JIow many sprinkler heads arc 

kept in reserve? . 


CORRECTIONS AND REMARKS 

(Xo'iE: Wherever deh'ets are found, steps must bo taken at once l/O have them 
eoiToeled. If the correct ions have been iniule ^^hen thus report is turned in, ihi^ fact 
imust be stated bel(»\v. If IJie eornsdion has not yet b<‘en iiuidi^ an explanation must 
be given below. Always refer lo the question by number. For examplef '*15 —The 
hroktn windows in iht akipinng room wtre caused by boys throwing stones, / have 
r(ported Iht matUr to the police and have hud iht broken panes r(plnc(d/*) 

J have made a earetul iiisiioetion and to the best of my knowledge and belief the fore¬ 
going .statement are all eorreet. 

(SiUNFn) 

Pate . 
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FUNDAMENTALS OF GOOD PLANT MAINTENANCE 

BY HkNBY W. ShOCIvLKY 

MaintenuTLce CoJisuItaJit, E. 1. du Pant de Xemours Company, he. 

Maintenance of a modern iiidn&trial plant, prerodented on low cost and continu¬ 
ous operation, cannot tolerate a status wlicne eiuergr’ncies and excessive repairs arc a 
regular condition. Instead, it must function according to definite rules of orderly 
procedure and be subjected continuously to scieiiiitic study and change in order to 
meet continuous changing conditions in indiislry. Simultaneously, as the methods 
of manufacturing the product aie being continuously investigatctl for improvement 
of process, manufacture, etc., to meet the ever-uicreasing ellect of eoiiipetitioii, so 
plant mointtmaiicu must be continuously investigaled for better materials, improved 
designs, better equipment, tools, facilities, etc. 

Over the past quarter of a century, there have biHui almost complete changes in 
the design of industrial plants, the handling and transpoilalion of product, the use 
of automotive equipment, the divisiojLS of labor, etc., owing in no small part to the 
effects of mass production in which large volumes iiiiil low costs are predominant. 
In the future tlu'se will be further cniphasiziMl to an even grcialer extent ow'iiig to 
the necessity of expanding the fields of industry to inoc't the nei‘ds of greater emi)loy- 
ment, increased w^ages, and liigher standaixls of living. 

In addition, another change has lH*en added wluc*h may have an even greater 
effect oil maintenance. This condition is one in winch tlu* individual operator is 
becoming more interested in the automatic o])(‘rali(ui of manufacturing equipmimt, 
where physical effort is less strenuous, and wln‘re the machine performs the major 
part of the W’ork. Tins change will require tMpiiprnent that 

1. Is more automatic in operation. 

2. Is more complicated in d(‘«ign. 

3. Requires every safety feature. 

4. Ijitroduceb the u^e of all measuiiiig device.s: both mechanical and elerirical. 
These change's will require closer attention hy specially trained meidianics and 
engineering supervision. They will also nccessilute the devt'lopment of Irainiug 
programs covering llu* requirements for tlie s]a‘cial skills needed. The application 
and maintruiaiice (‘osls should be thr- IjhsLs for a contiiiuous program of advanced 
dcvcloprneni in (‘qiiipimuil dchigii and belter materials of construction. 

This eiilargeiiK'nl in scrqie of a rnauiteiuinco department indicates that th(‘ main¬ 
tenance engineer can no longer be salished m maiiitaiiiiiig a jilaiit Imt must tiavi' the 
additional capacity mid knowledge* to u»e thos* factors which will jnevent rejiairs or 
interference with operations and the be'st engineeiing metiiods available to ''iiprove 
tlie conditions of n]>eration, t‘qui])iiien1, or plant. This does not mi'uii that tin* main¬ 
tenance department will assume the responsibilities of thosi' seivice.s now' segregated 
under experiment mid development. These, whili' more es.4ential than ever to a 
plant t;oday, are Sf'parate becaiiM' of tlie tvjK* of problem and tiiee rerjuired for inves¬ 
tigation which makes it lea-^ible foi thf‘m to be segn'gatiMl unto themselves. Ilow'- 
pver, Buffieiciit eugiiu'eniig knowledge and slxill should lie available in a iniiintenanee 
department to recognize and miderstand the prineijih's of engiiu'ering in their apjili- 
eation to plant improvement. I ms ri'quircs the creating and availability of basic 
records and control to point out poor conditioiis iird assi.st in the study of operating 
and maintenance cosls, as well ns the experience in and knowledge of the use of actual 
skills, tools, facilities, luid equipment properly to maintain a jiliint. 

To meet these conditions successfinly it will be necessary that the maintenance 
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organization and methods employed be equivalent in both quantity and quality to 
the size of plant and type of equipment. Otherwise, results will be unsatisfactory 
and maintenance costs will be excessive. It should be understood that a low main¬ 
tenance cost may be the difference between an operating profit or loss, particularly 
since maintenance costs have incri^ascd to such a groat extent during the past few 
years, with a greater proportion in labor costs than in material. 

The essential need for any plant for best maintenance control is a plan to meet 
all these conditions. The aiiplicution and use of such a plan is covered in this treatise. 

The plan revolves around the following six major controls, viz: 

1. Oi'ganizalioii—supervisory and wage roll 

2. Work and labor control 

3. Training 

4. Preventive iiiaintciiancc 

5. Corrective maintenance 

6. C.ost controls 

It will l)e quite obvious as these various controls and subheadings under each are 
explaiin'd that tliis is a far-roacliing plan; that results will be obtained based on effort 
pxpenH(‘d; and that it inaj'' be iKTOssary to change methods, viewpoints, and proce¬ 
dures to gam b(*ht results. It is believed that the plan is foimded on a sound basis 
of facts; that there are suflieient cheeks and balaiiech to offset variations in plant 
conditions); and that it will not only (‘.stabbsh a standard of maintenance at all times 
but will furnish all necessary inforiiiatiuu to determine w^here improvements or 
changes should be made. The plan is described ac<‘ording to the six major controls. 

ORGANIZATION (SUPERVISORY) 

Tin* importance of the proper organizaiion structure to meet the conditions out¬ 
lined in this plan cannot be overeniphasiz(*d. Not only must there be supervision to 
carry out the duties and resiioinsibilitics for all servic<‘S involving the proper mainte- 
mmre (jf a jdaiit al all levels of production and with a Tuinimuin of dowm time of opesr- 
atiiig equipment, but also the supiTvisory personnel itself must measure up to corre¬ 
sponding conditions of selt'ctivity. Too oft(*n the selection has been based on general 
and not speeitic rcquirciiK'nts or has been to meet the persoiintd available in the plant. 

Ill many in^^ances also the actual duties and resiKnisibilities of a maintenance 
organization are not definitely defun*d or understood with the result that supervision 
is not appb'iiJg itsidf to nc’cc.shary roipiirciueiits. This results in overlapping of 
dutie.s, failure to uiulcTstaiid condition.s, and consequent ]>oor rcBiilts. Many times 
the kiiov^ ledge of their resporisdiililics and a training program covering them would 
assist materially in imiiroving present personnel, but without both knowledge and 
training onl}* mediocre results can be expected. 

Typical functional organizatiou charts for both large and small industrial plants 
are shown in Kigs. 0-1 and 0-2. In aildition, Fig. 0-3 show's the responsibilities of 
the various types of sui)ervision including clerical assistance. In establishing general 
.^tandurds of selection covering the various types of supervision and clerks, the rec- 
ommendatiojis would be as follows: 

1. All engineers: 

а. CJraduate engineers or equivalent 

б. From 5 to 10 years of plant experience 

c. Adapted to the re«iK)iisibilitif*s as shown in Fig 0-3 

2. Foremen and clerks: 

a, Foreniim and clerks to have at least a high-sehool education or equivalent 

h. Foremen to have learned a trade or its equivalent 

c. Foremen to have had from 5 to 10 years of practical cxpt‘rieuce in their 
trade or the plant 

The organization charts (Figs. 6-1 and 6-2) inilicate that maintenance of a plant 
should he considered under three headings, each of which determines the kind of 
organization requli-ed. 
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Fig* 6-1. Typical functional orgauization chart, power and moehaiucol department 
(department personnel above 200). 
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1. Shop and craft work, or common facilities 

2. Work special to the particular area 

3. Minor construction, which may affect both 1 and 2 

Jn all plants the amount and kind of work done over a period of time indicates 
that which is common to an area Or department and that which represents the use of 
common facilities both as to personnel and equipment requirements. It is therefore 
very necessary that an analysis of actual work requirements be known before the 
propc*r type of organization can be established and the foreman-mechanic ratio be 
determined correctly. 

Although proof is not too definite, experience has indicated that the foreman- 
mechanic ratio can be 1:15 for outside crafts and up to 1:25 for shops or more 



]*iQ 6-2. TypicfU funrl lonal oi gaiuzatiun chart, power and mechanical department 
(department peisoimel above 150). 

centrally contndled groups. The moie defiiiiti* the resiwnsibilities and duties of super¬ 
vision are, the better this ratio can be measured. Experience also indicates that 
emergencies and confusion are e\ ideut where responsibilities and duties are not known. 

ORGANIZATION (WAGE ROLL) 

Just as the admuiiatrativc and supervisory functions of a works engineering organi- 
zatifin must be detinite and understood, so also mufc>t the work and crew requirements 
of all crafts and groups be ilefinitely established as to skills, expt'rience, tool require¬ 
ments, etc , in order that they may do their work safely and effectively. This is 
alwj TUJce.ssary for job-ovaluation purposes or for determining wage scales to meet job 
requirements. 

The general rettuiremeiita common to all maintenance crafts and groups are shown 
ill Fig. 6-1, and the specitir job requirements for one craft, niillwrighting, are shown 
in Fig. 6-5. 

In order to meet plant requirements, it is nw'essary that the general requirements 
be understcHid and earned out 1(X) per cent by each craft or group according to its 
I'loss and that 75 per cent of the job requirements be met in order to meet the rate 
of the pariii'ular class. 

In addition, the requirements represent a standard for measuring personnel and 
in assisting them to do a better job. 
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16 In con il >f material' 






18 Job txammB (^age roll) 


SVPEnViSOnY and WAGE-SOLL OBGANIZATIOS [Smc 6 
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The trainiug of mediaiiics relative to both their general and job requiremeuta is 
esaential for a proper uiidcrBtanding of hat their responsibilitioB ahould be in relation 
to their joba, partieuhirly as a inaj<»nty of mechanics in many plants have not had 
the benefits of an apprenticeship training program. 

It is also believed tJiat a definite sdieduled program for training both supervisory 
and wage-roll personnel will have added advantages in directing their thinking and 
giving such personnel a status it lias not previously had. 

Of equal importance is the availability of locker si.>acc, showers, washrooms, etc., 
for the employees, close to their work stations in order to reduce the possibility of 
colds due to overheating, lack of clothing, etc. It must be uiubTstuod that personnel 
is the most important factor in the proper functioning of an industrial plant. 

WORK AND LABOR CONTROL 

There are a number of maintenance services under w'ork and labor control, each 
of which affects the maintenance of a plant to a large degree, both in work require¬ 
ments and in having a uiinimum of personnel available to meet them. Each has a 
definite relationship to the other. 

Repair-order Control. The first or key service is that of rc'pair-ordcr control, 
which is the means whereby every type of mainteiiaiiee job done, whether minor or 
major in scope, is definitely covered by a standard written form which shows that 
the work Ls needed, is adequately described, is properly approved, is issued by proper 
authority, and provides a record of all this information. 

The purpose of a repair order is to enable a mamteiianec foreman to analyze and 
schedule his work; to provide a moans of scrutinizing jobs as to cost, necessity, size, 
etc., both before and after they are done; to assist the operating suiSTvisioii in deter¬ 
mining the necessity of the job; and to givi‘ iiiainteTiancc supervision the means to 
estimate and schedule tlie jol) according to best plant requirements. 

Ilefereiice to Fig. f>-3 indi('ate.s that reiiair-order control and time distribution are 
direct res[K)nsibiIitu\s of both general area and craft foreiiu'n, as this type of supervi¬ 
sion is in direct contact with tlic work itself and the method of diung it. 

It is also very important that operating su]>ervision understand the work require¬ 
ments, particularly their effect on operating schedules, facilities, etc. Because of 
their familiarity with process conditions, they are also in an excellent position to 
know the necessity for the expenditure. 

Figure 6-6 shows thi^ front of a normal order form, A\hich describes the work to 
be performed, assigiiiiieiit, cost preparalioii and distribution, signatures, etc. 

Figure 6-7 shows the back of this form, allowing space for additional instructions, 
materials required, special tools, number of men, safety precautions, etc. 

Figure* 6-8 shows a patrol-order form used for small noureiietitive jobs up to A 
man-hours of labor and a maximum of $10 in material. 

Ilepalr-order control is a control of work requirements. It Ihcrefoie becomes 
necessary that similar control be exercised over persoiinrl requirements to do this 
work ])1qs some measurement of the rate of receipt and completion of work 

Control of Maintenance Labor Requirements. Control of maintenance lubur 
requirements is a method used by maintciianoe supervision to compare estimated 
hours of work load with actual man-hours available. 

The purpose of this control is to inaintiun minimum persounf*! requirements cov¬ 
ering crafts, shops, areas, or minor construction groups according to optimum condi¬ 
tions of maintenance work and to meet production requirements. 

Figure 6-9 sho'vi's a labor control or backlog chart covering all maintonanci* forces 
whether shop or craft, area, or minor construction groups. They are also segregated 
according to individual foremen and areas. 

The required man-hours of w^ork are estimated by the various foreiiipn respimaiblc 
according to repair or patrol orders received, and these are compared with man-hours 
available on a weelily basis. The result is known as “backlog of work.” IVriodic 
checks are made for accuracy of estimating and to assi.st each foreman in improving 
his estimating effectiveness by comparing actual hours of jobs completed with esti¬ 
mated hours before completion. This is termed the “correction factor.” 
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Iio. 6-6. Normal repair-order form» front side, description and approves. 
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Imtruetiain 



Special tooln required 


fllaii >ou noted Bi>e(ia[ safety fjitiaulioiiH) 


No of men nateannhrrd 



Men ttSBigned 



Jig b’7 Normal ropair-orelLr form, baik ‘adc, job aiial\Eiia 


Expenence has indicated that tins prortduie gives the following results: 

1, It establishes mini mum perscmnel requirements baaed on available work to be 
done in order to meet production st itediiles 

2. It determmes the rale of mcreaso or dec rease for any craft or group in volume 
of work over a period of tune 

3 It establishes a means for supervision to measure own performance 
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Job AnalyoiB and Scheduling/ The third item under work and labor control is job 
analysiB and scheduling of maintenance work. In order to utilise these controls to 
their best advantage, a method of assisting the foremen is first introduced. This iA 
known as a '^scheduling rack." 

MAINTENANCE PATROL ORDER 



Fig. 6-B. 


MAINTfNANCE DEPANIMENT 

WORK ORDER PERFOKMANCE PERIOD. 



OnMCMlirN> WOM A»MW0 IQAUA CKATISMH 





RiiLld 

CSSCSIHi 

wm 

KB 

BBl 

IZHHHHHI 

mm 

HiS 

NOT 

OETOm 

■na 

■ED 

mm 

i^xxiinssi 

i^n 

mm 

mm 

■ nxrnTTW 

■vni 

rtm 

am 



nm 

mg 


• All MmRai md PtinI Ordtr Ivfnn 
awd tn c wn prt l K g McK LcgnMn 
irt bMd on wnthiy Figaiw 


• •Dmi Q«t inclmlt sriin which hm 
MtbMH ippnMdMidntWTWd l» 
Swpi.oc hiRhiM Ordcn. 


OVtAAU AVERAK - MAR DAVS Of ■ 


TiM Ham Hbth 

TMol NanfbarM CraftpoNn Nllmn ' 




*7.7 


Fxo. fi>9. Backlog chart, control of maintenance labw requirements. 

Figure 6-10 shows a srhoduhng rack. It consists of six pigeonholes each 6 by 6 by 12 
in., each marked as follows: jobs to be analysed, jobs analyzed; jobs to be inspected; 
jobs waiting on material; jobs waiting on shutdown; jobs over 1 week old. 
rack eliminates lost time in handling all repair orders, permitegood housekeeping, 
and wduecs clerical effort on llie foi*enian's part in handling this work. 
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Jobs waitmg on matorial and jobs over 1 week old will be discussed b(4ow. The 
others will follow under Maintenance Job Analysis, Scheduling Maintenance Work, 
and Inspection. 

JchB Waiting on Material. When a job is analyzed by the foreman, the material 
requirements are established. The type or kind of material is determined by the 
foreman as stores stock or spc^cial. If special, it must be purchased from outside 
vendors, which delays the execution of the work until the material is available in 
the plant. If the material is part of stores stock, it is assumed that the work can be 
done as soon as it can be srliodiiled. 

Jobs over One Week Old. A certain backlog is necessary to plan and schedule 
maintenance work pro|K'rly. Too great a backlog may result in emergencies, loss of 
production, down time, etc., while too small a backlog may result in lost time, poor 
scheduling, etc. Experience inrli«'ates that over 2 weeks’ backlog in shops, exclusive 
of construction, results in the lir.sl condiiuin given above, w'hilc less than 2 weeks in 
crafts results in the second cnnditinn. Segregation of jobs over 1 w^c‘(‘k old allows a 
means for closer checking of work and makes il availabJi’ for scheduling. 

Maintenance Job Analysis. ^Maintenance job analysis is the analysis of each 
maintenance job as to craft, material, tools, and methods and the preparation of a 
workable estimate of time and man-iiower requirements. 



The purpose of job analysis is to tiani inainteuam*e s\ipcr\ifaion in the various 
factors that affect proper job execution, to have available for personnel doing the work 
the means of working effectively, and to have available ior computing backlog the 
estimated man-hours for completion of all approved jobs. 

A mainluuance foreman ri'ceiviiig a normal repaii (inkT (Fig. ()-6j visits the loca¬ 
tion of the proposed work, lie analyzes the job as to man-hours required by his own 
craft or group and enters this on the luce of the order, noting also the work to be 
done by the other crafts and groups, to each of whicdi lie issues a cross order. In 
addition, he notes on the back of normal repair order (Fig. 6-7) the following: any 
additional descriptions that will assist the p<*r.scrn or persons doing the job; the general 
materials necessary; tools, either regular or special, that are not a jiart of a standard 
tool kit; and any safety jirecautions to be taken. If the* materifil required to do his 
part of the job is not stores stock, it is his rcsiionsibility to see that it is ordered. 
Cross order.s are treated in tlie same w’ay as nornod orders by the foremen receiving 
them. I'atrol orders, hecauM* of the tyjie of work Involved, re<iuire little analysis by 
the foreman. The job is also estimated at the time it is analyzed. 

In discussing job analvsis, one adverse argument is the inability to determine the 
extent or need of repair w'lllioiit a ceitain amoniit of inspection or disasscinhly. This 
is dofinitiiJy recognized and only emphasizes the need for analysis to determim* this 
condition and m.*ikp ready for it ami the nece.ssity of being sure that the repair order 
describes the real rc^pair as a basis for effective execution and prop<‘r record for cor¬ 
rective maiutouance. 

It also seems obvious that this h a method whereby a foreman should investigate 
each job to det(*riiiine the above coiiditioms if he is interested iii securing effective 
work and lower costs, Th<' use of tlie seheduling rack and tlie knowledge of job 
analysis enable the foreman to schedule his maintenanee work in a formal iiian- 
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ner, but it is also essential that materials be available before any work is formally 
scheduled 

One of the most recurrent criticisms of job analysis in its relation to srheduling 
and patrolhng of work by the mamtonanre foreman is the time it requires Even 
though actual study has indicated that this ciiiicism is fictitious, it persists To 
assist the foreman m a bettor understanding of what job analysis means m the proper 
completion of work and in knoi^ing those factors that enter mto a thorough analysis^ 
job-trainmg programs have been estsblished, which cover all the tools, procedures, or 
services that are needed to do a good mamtonanre job 

Scheduling Maintenance Work. Scheduling maintenance work consists in fitting 
analyzed jobs into a daily planmng and schodulmg sheet (Fig fi-11) according to 
operating conditions, production schedules, perbonnel, and avaiLabihty of materials. 



Iiu G-ll 1 oremuii s doily planmng and bcliedulmg sheet 

Th( piiriK)S(‘ of sduduling is to ha^c ready for pnsonncl in each craft or group 
sufhiKiit jobs to (ovir a daj's \\oik, oiiangcd anording to piionty and analyzed as 
to labor, inatinul, tools, etc , rcquiud and so arringcd that on the completion of one 
job aiiothci is a^alUblc for every piison in the croft or group 

The Hchcduliug of maiiiten'iiue ^oik is done by the maintenance foreman assisted 
by a rcpair-ordcr-control and scheduling clrrk Anal>zod jobs are scheduled accord- 
mg to the personnel a^ailnblo and aic rocoided on a daily planning and scheduling 
sheet (Fig 6-11) made out in duplii ate Tinst dn etfa aic pupared for the following 
day's work by a fixed tune of the previous afternoon They are then approved by 
the general foreman \ red linn is drann under the last job recorded Any job 
added to this shiwi after gtin ral appiovd becomes an emergenc'v job and is uivesti- 
gated as to cause by the planmng and scheduling engineer, m hose duties in this respect 
are shown in Fig ()-3 

The schedule sheet js valuable because it la 
1 A formal record of actual use of mamtenance labor 
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2. A tool to tram maintenance supervision in the proper planning of work 

3. A record of real emergency conditions 

4. A summation of the day's activities for each foreman 

On the basis that each man under each foreman has sufficient duly analysed jobs, 
the effectiveness of scheduling will be measured by the number of emergency jobs. 

An emergency job is one which has not been scheduled but which must be taken 
care of during the day the schedule sheet is in effect. In order to place the responsi¬ 
bility for such jobs, a list of emergency classifications has been determined (see Fig. 
6-12), At the end of each week typewritten copies of investigation sheets covering 
all emergency jobs and their classifications are submitted to plant management and 
to operating supervisors in whose areas the jobs occurred. The investigation of these 
emergency jobs and the recording of results (Fig. 6-12a) for corrective purposes are 
functions of the planning and scheduling engineer working in conjunction with the 
area engineer and craft or area foreman, as indicated by Fig. 6-3. To enable these 
records to represent the truest picture, they are approved by the maintenance engineer 

EMERGENCY JOB CLASSIFICATION 

Plant- -Area 


For week ending- 



before distribution. These records sliould be {liscussc^d with the area engineers and 
operating supervisors, and a definite decision should be made eoncerning what means 
are to be taken to prevent recurrence. Sueh records are very valuable in giving both 
operations and maintenance a picture of why jobs cannot be jdaiined, what causes the 
emergency condition, and what means must be taken to prevent a recurrence if down 
time is to be eliminated and poor maintenance conditions corrcicted. 

To reduce maintenance costs by investigating n^piiir or replae.eiricnt conditions as 
they occur, whether emergency or not, and by sueh measures training the foreman 
relative to the importance of this phase of his responsibility, certain repair orders 
designated by the mamtenance engineer are also baling investigated in the same man¬ 
ner as emergency jobs. Selection of such work is Uimally based on repetitive repair 
oouditions as shown by equipment records. 

Forecasting or Longer Term Scheduling* The coordination of plant maintenance 
and minor construction work with pniduction and other factors requires specific 
planning. One method just clescribi^d was doily planning and scheduling. However, 
there are many jobs requiring more than a day’s duration or more than one craft 
to complete. This method of planning and scheduling is termed "weekly forecasting." 

According to this method, man-power requirements by craft or major maintenance 
and minor construction jobs arc detailed into a single master schedule (see Fig, 6-12h). 
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Fig. 6<-12a. Hepair and emergency job report. 
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Tentative labor ase^nments arc detailed for each individual craft or other Rroups in 
terms of man-days for each day of the 1-wcck schedule period. Minor ancl routine 
maintenance work is excluded in order to simplify this schcKiule. Labor assignments, 
as represented by the master schedule, are proportioned on the basis of the total labor 
supply in relation to the anticipated requirements of minor, routine, emergency 
maintenance, and minor construction work. 

Correlation and supervision of the weekly schedule is a function of the planning 
and scheduling engineer or similarly qualified individual. 

The weekly master schedule serves maintenance and minor construction foremen 
as a firm stoiting point for cstabhshing daily work schedules. It permits coordina¬ 
tion among various crafts, tio-ins ivith production shutdowns, and less frequent 
changes in the daily work requiremeuts. 

TRAINING 

A training program is introduced for all foremen covering the use of the various 
procedures that afffK't the work. 

Referring to Fig. ft-3, it is noted that job training (supervisory) is a responsibility 
of all engineers except the project engineer; job training (wage roll) is a responsibility 
of all foremen; and the planning and scheduling engineer is responsible for both, llis 
responsibility, however, is only to assist in the preparation of training programs and 
instruct where assistance to siip(‘rvision is necessary. 

Training is usually divided into two parts—orientation and job training. In the 
former all subjects such as company history, policies, various coiupany ])lans, etc., 
are included, while job training refers to procedures or methods that affect the actual 
maintenance work of the plant. 

Training in its broadest S(*nHe can be used in various ways and is continuously 
used by good supervision in teaching those under them a V)e1ter understamhug of 
their jobs, liy this method the basic resjKmsibiljties and duties can be both under¬ 
stood and taught iu an informal way if all members of an organization are to accept 
the responsibility of their jobs to their fullest e\t(*nt. 

The persons fundament ally re.«iKmsible for training programs are the works engi¬ 
neer and the planning and scheduling engineer, tlie former to he assured of their 
being used and the lattc'r for their establishment and application. Tlii‘ latter rcsjwii- 
sibility also applies to all engineers and foremen. It is tlu’rcfore essc*ntial thiit the 
planning and scheduling engmecT he trained to assist orgnniziition in applying the 
procedures most effectively that will result in ihe liest eM‘Ciition of mamteiiaiici* and 
minor construction work. 

Maintenance Job Standardization, Maintenance job standardization is the 
arrangement of the component parts of the job and the si-lection of eorreid materials, 
tools, equipment, supplies, and labor to det(Tniine th(* one best method of performance 
at any particular time. 

The puriK)se of maintenance job or W'ork standardization is to break dowm a job 
into its elemental operations in order to determine the possibilities of improvement 
relative to use, design, methods, etc., and to utilize the inforiualion set ured in estab¬ 
lishing a standard of performance for practical use. 

Jobs must be studied by engineers who understand how such an analysis need be 
made, A flow chart should be made up of the elemental operations, and this chould 
be studied from the standpoint of use of the equipment, the cause of the rejiair, the 
best method to be used, the tools required, etc. A revised chart fioveriiig aU improve¬ 
ments should be made and discussed with bot,h operating and maiutcmaiice supervision 
to secure the benefits of tlieir experience. Any deveJojimeut work required as a 
result of this study should be turm^d ovei to the experJmental or development gnmpa 
referred to previously. After all corrections or improvements have been n^ade, the 
proce^ss chart is issued as a standard oiieration sheet jovering that maintenatieo job. 

Once job standardization is aecomplishe<l, very little job analysis is necossary. 

Job standardization assists the maintenance foreman in reducing analysis time 
since it outlines the one best way of doing the w’ork. In addition, the investigation 
of job costs and their repetition determines their priority in being standardized. A 
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job*staiidardization program results iu a continuous review of all mamtenance work 
for cost reduction and defmitGly opens the way for corrective mamtenance and the 
use of both maiutcnaucc and development enRiiicers in its activrties. 

Planning and Scheduling Engineer. The responsibilities of the planning and 
Hcheduling engineer are to mstituto, coordinate, and follow up methods required by a 
worka-engineering organization for optimum conditions of performance and cost and 
to assist in the trainmg of personnel in the application and use of maintenance pro¬ 
cedures such as 


1. R(*pair-order procedure 

2. Planning and scheduling 

3. Equipment-cost-curd procedure 

4. Joi> Htandaidization 


5. Budgetary control 

6. Organization training 

7. Preventive main ten anee 

8. C Corrective maintenance 


One of the persons to be trained by the planning and scheduling engineer is the 
repair-order-control and scheduling clerk in the clerical duties related to 

1. liepair-order control, control of maintenance labor requirements, scheduling, 
inaintenaii<*e-cost control, luaintcnaiice-uibpcctjon control, costing, etc., segre¬ 
gating fiom maintenance and coiistiuction supervision the following clerical 
duties: 

а. Coding and writing repair ordeis 

б. Mechanics of scheduling b}’' the use of racks, job cards, time clocks, schedule 
sheets 

c. Posting accurate records of job lime to scheduling sheets 

d. Accuiniilatiiig and jiiaintaming recoids and backlog charts, cost cards, etc. 


Inventory Control of Materials. One of the sources of irritation in the successful 
planning of maintenance i\ork is the unavailability of materials. This is due to some 
extent to the nccesMly of keeping capital invehtment for such materials to a reason¬ 
able tigurc and having availalile the many grades or sizes of mamtenance materials 
and spare parts, etc , used in the maiiitenauce of a plant. To this might be added 
the additional problem of storage* space. 

ExiKTionce over a period of years has indicated that two factors affect the avail¬ 
ability of matev als more than any oLhi-is. They are 

1, Lack of adeijuatp records 

2. Abnormal removals tioin maintenance stores 

Figure 6-13 show's an inventory-control card, w’hich contains all the information 
necessary for the proper control of any mamtenance material, spare part, etc. If 
the luaintiuiaiK*!' departnicut places the full responsibilily on the stores department 
for ree(*ipt and disbursement of maiiitenaiiec materials, spare parts, hupplies, etc., 
and assists them in elmimatuig from stores accounts all slow-moving parts, the mate¬ 
rial problem will be greatly improved. 

C’losely rt'laied to Ihib is the use of both central-stores and department-stores 
stock. If materials are not easily available, it is obvious tliat in plants covering large 
areas, or even m separate buildings, certain time will be lost in the handling and 
tiaiisportatioji of such inatenals. Jf it has been found to Im' advani agf^ous to segre¬ 
gate labor by areixs or buildings, the same reasoning also should be applied to mate¬ 
rials, but such materials should be common to that area and properly controlled for 
stores purposes. The maintenance department can appreciably help in this particu¬ 
lar phast' of material control if it assists in both having and keeping these material 
records up to date. 

Closely allied to the successful scheduling of maintenance work are shops, mechan¬ 
ical tools, and facilities. All thest* repiesent capital investineiit w'hich should be 
made available only as found necessary. Studies sliouUl be made of the work and 
the use of ineidianical facilities to the extent po.ssible for greatest economics. 

Su(‘h a study usually must extruid ox’cr a considi'rablc period of lime as it involves 
both area- and eeiitral-shop requirements, as well as repetitive and nourepetHive 
work. The increase in labor-material ratios as applied to maintenance costs over 

285 



INVENTORY-CONTROL CARD 


8bc. 6] FUNDAMENTALS OF GOOD PLANT MAINTENANCE 




286 


Fio. 6-13. 






i mBVENTlVE MAINTENANCE 6 

the piuit years from a^ average of 50:60 to approximately 75:25 clearly iadicatea 
that a study of these services is necessary in most plants. 

Prtffabricatiun also fits into tlie shops and tool picture. It ixb obvious that disas^ 
sembly, fabrication, and reassembly can bo done with greater effeetiveneas in a joca- 
tion where proper oquij|)]iio]it and facilities arc* available. Such conditions are 
possible to a grcat<*r extcuit either in a central shop or arcia shop arrangiHl lor such 
work than in the field. It is not only more convenient, but it is safer. 

The use of job analysis and job standardization represents a degree of analysis 
where definite indications should be evident as to the possible extent of prefabj-iea- 
tion. Itepetition of work and studies in handling and transportation will contribute 
information that will aid in determining to what cxlent prefabrication can be used. 

Shop layout must also be considered, paitieularly because of the need for available 
floor space in order to utilize tliis service to do the job properly; to have room to 
place and fabricate parts; and to have handling facilitiiis such as cranes, monorails^ 
chain falls, etc., to reduce fatigue and expedite work. I’owcr-driven hand and 
machine tools arc available in practically every line of craftwork, and each one has its 
place in cost reduction. The same applies to cutting tools, dies, fixtures, etc, 

PREVENTIVE MAINTENANCE 

Preventive maintenance consists in establisliing the means to reduce maintt'nancc 
costs through a knowledge of the necessity of repair. Therefore, the real instrument 
to meet this condition is inspection. 

Maintenance inspection is a procedure for determining the neceanity for cither 
major or minor repairs. Its purpose is to prevent, from any cause, unscheduled 
interruptions to operating equipment and undue deterioration to buildings and 
facilities. 

An inspection procedure operates in two ways: 

1. Visual or working inspection, or observing equipment in operation to deter¬ 
mine |K)teiitial breakdowns and niakmg adjustiu(‘ntb or small repairs 

2, Shutdown insiiectioii, or deteiminiag the wear and general condition when 
equipment is not operating 

In addition, inspection is nei^casury for all parts of an industrial plant such as 
buildings, roofK. lines, etc. This might also be calh'd \’isunl iiispectioii, although it 
may he done at less frequent intervals. Ju establishing an inspection procedure, .ill 
buildings, equipment, etc., should be listed and analyzed to determine whether they 
should be inspected on a visual or shutdown basis. 

An inspection system must be applied in as simple a way as possible, with the 
duties of individuals definitely delegated and results maintaineil if it is to be of value 
and succeed in its purpose. Therefore, it should be an integral part of actual repair 
to us large an extent as possible. 

The organization of a maintenance department was described as consisting of 
craft and shop groups and area groups. If there were to be a segregation of these 
groups as to insjKiCtion, based on the kind of work done and the size of the job as 
w'ell, wc would say that the work of the crafts and shops dealt more with shutdown 
inspeetion, while that of the area groups dealt with visual or working inspection. 

It is therefore necessary that the extent of the use and kind of msx>oction be based 
on an actual study of work conditions. 

Assuming that all main ten anco work is done either by patrol (Fig. 6-8), or normal 
repaar orders (Figs. 6-6 and 6-7), it is obvious that the work covered by each of these 
must be analyzed over a defiiute period of time to determine the kind of work involved, 
amount of each kind, frequency, and individual times required. Aftej* this has been 
done, it becomes a matter of establishing a standard task with definite work and per- 
soniik requirements covering all work of a visual-inspection nature. Infrequent 
small jobs must still be covered by written patrol orders. 

The size and frequency of overhaul of ihe larger jobs will establish their frequency 
for shutdown inspection. This frequency is very vital to the success of an inspeetion 
system, since too long an interval will not describe potential breakdowns in time to 
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apply preventive mamtenance, and too abort a period reaulls in excessive inspection 
cost and reduces equipment operating hours 

Additional frequency-dctcrminmg factors for shutdown mspection are 

1 Operating time 

2 Individual eqiupmont conditions, such as 
a Speed 

h Complexity 
c. Materials of construction 
d Materials processed 
e Surrounding conditions 

3 Impoitancc to plant operations 

Another impoitant nulliod of determining frequency of inspection consists in 
dividing annual maintenance costs by mvestinent, t c , the estimated mspection 



Ilia 0-14 Plant eriuipinont m(n)eftjon schedule. 


frequency is high, the in unUnance to iiivcslniciil ratio will usually be found to be 
high, and vie e vi i sa 

This means tbit, if ujT.mi(nance costs are not kept by equipment, uhich will bo 
explamed uncle i (cjirrclivc Maintcniiicr, this iiifoiination will not bt available for 
^tablishing inspeciion fn quciu us hisid on woik done 

Inspection Schedules. After all inspcctiuii freqiicncus have been determined, a 
schedule (see Iig 6-14; is i •»tabhsh( d covermg all equipmi lit in this catigor^ (The 
same can be done for buildings, faciJitic s, fic ) The* equipment is notaehedulc*d any 
closer than a we tk, sine e arrangements must be mode with the operating department 
to take the equipment out of service at a time Lonveinriit to produclmn schedules 
Space IS also allotted on this sheet to show the actual date on which the iimpeetion 
is completed, sinre this '^enc- as a ft»lIow-up and inforination for future seheduling 

In addition to tin iiispi (tiem sc he dole, there should also be* a record of the* con¬ 
dition of each pure of eejuipiiunt when inspection was made This r(*<*ord will also 
serve as a basis lor repair as well as a continuous iraster roeoid of the condition of 
that pu*c<? of pqujpiue nt Suth a mainteimnce mspection operation sheet is shown m 
Fig 6-15, which IS laid out to fit in with the ideas of job standardization as to the 
proper arrangement of tht component parts of the jeib and the selection of correct 
materials, tools, etc 
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1 




AEweiiiltlv 


1 
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lio 6-15 

CORRECTIVE MAINTENANCE 

Thore are five requisite^ to a roin^elivc inaJiitonaiuT prof!;ram, viz' 

1. A Real Desire for Improvement. Too often responsible personnel in a plant 
tends to beeoiue (lose-niinded relative to po'^sible nnpro\ ciiieiitb because of a lack of 
farts or tiguies to indifatc the condition In Older to overcome this last condition, 
the eiigimn^r must accumulate as many imasunn^ faetois as is |K)ssiblc to indicate 
the n< ed for inipjovi nun1 Koi iiistrince, the mamtenance cost os pci cent of mvest- 
ment of a total plant may seem to be quite n^asonalde, whereas a breakdown by 
individual or groups of siimlai ecimpmcnt may be quite the reverse. Also the total 
maintenance lalKir-inaleiial ratio might not be mdieative of any unusual condition, 
whereas a similar breakdown by indnidual equipment might show some very out- 
standmg disciepaiieies The collection of buch mformati\e data w^ill very definitely 
hasten a desire for inipTo\tment 

2. Engineering Assistance. \ review of Fig 6-3 mdicates that while constructive 
critic will can be given by supervision of the enginec'iing department toward any cor¬ 
rective* maintcaanee piogiuiii, supeiMsion is not m a position to make actual studies 
either of jobs or of aceumulat(*d information. These are functions of the plannmg 
and schodiiluig or nirtliods cMigiiurr 

3. A Practical Inspection Program (ihscusscd under rreventive Mamtenance) 

1. Job-standardization Program (page 284) 

6. An Equipment-cost-card Procedure (scs' below) 

To state that 5 is superfluous is to deny facts that indicate the tremendous pos¬ 
sibilities to phuit improvement through the u-^c of an pquipinont-eo*5t-eaid procedure 
as well as an active support cif 2, 3, and 4, Under C^ost Controlb will be shown charts 
of the results of maintenanee oonditiona in two plants where one was receiving active 
support of improvement piograms and the other was not 

Equipment-cost Cards. An equipment-cost-card procedure is a systematic post¬ 
ing of all completed mamtenance work acrordmg to individual buildmg or equipment. 
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The purpose is to provide a B3/iBtein of records of plant tnaiiitenAncc and oonsrtruc- 
tion work by buildings, equipment, facilities, etc,, and to have available a means of 
easier analysis of jobs for both preventive and corrective maintenance. 

The equjpnientHM>Bt card (Fig. 6-16) provides for the posting of the following 
information: 

1. Hepair-order number and date 

2. Description of work done and material used according to key method 

3. Labor and material costs by direct and indirect 

4. A periodic suminary of data as a basis for maintenance improvement 

Equipment cards should cover 

1. Individual buildings 

2. Groups of similar equipment 

3. Utilities such as the main air, steam, and water lines, roads, outside tanks, etc. 

4. Blanket orders as blanket equipment number 

5. Burden codes such as shops, supplies, hospital, tire protection, etc., as burden 
equipment numbers 

Postings are made of completed normal orders. Patrol orders are posted only as 
a sunniiation of monthly costs accordmg to equipment numbers. 

lij this section reference has been made a number of times to a blanket repair 
order. This type of order covei's a series of regular repetitive scheduled jobs. While 
it very detinilely can be misused and can become a dumping gniund for miscellaneous 
charges, if used correctly it very definitely has a place in a maintenance program. 
In the oquipment-cost-rurd procedure blanket orders become blanket equipment 
numbers. It is very necessary that all maintenance costs be covered by the equip- 
iiiciit-cost-card procedure. 

Some criticisms concerning the use of the equipment-cost cards for keeping main¬ 
tenance costs are 

1. It requires the numbering of all equipment, Imildings, etc,, and represent 
additional cod<‘s to the plant. 

2. It requires clerical assistance to maintain 

3. It requires clerical assistance to publish a report semiannually. 

4. In some cases the information is not used after collected. 

Answers to these criticisms are as foUows: 

1. Kquipnif'nt-eost cards do require the numbering of all plant equipment, build¬ 
ings, etc., but in most cases they must be numbered for inventory purposes anyway. 
The equipment numbers also senx* as departmental codes for cost purposes, and no 
additional coding is re(piired. 

2. They do rcciuire clerical assistance to maintain, but (a) the repair orders repre¬ 
sent tlie actual records of work done, and tliis method of reconling tends to reduce engi¬ 
neering cxpfTieiJce require<l for analyzing purposes, tlms reducing the clerical effort 
to a minimum. In addition, the need for better description us required for the equip¬ 
ment posting tends to necessitate better analysis of the repair orders by the foreman. 
Simplicity of posting is secured by the use of the key method which records on the 
equipment-cost card only the equipment number, part repaired, and total labor and 
material costs and is usually limited to one line. The equipment-cost card does not 
take the place of the standard operation sheet used for job standardization or shut¬ 
down inspection, as this would only clutter up the card with information that has 
already been established elsewhere. 

(b) They give a summary of results over a sufficient period of time to determine 
trends and allow these results to be analyzed for corrective purposes. 

3. As stated previously, it is necessary to want improvement to have it. If a plant 
or maintenance organization is not interested either in improvement or correct fres- 
quencies of inspection for preventive mainteiiaiiee, it is useless to keep these records. 

COST CONTROLS 

The objective of the cost-control plan is low maintenance cost, but it is a result 
rather than a cause, and it is essential that all factors discussed herein be complied 
with if these costs are to bo attained. 
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MaintMianoe costs cannot be measured as a lump sum or in relation to the product 
or products ,as a whole. Maintenance costs arc not that simple to interpret but are 
representative of various plant conditions which must be understood if these costs 
are to be of value in indicating actual conditions. The plan's approach to this problem 
of cost interpretation is to segregate maintenance costs into three classes, which 
are described as follows: 

Cost Classification—Direct, Indirect, and General. Coat classification is a method 
of segregating maintenance labor and material costs according to three classes of 
maintenance known as direct, indirect and general. 

Direct Maintenance. Direct nuiintcnance covers repairs to operating equipment 
or auxiliary equipment attached to it. It also includes miscellaneous repairs sucli as 
oiling machinery, packing pumps, inspections, etc. Direct inaintenanco should be 
proportional to production. 



Producfion m Thousand Pounds 

J^Tq. C-17. a chart for establibhiiig monthly budgets based on direct, indirect, and general 
iiiamtenance costs. 


Indirect Maintenance. Indirect maintenance covers repairs or replacement of 
parts, such parts being not entirely worn out, replacing them 'with parts of improved 
design, ad<litioiis (when not capitalized), replacemer)t.s (w^hon they reflect changes in 
dGsign), materials and methods only, rearrangements, and serviec t^) o])orationa. 

Genttal Maintenance. Oeiieral inaintemuice covers rcjiiurs to buildings, outsiiJe 
lines, storage tanks, roads, main power, steam, air, or piocess hues, and structural 
support of buildings, but not that supiwrting eiiuipinent, (reiieral maintenance 
covers any type of repair that doe*, not vary with nrotluction. 

The purpose of this classification is to segregate tlie various classes of maintenance 
as to responsibility, conditions, etc., in order that cause* ciui be investigated and 
improvements made accordingly; to rmphahizc what work ife or is not affected by 
produotioii; to establish a control of indiiect work and ileterniine its relationship to 
direct and general classes in similar plants. 

In charging ail mointenanci r*osls in a lump sum, the variables due to production, 
development changes, service conditions, etc,, are lost sight of, as well as those con¬ 
ditions in which production has little effect such as weather, servii'e, burden, etc. 
By dividing maintenance costs according to the three classes, a means is provided 
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for definitely segregating the work that is a direct function of a maintenance organi¬ 
sation and that which must be justified by the other departments. 

BodgetsL A monthly budget chart established aiccording to' the three classes of 
maintenance discussed is shown in Fig. 6-17. Figures making up such a chart must 
be worked up carefully covering a number of years for any particular plant order 
to reflect an average condition of maintenance. The ch^ also must represent 
maintenance conditions at various levels of production which is so necessary in deter¬ 
mining budget figures. 


MAINTENANCE DEPARTMENT 
MONTHLY REPORT 


1. Production costs 

Net production, lb or unit. 

Total nutintenanoe costs (labor and material). 

Unit cost, per 100 lb. ton, etc. 

Replacements. 

2. fiummary of iilauning and schoduUng porfurtuanoe 

Total man-hours. 

Per cent scheduled. 

Emergency work, per cent. 

8. Mechanical department labor 

Blanket work orders... 

Normal work orders. 

Emergency. 

Patrol. 

4. Mechanical dciuhrtment labor, pei rout 

Blanket. 

Normal. 

Emergency. 

Patrol. .. 

5. Breakdown ul woik onler laboi and umteiial Diicct Indirect 

Total. 

Per cent. 

Average, 12 months. 

Per cent. 

6. Work orders 
Normal 

On hand first of month. 

Issued duiing niontli. 

Completed during month... 

Cancelled during iiiunlh. . ... 

On hand end of month. . 

Blanket. . 

Patrol. . . . 

Emergency. . . 


CurroDt 

Average 

month 

12 months 

Current 

Average 

month 

12 months 

Current 

Average 

montn 

12 moniha 


% % 


Current 

Average 

month 

12 montha 

SI 

30.7 

46.7 

50.5 

17.2 

U.2 

5.1 

4.0 

Ueneral 

Total 


Current 

month 

Average 
12 montha 

4.54 

374 

264 

284 

256 

263 

13 

10 

450 

883 

66 

83 

173 

139 

B8 

58 


7. Organisation chsirt 


Fio. 6-20. 


On the basis that budgets are made to imlicate possible costs, that meeting budgets 
is only halanctsd spending, and that improvements will be reflected in the use of 
budgets, it is obvious that the same rules must be applied to this manner of measur¬ 
ing costs as to any other. 

Charts. A method of measuring maintenance results at two plants is shown in 
Figs. 6-18 and 6-19. The bases of measurement are 

1. Maintenance cost as per cent of investment 

2. Pounds of production per maintenance dollar 

In order to have conditions comparable, all maintenance costs are corrected to an 
index figure (1) as shown on the lower part of the chart. Maintenance cost as per 
cent of investment reflects actual costs. 
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To ehow itiiprovement it is nccoBsary that the heavy line iii the lower part of tho 
chart indicating pounds of production per maintenance dollar continue its upward 
path with the production or dotted line. Conversely, a trend in the opposite direc¬ 
tion indicates lack of improvement. 

Maintenance cost as per cent of iuveslment shown on the upper part of the chart 
by the heavy line indicates a method of measuring results over a period of time and 
also indicates whether inainteiiaiice improvement has been secured by expenditure of 
capital dollars. This will also be reflected if the maintenance department makes 
improvements tlirough the application of methods and better procedures without 
additional capital expenditure. 

It was previously stated that charts would be shown, one of which represented a 
plant where improvement was about continuous, while the other showed a definiic 
backward trend. Figure 6-18 is an example of the first case, while Fig. 6-19 repre¬ 
sents the second rase. 

Monthly Report. Another measure of results is the maintenance monthly report. 
A proposed form to be used covering the result of the use of some of the procedures 
outlined in this section is shown in Fig. 6-20. It is bcli(‘ved that not only this reiKirt, 
but all the other measures outlined, arc essential for good maintenance. 

The results to he gained by using the basic principles outlined in this plan can be 
summed up as follows: The plan constitutes 

1. A method to maintain a plant in good operating condition at a miuimuin of 
cr>st 

2. A means to correct and improve 

3. A basis for selecting a high type of maintenanre supervising personnel 

Maintenance Measurement (Actual Time Values). All the foregoing is measure¬ 
ment, and it is beU(*ved necessary before actual time measurement is of any real value. 
In establishing time measurement standards, experience has indicated that their 
failure in most cases has been due to one or more of the following: 

1. Lack of job standardization, or c&tabiishiiig the one best method 

2. Insufficient knowledge and training of per.sumiel in establishing tho standards 

3. Lack of consideration and understanding of the importance of maintaining the 
standards up to duic^, taking into consideration iNith ])rocesa and technological changes 

Although time measurement can be succcRsfiilly applied to maintenance and/or 
any other factor of production, it should not be elTeetc^d until the above or some 
similar plan has been applied, since only confusion and adverse reaction will occur. 
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INDUSTRIAL WATER PURIFICATION AND TREATMENT 

BY D. C. Carmichael 

Chemical Engineer, E. I. du Pant de Nemours & Co, 

Water is a fundamental requiromoni far every industrial plant. It supplies feed 
water for all steam-power plants; cooling water for intornal-combuBtion engines and 
steam condensers; means of washing, preparing, and distributing the pulp for paper 
manufacture; washing requirements for textile mills, dyeing establishments, and 
laundries; and enters in some manner into all major industries. 

The fitness of the water supply for the respective industries has frequently been a 
determining factor in the location of manufacturing industries, especially in case of 
textile and dyeing industries. With the industrial development of our country, we 
liave long since passed through the period when the character of the water was a 
determining factor in the location of an industry. With the advancement made in 
the art of water purification, it is only the exceptional water supply which cannot be 
treated or purified to meet the requirements of any of our major industries. 

The substances in water that is objectionable for use in various industries are 
chiefly the mineral solids or gases. The bacteriological growths in water supplies, 
which must be so carefully controlled in the large municipal plants where water is 
prepared for drinking purposes or food products, arc not commonly of much signifi¬ 
cance for most of the indu.strial requirements. This, howevtT, does not always apply, 
since bacteria in water supplies frequently are the cause of slime deposits objectionable 
in the papiT industry as well as in other processes here water is used for cooling. 

It therefore becomes necessary to del ermine all the variouH constituents in the 
water that may be objectionable to any particular process requirement before the 
best method of water purification can be determmed. ^ hen the process require¬ 
ments are understood and the constituents of the water are known, a practical treat¬ 
ment with the necessary equipment ran nearly always 1 m* prescribed. For proeedurc 
on analysis of water, the American Public Health Association's “Standard Methods 
for the Examination of Water and Sewage” is a standard reference. Table 7-1 is a 
conversion chart frequently Uhcd in water analyses. 

NATURAL WATERS AND THEIR IMPURITIES 

Water is a tasteless, colorless, and odorless liquid. It is a cheniicaJ compound 
which is expressed by the formula H 2 O, indicating the combination of two volumes 
of hydrogen and one volume of oxygen, (’henucally pure water is an extremely 
rare article and difficult to obtain since it is an .almost universal solvent, and praeti- 
cally all substances are soluble in it to some degree. Because of this property, water 
is readily contaniinaled by subs1uncf*s with which it conies in contact. 

Table 7-2 gives a list of the constituents pres»*nt at times in some wateis and 
which may be objectionable wh(*n present. 

Generally speaking, the preparation of wate for industrial purposes is accom¬ 
plished by the utilization of equipment for pt^rforming the services of 

1. iSe^mentation 

2. Filtration 

3. Softening 

4. Deaeration 


SEDIMENTATION 

Sedimentation, filtration, softening, and deaeration may be used either alone or in 
combination, depending upon the condition of the raw water. In industrial plants, 
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where the quality of the water is not an important factor, sedimentation aloiii ina\ 
satisfy all requirements Many plants instdl impoundmg reservoirs for prdiininai} 
settling basms smee they serve not only for n moving part of the turbidity but aJsr) 
as collectmg basins for recovered cooling inater Not infiequently, a spra> cooling 
system ran be uistailed at one end of the impounded leseivoji ior lowering the tern* 
peraturo of recovered water An impounding reservoir is especially suitable where 
the original souice of water is a nver from wluch pumping can be earned on during 
the off-peak electric load 


Table 7-2. Common Impunties in Water 


Constituent 

Chemical 

formula 

Principal source of 
contaminating 
Bubsiante 

Ireatment for removal from 
water 

Suspended solids 


Suifacc drainabc 
trade uai«ie 

Plain subsidence coagulation filtra 
tion pxaporaioiB 

Silica 

BiO> 

Mineral depusits 

Plain subsidence coagulation, filtra 
tiou 

( aloium rarbonate 

CaPO. 

Mineial deposits 

Sofipuing b\ rheroical, by base 
expban(,e mutenals 

Caluuin bicaihonate 

Ca(TaOi)i 

Mineral dcposita 

Roftoning b^ heaters by chemical 
or b) base exchange materials 

C aluum sulfate 

CaSOi 

Mtmial dc{>osita 

boflening b^ chemical b\ base 
exchange materials 

Caluum chloiide 

CaCl 

Mineral depoKits 

boftenmg bv ihenucal b> base 
exchange materuls 

Magnesium tail onatc 

Mg< Oi 

Miiieial deposits 

Softening bv chemical bv bast 
exchange materials 

Magnesium bicarboniito 

Mgincoij 

Mincial drpoMts 

Softening ihiiniral b 3 1 asc 

exchange mvUrials 

Magnesium ihloiid* 

MgC U 

Mineral deposils 

bofLining bv chemical by base 
CXI ham c inalLTials 

1 ree at id*^ 

llCl HjSOi 

Mine drninago tiadc 
waste 

NeuLrah/ing acid followed at timoM 
1 y softening 

budium clilonde 

NiCl 

S« wage ti ade h aati 
miner il depuNits 

1 VBi orator 

Sodium caibonaie 

Natl Oi 

Mineral deposits 

Bv and exchange niuiciial 

Sodiu m hi (ai bonate 

NalK Oi 

Mineral diposits 

B> Biitl cxrliaubo matcual 

Carbonir aud 

HaCO, 

Absorption from th< 
atinOHphcii nuncral 
deposit's dicomposi 
Uou of 01 game mat 

tei 

Absorption from thi 
atniospbcie 

Deaerator 

Oxygen 

Oi 

Dean at or 

frrease and ml 


1 ladc wotsie 

( nagulatjou filter 

Oiganio iiiattoi and hi sragi 


Domestic and trade 
aastes 

f oaihidation hltei 


The detrrmming factors in favor of pichminary si tiling basins aie 

1 Reduction in the cost of loagulation and fdti ttioii j< Milting from a sinullfi 
amount of chrmnals reqmred fur thesp purposes 

2 Better (larihcation m coagulation and secondary basins, rc bulling m reduced 
load on filters 

3 Increased length of runs between cleaning of filters, with reduction in wash 
water 

Chemical Coagulation with Sedimentation. Sedimentation in its simplest form 
consists of passing the raw water through bpccially designed horizontal basins at 
(omparatively low velocities so that the solids are piKipitated of themselves or by 
the aid of a cMiagulant In c ases where aters are extremely high m turbiditv, c g , 
Mississippi River water, sedimentation may he divided into two stages fl) plain 
subsidenee, m which a gi eater portion of the suspended matter is allowed to settle 
without the aid of artifiiial means, (2) sedimentation with the aid of a coagulant 
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SEDIMENTATION (Sna T 

In mofit cases, coagulation is coupled with the process of sedimantationf and the most 
Common chemical used as a ooa^ant is alum or aluminum sulfate. 

Sedimentation-basin Design. Present-day design of sodimentation bamns calls 
for equipment for the proper mixing of the coagulant with the water before it enters 
the Bodimentation basin. The apparatus may vary in design, but the sole purpose is 
to ensure the umform distribution of the chemical witli the water. After the mixture 
of the coagulant with the water is made*, it travels horizontally through the basin at 
a velocity usually not exceeding 9 to 12 in. per min. The basins arc usually rectan¬ 
gular with a total depth not exceeding 14 to 16 ft. 

The retention period may vary from 1 to 4 hr, depending upon the condition of 
the raw water or the degree of sedimentation desired. Frequently, the flow through 
the sedimentation basin is interrupted by baffles to ensure freedom from short-cir- 
(‘uitiivg and maximum precijiitation in the time available. The basins are constructed 



Monthly Dotes For Average Readings 

Fjo. 7-1. (''olor content of water m various stepa of removal in Bcdimentation basin. 

so that tlie j>iecipitated matter, after accumulating over n length of tune, can be 
washcfl to through a dram. This requires taking the basin out of service, and, 

where justified, designs cun lie provided for continuous eollectmg of the sludge at one 
end of the basin luid intermittent removal by manual or automatically controlled 
blowoff. 

Color Removal. In addition to the req,uirements for highly turbid water, sedi- 
tiKMiiation is necessary for the removal of coloring maiter. tailoring matter is prev¬ 
alent in woodland areas, particularly in swamp districts such as portions of Florida, 
Wisconsin, and New York Stati*. The color in these waters varies from fhat which 
cannot be detected by the eye to that which Tcsemblcs weak tea. The color is det¬ 
rimental to many industrial purposes such as pajicrmaking and textiles. While these 
waters are usually very soft and quite free of suspended matter, removal of the 
coloring matter presents a problem different from the removal of suspended matter. 
Aluminum sulfate eustoman'b' is used as the ixiagulant, and in some cases chlorinated 
copperas has come into use as a liighlv eflicieut coagulant for the removal of color. 
Figures 7-1 and 7-2 show the color content of water in various steps of removal in a 
fM^diiJientation basin and the effectiveness of chlorinated copperas as compared to 
alum in removal of color, ^riie eldorine and copperas (ferrous sulfate) form the 
chlorinated copperas but are fed a*3 separat<> oheminals. 

The removal of color by means of a coagulant is not a chemical process as is the 
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QM with siupended matter where the precipitated coagulant, spongelike in natuiVJ, 
mechanically gathers together the finely divided Busponded matter. In the case of 
eoloniig matter, the reaction is chemical, and the coagulant actually reacts with the 
coloring matter to form a substance known as a ^‘lake.’* This substance is more 
delicate in structure than the aluminum hydrate formed in the coagulation of sus¬ 
pended matter in the absence of color. The delicacy of tliis precipitate brings about 
a problem in filtration that is not found where suspended matter only is to be removed. 

Iron Removal* Sedimentation has been referred to in eonnwtion with the prep¬ 
aration of surface waters. However, it is frequently necessary in the preparation of 
well waters containing iron. There are certain districts in Illinois, New Jersey, Flor¬ 
ida, and the Western states where well waters are known to contain iron having the 



Monthly Dotes For Average Reodings 

Fig. 7-2. Effectivenesa of alum vs. chlorinated copperas in removal of color. 

property of precipitating a brown iron-rust-like sludge after standing. This sludge 
was originally in solution iu the form of ferrous carbonate, and upon becoiuiiig exposed 
to the air it preeipitntes as ferrous hydrate. 

For industries where floar water is essential, it is necessary first to remove the 
iron from solution b(‘forc it can be used. The process involves aeration and, usually, 
sedimentation. Sedimentation, however, is abbreviated compared to that required 
for the removal of suspended matter and color, and, where tlic amount of iron is 
high, less than an hour is required. It is custoinaiy in the removal of iron to add 
either a coagulant or caustic soda in order to bring about better flocculation and 
precipitation of the iron particles. By a combination of aeration, sedimentation, 
and ^tration, the iron conl^ent of the water may be reduced to within limits of 0.3 
ppm and in certain cases to 0.01 ppm, 

Chemical Control. In the use of coagulants in the process of sedimentation, it is 
highly desirable to predetermine the most efficient oosages. These coagulants are 
temperamental and, under slightly varying conditions, may not behave as expect<Kl. 
It is therefore necessary to maintain within delicate limits a certain condition of 
acidity or alkalinity in the water in order to ensure the moat efficient point of coagu- 





SEDIMHNJATION 


laiion. This point is usually roferred to as the optimum pointand is determined 
in Uie laboratory by- very delicate indicators for excess alkalinity and acidity as pH 
or hydro(rcn-ion values. When the determination is made in the laboratory, it ki 
important to maintain the operating conditions exactly as the laboratory expedmenta 
dictate. In many cases, instruments are used where the coagulant is fed not so mueh 
in accordance with the flow of raw water as on the basis of the pH or hydrogen-ion 
value. 


Fio. 7-3. 
b.OHin. 


f Aecumu/eteti non-motriaff thdgw 


Tbf^fBn 



30 min. mixing 2^ to 4 hr soft ting 

Graphic* illustration showing settling in standard mixing chamber and settling 


Mechanical Settling. Recent developments in water-purification plants have 
shown nieelumi(‘al Hetlling to be superior m many cases to the usual rec.tangular 
horizontal basin not only in first cost but also in operating and chemical costs. 
Mechanical seltling, frequently referred to as “rapid sedimentation/* is offered by a 
luimber of eoinpanies, among which are Dorr Company, International Filter Com¬ 
pany, and the IVnnutit Company. 

1'h(‘ advantage (d mechanical settling over the plain settling basin is that reten¬ 
tion time required during mixing and settling is less when compared to the time 



Fiq. 7-4. Graphic illustration showing settling in Hpaulding precipitator. (TAe Fsrmulif 
Co.) 

required in the eonventional baffled mixing chamber and settling basin. The required 
time is 35 to fiO min in the case of mechanical settling and 2^2 to 4 hr in the plain 
settling basin. Mechanical settling by the use of certain principles utilizes sedimen¬ 
tation capacity mcirc efli<*iently then heretofore. By recy<'ling sludge at high ooncen- 
traiinns, coagulation is ac(‘eleraiiMl, thus redneing the time requirements for mixing. 
The cumiiarison between the standnrrl mixing and settling basin and two systems of 
rapid sedimentation is shown graphieaity in Hgs. 7-3, 7-4, and 7-5, 
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Chamicaf hnas 


-1— Fmai \mtKtng —i 

Cfanftad wafar zona \zona ctariftad water zona 


\Raw watar 


. Slurry eoncanfrotor 


Primary mixing and reaction zona h^C^ynl ' Drain 


Continuous slurry 
n removal 


I lu 7-5 Grapliir illustration showing settling m ipcelator soft cuer {JnfiLco Incoi poraiid ) 



I<iG 7-6 Arrangement of -v ertical Spaulding prenpitator {I ht Pcrmutit ( o ] 




FILTRATION 


IS8C.7 


The operation of the atandaid mixing chamber and sedimentation system aa 
shown in l^^ig 7-*3 mdicates that clanhoation is accomplished by the precipitatioh of 
the mdividual partiulos of flor m free settlmg 

In rapid sedimentation (l! igb 7-4 and 7-5) coagulation is seeded and accelerated 
by the presence of highly concentiated sludge No such seodmg effect is obtainable 
in the standard mixmg chambei St^ttUng occurs somewhat m the manner of filtra¬ 
tion The coagulated water is passed upward through a bed of suspended sludge, 
and the particles of floe are filtered out b> the sludge bed Advantage is taken of 
the lapid settling rate of the concentrated sludge—hence the high capacities of the 
rajwd sediincntation systems Iht sludge level is mamtamed by continuous or inter- 
imttent blowing doTvn, and, where dcsiicd, this operation is automatically performed 
through an tlectnc-program-clock control 

Figure 7-6 is a cutaway view of a vtrtieal Spauidmg precipitator, and Tig 7-7 is 
H lion/ontal Spauldmg precipitator Ibe latter design c^an be employed m convert¬ 
ing plain settlmg basms to meehamcal settling 


FILTRATION 

Ihe clarification of water by filtration is accomplished by passing the water 
through a sand bed consistmg of grams suitably graded m size, preceded (if required) 


Manho/9 

fnhfboft/e 


How wafor 
mtof 



Hoader fatorot 
strarnwr syst9m 
withoxfiormMw 
stromorhootto 


\ ertical jiressure filter (Tfte PermuM Co) 


by coagulation and some limes bv sedimentation Generally speaking, it is not safe 
to filter a surface stream without puvioiisly passing it through a sedimentation 
basin Filtration is csscntialh a scieuiing and fnctional-resistance process Sus¬ 
pended matter that is too large to pass through the mterstiees between the sand 
grams is strained out and retamtd on the surface of the filter bed, and smaller par¬ 
ticles are retained bv the bed through fnctional resistance Of the rcmaiiung par¬ 
ticles, too fine to be nnioMd bv sir lining oi fnctional resisiante, some are colloidal 
and can be rc-*moved aftei proper eoagulatum However, jt is well to remember that 
most filtration processes are preceded bv coagulation, with or vnthout bedimentation, 
in ordc*r to make the filtration process moie efficient l\heu water flows through a 
filter, coagulated solids are retained on the surface of the filter bed, where they m no 
wav interfere with perfect filtration but, on the contrary, cause mcroased fnctional 
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iMstaaoe and afford a finer sfieenmg than \ihcii the filter is first placed in service 
In fact, a filter is at its best just as its capacity begins to decrease 

\^en the Bohds on the suiface of the bed accumulate to such an extent that the 



RATE OF FLOW A 



FtO 7-10. Cjo&s section of concrete gravity filter {ThePermutil Co ) 

fnctional resistance through the bed becomes excessive (sjy, fl lb per sq iii j, it is 
generally found dcuralih to remove the rctaiuc^d solids jiy backwashing 

Badnrashmg. In backwishing a filtei, the water is passrcl through the bed in a 
reversed direction at a rate four to seven limes the filtration rate, < atising boiling of 
the sand and cairy-off of the suspended matter In some cases the susiiendcd matter 
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. i$ -iHlieked' .:^iiat' ^y:'>''iiriiea' .IwwskWa^ii^ 

vr&im 18 by iir aiptati^ii. Tha alJ^ bubbtiag ti|> tbroi^ 

through the uiatted su^ftee, wl^h aJl(^8 eawer biudcwiEu^hiiig ^v^^ 

of Ffltera. Filers of two g^erai desigUa-^ttw ptes^ire ax^ thb op^ 
gravity type. For large instaUationfl^ e.^., iextde^plant sui^pUcs or hiuaieipahflea, 
gravity type of filter i» sittipler than a tege number of pressur^l^pe filterB. Thb 
presd^e type of filter eoneista of a tank of either vertical or homoat^ 

Within the tank are pilled th^ essential paats of the filter, such as the inlet hiijah^ 
the Sand and gravel bed, and the strainer inechanism for cOllectihg the filtei^ Vrater. 
f foot control - 

^ fitfmh muksUmmki 


mtorkmiom^ 
surfoeo micACr-- 



Orifice boOrd 


Fig. 7-11. 


Wash water outM , 

Cross section of wood gravity filter. 


Anti-draibi cordrot 
waive 

Ffnered wdt^ot^f 


Effkteia fhwconfiv^r 
yaive; 


{The PermytU Co,) 


The gravity filter covers a greater area than is poissible with the pressure type of 
filter, wiiich is usually rectangular and operated by means of hydraulic Yalves,^ One 
gravity filter may have as much filtering capacity as a dozen pressure filters. It is 
therefore obvious that for large capacities the control of the gravity instaUations is 
very much simplified, whereas for small installations, under certain cemditi 
pressure filter offers an advantage. Figures 7-8 and 7-9 show vertical and horuontal 
pressure filters, and Figs; 7-10 and 7-11 show concrete and wood gravity filters* 

The chief distinction betvreen pressure filters and gravity filters is that the lormer 
have a closed coiitainer designed U) withstand the worldng pressure so that, otdhxaidlyi 
the use of pressure fitters docs not require additional pumping. GmVity filtem have 
open containers which make necessary addiUonal pumping uhless the water eah ffd# 
by gravity from a settling basin to the filt£^> in w’hieh case the seiVice ptimp ^ 
the filtered water from a clear-w^ chamte and pumps it to the storage taiik p|vtb 
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the various points of use. If it is necessary to pump the water to a filter, it is gener¬ 
ally advisable to install a pressure filter, for under these conditions the use of a 
gravity filter would make it necessary to pump the water twice. 

The capacity of a filter is dependent upon the character of the water to be filtered 
and, in general, lies between 2 and 4 gpm for each square foot of filter-bed area. The 
more suspended solids in the water, the lower should be the rate of filtration. 

Although we consider filtration as meaning a straining action through sand and 
gravel, recent developments have shown that activated-carbon filters are very eflficient 
in the removal of odors and taste. While this may not be classed strictly as a filtra¬ 
tion problem, the units are usually designed along the same lines as filters, including 
water passage. Therefore, it is pertinent to place this type of equipment in the 
filter classification. 

For the destruction of odor and taste, numerous methods have been employed, 
such as aeration, excessive chlorination, and introduction of permanganate of 
potassium. 

Where excessive quantities of chlorine are introduced to bring about the destruc¬ 
tion of contaminating material, which causes bad taste, the quantity of chlorine is so 
high that in itself it is objectionable. The removal of this excess chlorine is brought 
about very efficiently by the passage of the water through a bed of activated carbon, 
llie carbon, of course, acts in an entirely different manner from filtering muterial, it 
being an absorbent rather than a strainer, and in the case of chlorine it is bchc^ved 
that the action of chlorine on carbon is purely chemical rather than mechanical. 
The absorption of other gases, however, may be mechanical, and after the activated 
carbon becomes saturated, it is necessary to renew the bed, 

SOFTENING 

In the industrial plant the type of equipment to install presents a problem in 
itself, depending on the requirements. The uidustnal softeiung plant may be 
divided into several different phases: 

1. For iiidusirial processes such as in textile mills 

2. For cooling purposes such as engine jackets, spray ponds, etc, 

3. For boiler-feed purposes 

Textile Mills 

In the preparation of water for textile mills, it is essential and highly desirable to 
remove, as completely as possible, the calcium and magiicsium salts. In most textile 
operations a tremendous amount of soap is used. This soap precqutates an} calcium 
and magnesium and forms a curd w'hich is likely to adhere to the strands of threads 
and reflect on the quality of the material produced. The absence of calcium and 
magnesium in such w'aters not only bruigs about a better product but also, at the 
same time, decreases the soap bill considerably. For this purpose, large quantities 
of cold water are necessary, and the must efficient m(‘thod of softening under these 
conditions is the zeolite system. I^'hore are many installatioiis now in use where 
enormous quantities of water arc softened by this process. 

The most important application of the zeolite softening systems is found in the 
preparation of industrial waters used in pnicesses whore soft water is required, 
although such systems arc used for boiler feed. However, in the selection of a soft¬ 
ener for cold industrial water, reduction of hardness and cost of treatment are the 
main factors to be taken into consideration. 

Zeolite Softener. Zeolite softeumg in its simplest form consists of a tank con¬ 
taining grains of fine bimetal silicate which has the unique property of removii\g 
calcium and magnesium from the water. The grains of silicate differ in chemical 
composition, method of preparation, and amount of softening that may be accom¬ 
plished by a given volume of the material. The chemical principles involved and the 
degree of softening obtainable are much the same in all cases. For waters of low 
hardness it is sometimes desirable to use a natural zeolite of an exchange value of 
approximately 2,700 grains per cubic foot. For waters very high in hardness and 
where it is desirable to use small containers, a zeolite of higlier exchange^ value, approx- 
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imately 7,500 grains per cubic foot, may be used. The degree of softening accom¬ 
plished by either mineral is essentially the same. 

The exchange value of the zeolite and the depth of bod determine the capacity 
obtainable with any given diameter of container. For convenience, the exchange 
value of a zeolite is generally based on the cubic foot as a unit. The pound is not so 
good a unit because the same zeolite may not always ooiiiain the same amount of 
moisture. 

The exchange value of a zeolite is measured by the amount of hardness that it 
will remove between successive regenerations with salt while delivering water of zero 
hardness by the soap test. This is dependent to some extent upon the rate at which 



the water is passed through the zeolite bed, although, generally speaking, the rate is 
not a limiting factor hut ordinarily can exceed the actual requirements without 
lowering the exchange value. 

Zf'olite remove's liardm'Hs from water much as a sponge absorbs water. Until the 
pores of the sponge beeoiiic filled no water will pass through it, but once the pores of 
the sponge are satisfied any additional water delivered to the sponge passes through 
or displaces an equal amount of water previously absorbed by the sponge. 

Zeolite softeners are offered by a number of companies, among which are Infilro, 
C/Ochrane, and IVrmutit. 

A typical automatic zeolite water softener is shown in Fig. 7-12. 

Regeneration qf Zeolites and Salt Requirements, In passing water through a bed 
of sodium zeolite, the calcium and magnesium dissolved in the water are absorbed 
by the zeolite, which gives up a corresponding amount of sodium. After a definite 
amount of water has passed through the zeolite, so much of the sodium of the bed has 
been replaced by calcium and magnesium that the zeolite loses its exchange power, 
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Aad the water m no lougcr Boflciu'd. It then becoinos iiceeHtwiry to regenerate the 
bed, i.e.f to replace the calcium and magnenium in the iioolito by sodium. This is 
don© by irrigating the aeolito with a strong brine (sodium chloride) solution. A 
reverse reaction then takes place in that the calcium and magnesium are exchanged 
for sodium. Whether calcium and magnesium go from the water to the zeolite or 
from the zeolite to the waU'r deptmds on the relative proportions of sodium or of 
calcium and magnesium in the water and in the filter bed. The reaction is, how'cver, 
so complete that water passing through a regeneratexl bed of zeolite shows zero hard¬ 
ness as measured by the soap test. As soon as the water leaving the bed contains 
sufficient hardness to bo detected by the soap test, the bed should be regenerated. 

The amount of salt required for regeneration is 3^2 grains of salt for every grain 
of hardness in terms of calcium carbonate removed, which is equivalent to 3'2 lb salt 
per thousand gallons of water per degree of hardness. To illustrate: if a zeolite 
softener has the capacity for softening 20,000 gal of lO-deg-hardiiess water between 
regenerations, each regeneration will require 100 lb salt. 

Since a saturated salt solution contains a definite amount of salt, varying but 
slightly for ordinary differences in room temperature, nnd as the water betsomes satu¬ 
rated with salt as it passes through the salt in the brine tank, it is neecssary only to 
feed a predetermmed depth of salt solution at each regeneration. 

Cooling Supplies 

The zeolite softener has other applications besides the preparation of process 
water, such as preparation of water for coohng purposes in the jackets of diest*l 
engines, in the softening of make-up w'ater for (‘ooliiig ponds, and in the preparation 
of water for boiler feed and evaporators. In the preparation of water for these latter 
services, other factors must be taken into consideration besides the degree of softening, 
for such w^ater, either as leakage or as make-up, finds its way to the boiler, and its 
preparation must be considered in the same light as would ho the ]jreparation of 
boiler-feed water. The cooling tow^er and spray pond cone(*iitratf»s water in much 
the same manner as does a boiler, and wherever condensers are in use with a high- 
carbonatC water, deposits are experienced that greatly interfere with the vaeiiuin to 
be obtained in the condejiser, and, consequently, the operating efficiency of turlio- 
generator units. 

In the treatment of this water the complete softening of the water is not so essen¬ 
tial as is the preparation of w^ater for use in textile mills, ll is iu*c(»ssary only to 
reduce the carljonate content to a point sufficiently low so that it does not cause 
deposits ill condensing e(|uipment. For Ibis purpose a mimlxT of mi^thods ha\e 
been profmsed. One, as mejitioned above, js treatment with a zi-ohte water softener 
where the entire hardness must be removed. The second method consists of treating 
the water with a cold-process water softener, using lime and soda ash as the treating 
agents. In most cases, however, liiuc alone is all that is required. This is usually 
accompanied by a coagulant such as alutiunnin sulfate, ferrous sulfate, or possibly 
sodium ahmiiiiate. The precijntation of the carbonate hardness to several grains per 
gallon is all that is required for ample proteetion. Jn some cases soda-ash treatment 
is added to the hme treatment for the precipitation of the permanent hardness, in 
which case a portion of the water may be used for boiler fec'd. 

Boiler-feed Water 

Perhaps the most intricate problem in the selection of water-treating apparatus 
is in the preparation of water for builer-feed purposes, where consideration loust be 
taken not only of the degree of softening that may be obtaiiietl but of many other 
factors as well. For the softening of boiler-feed water there is a rather wide eele<“- 
tion of treatments and comlnnu^joa of treatments that may be used. I’hese Ireat- 
ments may be divided into two general classes—interriaJ and external. The internal 
tiTeatmonts include compounds, soda-iish treatnicntb, colloidal tnjatments, and various 
other chemicals that arc placed on the market under a definite trade name. 

The second method includes lime and soda softeners, cold and hot process, lime 
and barium softeners, and zeolite Boftenens. 
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Inter^ Treatmeat. The application of internal treatment without knowledge of 
the oonditiou of the boiler water, such as the use of a boiler compound, is gambling 
on whether or not the right dosage is applied. Uwially there will be a certain amount 
of success achieved with this method, 
depending upon how nearly correct the 
proper treatment was guessed. Table 
7-3, taken from the “Prime Movers Com¬ 
mittee Report of the National Kleetric 
light Association,” reports 19 boiler com¬ 
pounds of varying compositions. The 
relative price of soda ash, on the basis of 
water-softening ability, shows a wide 
duct nation as compared to s»>da ash when 
purchased on the open market. It is 
therefore clear why boilc^r compounds 
have fallen into disrepulc and why a fair 
success can be achieved with internal 
treatment by using commercial chemicals 
such as soda ash, caustic soda, or any of 
the sodium phosphates. 

Internal treatment of water has a 
certain field, and in some cases, satis¬ 
factory results can be obtained. In lo¬ 
calities of soft water, where the degree of 
hardness is low, internal treatment is 
([uite satisfactory. It must be remem- 
lierod that with internal treatment there 
is no removal of hulids from the raw 
water supply, and if internal treatment is 
used on veiy^ hard W’atera w^here the 
make-up is high, it is usually followi^d by 
a condition of priming or scale formation which requires softening equijunent external 
to the boiler fo' its correction. 

External Treatment The external softening of water for boiler-feed use may be 
aceomplishod in a number of different ways, umuiig the most common being 

1. Intermittent—using lime and soda ash 

2. tkmtuiuous softening—cither cold oi hot process, using lime and sfida ash and/ 
or sodium phosphate 

3. Zi^olite 

Jntnniitl^nt Intermitsofteners are operated on the fill-and-draw 

plan, the system consisting of two or more tanks, one supplying soft water which has 
been previously treated, while the others are being filled and treated w’ith the soften¬ 
ing reagents. units are oiw*rnt,ed generally on a definite cycle, which consists of 

filling the tank with raw water, adding the entire amounts of chemical in proportion 
to the amount of carbonate and nom'arbouate hardness present in the water, agitating 
the wato to ensure thorough admixture and ];>cnnit1ing the insoluble salts to precipi¬ 
tate w hile the water remuins quiet. After a sufficient time has elapsed for subsidence 
of the prccipiUte, the soft w'atiT is drawn from the tank. The same procedure is 
followed with the. other tank or tanks. 

The disadvantage of this method of softening is the rate of reaction. Also the 
settling of the preeijntatos is much slower in cold water than in warm or hot water, 
and degree of hanlness removal is limited. 

Continuous Sofirrifrs. Continuous softening, as the term indicates, softens the 
water while it flows through the apparatus. 'Hie essc^ntiid filatures of this type of 
softener are as follows: 

1. The mixing diwice for the preparation of the chemical 

2. Tiio chemical-dosing apparatus for proportioniug the chemicals us»‘d 

3. The reiudion or mixing chamber 


Table 7^. Boiler Compounds 


Boiler 

compound 

number 

Soda nonieni 
baaed cm 
Bfxla aali, 
per cent 

Pounds 
compound 
equal to 
1001b 
eoda ash 

III 

1 

14 0 

700 

1 TO 00 

2 

26 6 

36B 

36 80 

3 

38 8 

253 

26.30 

4 

6 4 

1,810 

181.00 

5 

26 1 

37.5 

37.50 

6 

35 5 

277 

27.70 

7 

ContalnB no 




soda 



8 

•> 3 

1,840 

184 00 

9 

13 U 

756 

75 50 

10 

1 4 

7,000 

700 00 

11 

16 0 

610 

61 00 

12 

6.5 7 

150 

15 00 

13 

26 ] 

376 

37 50 

14 

10 2 

510 

61 00 

K'l 

16 5 

610 

61 00 

16^ Hoila Hhh 

08 0 

loot 

2 50 

17* 

09 0 

94t 

2 35 

Ife* 

44 0 

455t 

11 37 

19* 

24 0 

5281 

13 20 


* ComniPicial i hemic ala. 

t WeiKhi hast^l on market value and p<st rent 
pullt^. 
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4. The settling compartment 

5. The filter 

The disadvantages of cold continuous-process softening are much the same as 
those of the intermittent process, although the space requirements per unit volume 
of water arc much less with the coutinuous proc'css. 

Hot-process Chemical Softeners, llot-pnicrss chemical softeners are essentially 
the same as cold softeners of the continuous type but are distinct from other precipi¬ 
tation softeners in that the softening process takes place in a hot solution. The 
apparatus is a combination of an open feed-water heater and softener in which the 
scale-forming solids are removed in part by the effect of heat and as the result of 
chemical reaction. 

The spewed of chemical reactions is more rapid in hot than in cold solution, and 
the insoluble compounds formed settle more rapidlv and are more completely removed 
than in cold water. The rate of chemical reaction is shown graphically m Fig. 7-13. 



Fia, 7-13. Increased velocities in chemical reactions due to the influence of heat. {Coehr 
rane Corporation.) 


From these results it im 11 be noted that the reduction of the noncarbonate hardness 
is greater in treated water heated to 205“F aitc^r settling 10 min than that resulting 
from treating ivater at SO^F and permitting the solids to settle for 5 hr. Figure 7-13 
shows also that even after 5-hr setthng the calcium and magnesium salts may be 
reduced still further by the application of heat. In 7-14 is shown tlie general 
arrangement of a hot-process softener which has been used to treat a large n«\mber 
of feed-water supplies. 

A number of hot-process softeners have been placed upon the market within the 
past few years. They differ from one another primarily in the eonstniction details 
and in respect to the method of heating the water. Kxhaust oi live steam may be 
used, and while exhaust steam is used in most installations the heaters are designed 
to function under a few pounds of buck pressure. 

Zeohie. The zeolite softener offers one of the simplest methods for removing 
hardness from a water supply. Until withm the past few years this method of soft¬ 
ening was not well adapted for treating all types of water for l>niler-feed purposes as 
none of the solids were icinoved from the water but were converted to the correspond¬ 
ing soluble sodium salts. The hypothetical reactions which take place in softening 
water by zeolites may be expresarnl as follows: 
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Nas eeohte 
Sodium zeolite 


CaCOa 

Calcium 

carbonate 

Na*C0. 

Sodium 

carbonate 

+ 

Ca zeolite 
('alcLum zeohte 

(1) 

Na 2 zeohte 
Sodium zeolite 

+ 

ra(nro.)a 

('alcium 

bicarbonate 

^’a^CO| 

Sodium 

bicarbonate 

+ 

Ca zeolite 
Calcium zeohte 

(2) 

Naj zeolite 
Sodium zeolite 

+ 

Ca804 

C^alcium sulfate 

Na 2 S 04 

Sodium bulfate 

+ 

C'a zeolite 
Cakium zeolite 

(3) 

Na* zeolite 
Sodium zeolite 

+ 

MkCIKO,), 

Magnesium 

bicarbonate 

NaH( Oa 
Sodium 
bit arlKuiaie 

+ 

Mg /f»olit(» 
Magnesium 
zeohte 

(4) 

Naa zeolite 
Sodium zeolite 

+ 

MgS04 

Magnesium 

sulfate 

Na^HOa 
Sodium bulfate 

+ 

Mg zeolite 
Magnesium 
zeolite 

(5) 


Thus it mav bo seen that all tho carboimtos and bio‘irbonatos arc converted to 
Bulublo solids "wliilp \ntli the holoproctsa softener these matenalb aio largely prc»cipi- 
tated as was shown m Fig 7-13 It water containing 10 grains pci gallon of calcium 
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Fio. 7-14, Hot-process cheimcsl softener {The Pcmufit Co,) 
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oarbonatd ib passed through a zeolite softener, it would be converted to 10.6 grains 
per gallon of aodiuni carbonate. 

The merit of the zeolite process lies in the fart that the sodium salts do not pre¬ 
cipitate to form a scale as would the calcium and magnesium salts. Because of this 
conversion or exchange process the zeolite softener is not satisfactory for the prepa¬ 
ration of all water for boiler feed. Thus the selection of the softening process depends 
upon the constituents of the raw water. 

Degree of Remnant Hardness. The degree of hardness of the treated water is 
important up to a certain point because it is desirable to keep the boiler water fairly 
free of suspended matter due to the concentration and consequent precipitation of 
the hardness remaining in the water after treatment. With any system of precipi¬ 
tating hardness by chemical treatment, such as the cold or hot process, the reduction 
in hardness depends upon the excess of chemicals used. With a hot-process softener, 
for example, the use of 1)2 grains per gallon exccas of sodium carbonate reduced the 
hardness to 1}^ grains per gallon. By increasing the excess of chemical by 1.0 grain, 
the hardness is reduced by J 2 grain. With a eold-procesb softener, the hardness is 
not removed so completely, for heat is an accelerator of chemical reactions. Wiile 
in cold water the hardness is not so completely removed as in hot water, the rule of 
excess chemical still holds. 

With the zeolite, or exchange, type of softener, the reduction in hardness depends 
upon a number of factors, such an the amount of hardness iinlially presruit in the 
water and the amount of sodium salts inituilly present. 

The hardness of the effluent water may. be greater where the raw w'ater is high in 
sodium salts or hardness than wdlh low-sodium salts or hardness. 

Varhormceous ZfoJiles. Within tin* past few years new types of zeolite have 
become available, among which the most common is carbonaceous zeolite. This 
material is blackish in color and of granular form, the size of which is so regulated 
that it wmII pass a ICbiuosh sieve and have definite limits in the amount that will ]>ass 
a 50- and 00-mesh sieve. 

('arbonaceous zt^olites can be prepared by any one of a number of treatments of 
carbonaceous materials such as coal, lignite, or wood. The raw' material prr)p<*rly 
graded is treated for extended periods with any one of a variety of chomiralh such as 
fuming sulfuric acid, sulfur trioxide, chlorosulfoiiic acid, or zinc chloiide, after which 
it is washed, stabilized, and finally screened to the desired size. Wheth<T or nut the 
raw material has any exchange power, this chemical treatment imparts to it a siib- 
Btanlially increased iou-exchaiige power. In view of this exchange power, this mate¬ 
rial is classed as a zeohte and, because of its carbonaceous origin, as carbonacc^ous 
zeolite. 

Carbonaceous zeolite functions in the normal srKiiuin zeolite eyrie when it is 
regencraied with sodium chloride in the usual manner. Becfiuse of its unusual 
resistance to acids, it can also be regenerated with acid solutions such as sulfuric or 
hydrochloric, in w’hich rase it operates in what is termed the hydrogen zeolite cycle, 
the hydrogen of the acid entering the zeolite and being later replaced by the rations 
calcium, magnesium, or sodium prestmt in the water to be treated. In adilition, the 
material possesses liigh operating-exeliangc value in the order of 5,()00 to 12,000 
grains of cations (expressed as CaCOg) removed belwee'ii regeiieralioiis per cubic foot 
of zeolite. 

Regeneration. Carbonac(*ous zeolitejs when functioning in the sodium ^XtigZ) 
cycle operate on the same principle as the ordinary sodium zeolite. 

For Na?Z softening 

((^a and Mg) salts + Na 2 Z « (C’a and Mg)Z Na salts 

For NgaZ regeneration 

(Ca -f Mg)Z -f 2Na(.l « NagZ + (Ca and Mg) chlorides 

In the hydrogen cycle (H^Z) the reactions and result^s differ, as may be noted in 
the following reaction. Since the cations (^a, Mg, ajid Na occur in water principally 
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as lAcarbonates, sulfatps, and chlorides, the various reactions that in the 

hydrogen zeolite cycle are as follows; 

For Hi2 softoniiig 


Ga ] 

Mg (HG0,)2 + HsZ 

Nazi 

I Mg 1 SO 4 -f HsZ 

INaJ 

|Mg| a,+ H,Z 


Ca ) 

Mg } Z + 2H,CO, 

NaJ 

Oa ) 

Mg } Z + HaSO* 

NaJ 

(Mg I Z + 2Iia 

iNajJ 


For HaZ regeneration 


(Ca ] (Ca \ 

{Mg } Z + HiB04 = HaZ + Mg } SOi 

iNaaJ iNaJ 


From the above reaction it is noted that in the n 2 Z cyrlc all blearbonates aro 
converted to H/'Oi whieh deeomposes into water and carbon dioxide, thereby reduc¬ 
ing the dissolved solids to the extent of the bicarbonate or temporary hardness in 
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Fio. 7-16. Cliarjirteristic cuive for carbonnoeous-zeolite effluent. {The, Permutit Co.) 


water Where <‘arbonaeeoufl zetilite w used for softening on the hydrogen cycle, the 
resultant siilfurie or hydmeliloric acid is noufralized by mixing water that is treated 
by the sodium cycle which operates in parallel with the H 2 Z units or by the addition 
of suitable alkali such as eaihstic soda, soda ash, or phosphates. 

AdvanUigt'S of Carbonacpous ZcoliUa, The application of hydrogen zeolite requires 
study of each water supply to determine the most suitable and economic setup, 
whether the ub(* of water is for process or boiler feed. 

The use of hydrogen zeolite is tho only known method, other than distillatiom for 
removing sodium bicarbomitr fiom solution, Jt likewise will remove hardness to 
zero and simultaneously reduces alkalinity to any desired value. Tliis is shown in 
Fig, 7-16. Carbonaceous zeolite has a wide tolerance for acid water and will with* 
stand the attack of acid for long periods. 

A typical arrangement of a carbonaceous-zeolite unit operating on the HiZ cycle 
is shown in Fig. 7-X6. 
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J)"io, 7 - 16 , Arrangc^ment of carbonarpous-zeolito unit with degaaifior and neutralizing feed. 
{The Permutit Co.) 


Demineralizing Process for Reducing Dissolved Solids in Water 

Many industrial propessos require water that is free from the various mineral 
salts ordinarily present in ail natural supplies. This is the case in the processing or 
manufacture of certain c'ellulose products, plastics, fine chemicals, pharmaceuticals, 
photographic materials, and many other materials. In some casi^a, water free from 
mineral salts is required throughout all the wet processing. Tji other cases, it is 
required only for the final washing, purification, solution, or dilution of the product. 
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Fig. 7 - 17 , Flow diagram of demineralizing xM-ocess. {The PermvtU Co,) 


Until recently, distillation was the only known process for producing water of such 
a character. Distillation is effective but expensive. Distilled water costs from 60 
cents to $8 per 1,000 gal, depending on the number of evaporator effects. 

A simple and relatively inexpensive method known m '‘demineralization’' is rap¬ 
idly obtaining commereial signifieanee. This is a method whereby the dissolveil 
solids content of water may ]>c ri'diieod by chemical means rather than distillation. 
In this process, the clear, raw water is demiueralizcfl ordinary temperatures by 
passing it in succession through two tanks of granular ion exchangers. The process 
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is very ^ilar in principle to seolite softening and differs only in the chenucals 
requir^ and the ch^acter of the exchange materials. This pi^xiess is not applicable 
to highly salme waters such as sea water. 

Operation of Demineralizing System. The removal of dissolved soUds is accom¬ 
plish^ m two steps. First, the cations such as calcium, magnesium, sodium, and 
potassium are exchanged for hydrogen ions by passing the water through a carbona¬ 
ceous-zeolite unit operating on the hydrogen cycle. The reactions are those shown 
on page 316. This leavt's the water acid to the extent that anions such as chloride, 
sulfate, and nitrate are present in the raw water. The second step which takes place 
m the anion-oxchange unit removes the acid in the water from the cation unit. 

The chemicals required for regeneration of the exc^hange materials are sulfuric 
acid for the cation-exchange unit and sodium carbonate for the anion-exchange unit. 

Figure 7-17 is a flow diagram of the demineralization process. 

Treatment Costs—Demineralization Process, llic operating cost per 1,000 gal 
for demmeralization will depend on the dissolved solids m the raw water and the 
market price of sulfuric acid and soda ash. Typical costs for various waters are 
shown in Table 7-4. 


Table 7-4. Costs of Water 


Water onalyaifi 

A 

B 

C 

D 

E 

F 

O 

Hardnees a<i ppm C'aCOi 

43 

61 

116 

120 

212 

261 

302 

Alkalinity ae ppm CaCOa 

34 

24 

58 

63 

140 

188 

227 

SulfateH as ppm hOi 

16 

26 

70 

38 

80 

60 

60 

rhlondp'j as ppm ('1 

4 

8 

2 

_ 33_ 

24 

10 

25 

Total sails as ppm CaC'C>i , 

64 

68 

H'l 

197 

274 

277 

387 

Reirenerant posts''! 000 Kai 

$0 0.1 

$0 0> 

10 08 

SO 10 

$0 15 

$0 12 

90 16 


Composition of Effluents. In general, the composition of dcgasificd effluents from 
dcinmcralizmg plants w ill be within the ranges shown in Table 7-5. 


Table 7-6. Composition of Degasifled Effluents 


Total hardne^M as ppm TaCOy 

0-2 

Methyl oranee alkalixuis Uin ppm CaCO* 

0-6 

CbloiidiH as ppm CaC (>i 

0-3 

llulfatcs as ppm CaC'Oi 

0-3 

I’roo (.arbon dioxide an ppm COi 

5-10 

Color 

Below 5 


Analysis of dcraiueriilizcd watiTs from the plants as shown in Table 7-4 are shown 
in Tabic 7-6. 


Table 7-6. Analysis of Demineralized Waters 


atrr anah sn 

A 

1 

B 1 

C’ ] 

D 

E 

B 

G 

Hardness as ppm PaC'Oi 

0 

0 

0 

0 

0 


1 

41kalittitv BH ppm OaOOi 

3 

2 

3 

4 

6 


4 

Sulfates as ppm SOi 

0 

0 

0 

0 

1 


1 

Chlondea aa ppm ri 

0 

0 1 

0 

0 

2 


0 

Total salta as ppm CaCOi 

3 

2 

1 * ' 

4 

e 

B 

■ 


AERATORS AND DEGASIFIERS 

Aerators and dcgasifiers are use<l for the following purposes! 

1. Hemoviil of carbon dioxide and increase of pH value 

2. Removal of hydrogen sulfide 

3. lleduetion of taste and odor 

4. Oxidation of ferrous iron 

5. Oxidation of manganous manganese 
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Fm 7-18 Section throuerh dpgasifier {1 he PermylU Co ) 


The reduction of taste and odor by aeration is laigoh meihanical as the objec¬ 
tionable gaseous or volatile bodies are removed in a maimer bimilar to the removal 
of carbon dioxide, although part of this action may be attributable to oxidation 
The oxidation of iron and manganese from soluble ferrous and manganous com¬ 
pounds to prnr til ally mbolublo higher hydrated oxidf s is entirf ly (hi mical 

In aeration, contact of water with air can be ar complished either by (1) mtrodur- 
mg the ail into the ^^ato^ or (2) introduemg the watei into the au 

Introducing Air mto Water. Openrtank AFrattvn Air may be mtroduced into 
water by blowing it through water contamed in an open tank or by blowing the au* 
into water under pressure m a closed tank which may or may not be vented Blow¬ 
ing the air through water m an open tank may be effected by air grids or porous 
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Section A>A 
Fia. 7^19. Coke aerator. 


saturation of the water with air is often undesirable, since, when pressure is released 
as at a faucet or valve, a considerable volume of air is evolved from the solutiou and 
causes objectionable spattering. Hiis can be avoided either by limiting the quantity 
of air introduced into all the water or by saturating with air only a portion of the 
water which is later mixed with the remaining quantity. 

Introducing Water into Air. Tlie second method of aeration whereby water is 
introduced into the air is the method most widely employed. Various devices of 
various efficiencies have been used to accomplish this. The most satisfactory device 
is the degasiher (see Fig, 7-18) in which the water rains down over a series of slot 
trays through a controlled countercurrent of air. The least efficient device is one in 
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which ^ short, thick stream of water flows through the atmosphere. Other devices 
range between these extremes. 

Coke4ray Aerators. There are two basic designs of equipment for the coke-tray 
method of aeration—^the cylindrical type and the square or rectangular type. Both 
of these types are louvered structures containing three or four coke trays with air 
spaces between them. Figure 7-10 is a 30Q-gpm coke aerator. The entering raw 
water flows into a distributing tray which causes the water to flow evenly over the 
entire area and then permits it to drop through an air space to the surface of the first 
layer of coke. The water percolates through the porous coke and then drops from 
the bottom of this first tray through an air space to the surface of the second tray. 
This operation is repeated through the scries of trays, and from the bottom of the 



Fig. 7-20. Solubility of oxygon in dintilled water. 


last tray in the series the water rains down through an air space into a catch basin. 
Catch basins vary in size depending largely upon the composition of the water and 
the purpose for which it is being aerated. 

Spray A erators. Spray aeration is more frequently used in municipal water-works 
practice than in industrial-water treatment for removal of carbon dioxide and hydro¬ 
gen sulfide and reduction of taste and odor. A closed-tank aerator similar to that 
shown in Fig. 7-18 is more applicable to industrial practice where ground area is 
limited or where location indoors is desired. 

A spray aerator is similar in design to a spray pond, i.e., the water is broken into 
fine droplets as the water discharges from the spray head and comes in contact with 
the atmosphere. The loading and space requirementa per spray head depend upon 
the angle of the cone and volume of water handled, the required satisfactory operat¬ 
ing conditions being specified by the spray-head manufaeturer. A collecting basin 
is necessary where water is first aerated and then treated with coagulating chemicals, 
which makes for increased cost over that required with a closed-tank aerator. 
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Either system of aeration will, for all {practical purposes, saturate the water with 
oxygen at the existing temperature, but in most cases the closed-tank aerator will 
show the lower hrst cost. 

Corrosion. The utilization of large quantities of raw water in process oooHng 
systems such as through condensers and heat exchangers has brought about a demand 
for cold-water deaeration to arrest corrosion of these equipments without waste of 
heat. In many process industries the heat pickup through such equipment by the 
cooling water is taken to the power plant ivhere this water is a source of make-up. 
It is found, however, that with the ordinary water supplies, corrosion does occur, and 
in order to protect these units, cold-water deaeration has become quite prominent 
the past several years. 



Flo. 7-21. Effoet of bicarbonate alkalinity and CO 2 on pH value. 

Faclors Governing Corroeim. In general, the corrosion of steel piping is governed 
by three principal factors: 

1. Amount of oxygen in solution 

2. Amount of carbon dioxide in solution 

3. Temperature of the water 

The oxvgcn content governs the extent to which corrosion takes place, as it is this 
element which cmn1)ines directly with the iron in order to form products of corrosion: 
iron rust, such as ferrous oxide, FeO; magnetic oxide, Fpj(> 4; or ferric oxide, FoaOs, 
the typo of product depending upon the concentration of oxygen present at the time 
rusting takes plaec. 

The solubility of oxygen in distilled water at various temperatures and pressures 
is shown in Fig. 7-20. 

Carbon dioxide in conjunction with the natural alkalinity of the water governs 
the pll value, which is a means of expressing the motive acidity or alkalinity of the 
water. Figure 7-21 shows the effect of bicarbonate alkalinity and COa on pH value, 
and Table 7-7 shows the relation of hydrogen-ion concentration and pH value. 

The pH value influences the rate at which corrosion proceeds; the lower the pH 
value, the more acid the. water and the greater the intensity of the corrosion; con¬ 
versely, with higher pH values the corrosion activity becomes leas, and in some cases 
where the temperature is not increased appreciably, corrosion can be arrested merely 
by adding alkali and raising the pH value. 

321 






Ssc. 7] INDUSTRIAL WATER PURIFICATION AND TREATMENT 


The temperature of the water is governed by the prooesfi requirements and is fixed 
by the design of heat exchangers and the rate <;>f heat transfer. It therefore becomes 
impractical to attempt to govern the rate of corrosion by control of the temperature^ 
although it is well known that the corrosion of steel increases rapidly with increase in 
water temperature when the water contains quantities of oxygen and carbon dioxide 
in solution. 


Table 7-7. Relation of Hydrogen-ion Concentration and pH Value 


Hydrosen-iQn 

Cdlimin 1 

Reciprocal 
of 2 

Lok of 
C’ol. 3 


Acidity or alkalinity 

onoenlTOtioii, 

expressed 

pH 

of solution relative 

per 1 

as a fraction 


to a neutral solution 

(1) 

(2) 

(3) 

(4) 

(S) 

(6) 


1 D 

1 

1 

0 

0 

10.000,000 


0 1 

1/10^ 

10* 

1 

1 

1,000 IKJO 


0 01 

1/10* 

10* 

2 

2 

100,000 


0 001 

1/101 

10* 

H 

3 

10,000 

> 

n 

0 0001 

1/10< 

10« 

4 

4 

J ,000 


0 00001 

1/10» 

10* 

5 

6 

100 


0 000001 

1/10« 

10« 

6 

G 

10 


0 0000001 

l/IO^ 

lOT 

7 

7 

1 Neutral 

0 00000001 

1/10* 

10« 

8 

8 

10 (pure eater) 

0 000000001 

1/10« 

10" 

9 

9 

100 

> 

0 OOOOOOOOtii 

1/10^" 

low 

in 

10 

1,000 

0 00000000001 

1/lOU 

ion 

11 

11 

10,000 

1 

0 OOOOOOOOOOOl 

1/10« 

10'* 

12 

IJ 

100,000 

B 

0 OOOOOOOOOOOOl 

1/10'* 

ion 

13 

13 

1,0(K),000 


0 00000000000001 

1/10« 

10»* 

14 

14 

10.000.000 



Cold-water Deaerators. Cold-wntcr deaerators are used to remove oxygen and 
carbon dioxide from solution and obtain a noncoriobivc water, where it is dcBirablc 
to accomplish this without chemicals and with a minimum amount of mechanical 
equipment. 

The art of deaerating cold water is not new, as one of the first iiisiallatioiis was 
placed in servire on a large scale in 1917 for checking corrosion of a 30-in. steel pipe 
350 miles long from Mundarjng to Coolgardie m Western Aiisirulm. This installa¬ 
tion was capable of deaerating 6 nulljon gal of water per day and consistr‘d ol two 
units, each capable of treating 3 million gal of water in 24 hr. The water was deaer¬ 
ated by spraying it in a vacuum chamber. 

Powell and JJurns report on the effectiveness of a vacuum deaerator of the tiay 
type in checking corrosion of a 9-niile pipe Kne conveying Mississippi Itiver wutci to 
the Freeport Sulphur (Vimpariy mining operations 60 miles south of New Orleans, at 
Grand Kcaille. Tliis installation brought about 95 per cent reduction in the o\\gcn, 
the residual oxygen being 0.33 ppm. In order to have ashurance that conosion 
would be arrested, the residual oxygen was absorbed chemically by th(* proportioned 
introduction of sodium sulfite. It is interesting to note that this installation was 
very successful, w'hcrcas chemical moans tried previously w'cre not effective and were 
likewise costly. 

General Design of Equipment. Cold-waler deaerators, where heat is not applied, 
require 

1. Maintenance of a pressure w'ithin the unit corresponding to the boiling jioinl 
of the water under tre^atment 

2. Means for dividing the water into small and minuU particles in order to expose 
surface and to facilitate the escape of gases from solution w'hilo the optimum atmos¬ 
pheric conditions are maintained writliin the unit 

3. Means for withdrawing the gases from the container after liberation and the 
maintenance of a constant Vacuum condition 
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Whil^ the Ooolgardie and Fireeport instalUtioDa were succesaful in achieviniK their 
objcctiveB, the design of such equipment has advanced considerably, and it is now 
possible to reduce oxygen and carbon dioxide down to a fraction of a part per million, 
eliminating the necessity of supplementary chemical treatment for absorbing the 
last traces of oxygen. 

In general, the equipment is arranged so that water is introduced into the vacuum 
chamber through a spray pipe from which it is discharged in fine particles over a col¬ 
umn of staggered trays, generally constructed of wood. The water caacodes down 


Spf^ vafye ¥/afer box 


CoHt water 
returns 


Float cage 


Hot water returns 


Steam mist 



Constrfcttng port 
Steam chest 


Water distrPMtihg weir 


Ftaatcage 

, „ Deaerated water outlet 

Dram 

“ Orerflaw wtve 

Pio. 7-22. Atomizing deaerating heater. {JThe PermutU Co.) 


these trays which serve the purpose of distribtitiiig the water and breaking it into 
fine partirdes or films, permitting easy escape uf the gases. 

The noucondensable gases and a portion of the water vapor are withdrawn from 
the deaerator by meaus of vacuum-producing equipment which may take the form 
of steam-jet ejectors or mechanically oporat<»d vacuum pumps. 

Hot-water Deaerators* In the deaeration of water fur l^iler-feed purposes or 
other uses, where hot water of a noncorrosive nature is desired, reraovid of oxvgen 
and carbon dioxide is aecomplipheti by heating the water to the boiling temperature 
corresponding to the prt'ssiire acting upon it. Varit)us deaeration meaiis for carrying 
out this heating and rpmoval of the dissolved gases are employtHl, of which tihcro are 
three basic methods, reboiling, flowing over trays or pans, and atomization. 

Ill tho reboilcr deaerator, dissolved gases are removed by causing steam to bubble 
through the water, this steam being generated either by a closed heater element 
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located in the storage space of the deaerator or hy blowing the steam into the water 
through a multitude of small orifices. 

In the second type of deaerator, the tray or pan type, the water is spread out 
over baffles or trays in thin films in such a manner as to provide intimate contact of 
the steam with the water, through agitation, and a definite path for the steam so as 
to remove the gases from the apparatus as rapidly as they are removed from the 
water. 

The third type of deaerator utilizes the principle of atomization. The water is 
first sprayed into a steam atmosphere where it is heated to within two to three degrees 
of the steam temperature. This hot and partly dea(*raled water is then delivered 
into a high-velocity steam jet created by the flow of the incoming steam through a 
Bprmg-loaded nozzle. 

Figure 7-22 shows a deaerator of the atomizing type. 

Sode-forming Waters. Water as used for cooling purposes may be classed as 
aggressive or nonaggressivo in respect to the action on ferrous pipe Very fe'w sup¬ 
plies arc neutral, ?.e., neither corrosive 
nor scale forming Table 7-8 gives three 
water supplies used for cooling: source it, 
which IS corrosive to steel, and B and 
which formed a coating of calcium car¬ 
bonate in the lines. 

Problems arise with either tvpe of 
supply, corrosion with accompfiiiying 
tuberculation increases the friction droj) 
resulting in greater jiumping costs and 
increased maintenance. A scale-forming 
water likewise causes greater pumping 
costs and stoppage of hoat-transfer cqui])- 
ment, thus mcreasmg maintenance. 

Corrosion Prevention by Chemical 
Treatment Deaeration of cold water in 
many rases cannot be justified, and it is 
necessary to resort to chemical treat¬ 
ments for decreasing corrosion. Among 
the most common of those treatments 
are sodium silirate, calcium hydrate-lime, and chromate compounds. 

Sodium Silicate—Calcium Hydrate, With the use of sodium silicate or calcium 
hydrate, the effectiveness depends upon the promotion of inorganic protcetive films. 
Such films may consist of extraneous materials derived from salts dissolved in the 
water, such as carbonate or silicate of lime, or may be compo-sed of an oxide ])ioduccd 
by the attack upon the metal itself. In both cases the efiicienev depends on thi'jr 
density and the bond they make with the metal. In this type of ehemical treatment 
the film IS derived either from the natural constituents of the water itself, the added 
chemicals merely elianging the equilibriums so as to bring about depopiiiion, or it is 
furnished by the chemicals as in the ease of the silicate. Methods of treatment of 
this type have been successful in large-scale operations, such as city water supplies. 
For small-scale applications, however, they are less adaptable because the dosage 
and even the possibility of any benefits depend upon the composition of the local 
water and thus often present problems that demand local study and control. Too 
often, both in investigation and application, the uncompromising fact that water is 
anything but the same material anywhere has been forgotten. This simple fact can¬ 
not be given too much emphasis. The results of research or experience in corrosion 
by natural water are rarely of general application because they usually have to do 
with a particular water supply. Water from another “ource, or even the sami* water 
at another time, may not fit into the developed picture. 

Chromate Compound In the second type of chemical treatment, in which ihe 
protective film is an oxide of the metal itself, the chemical character of the water also 
plays a part, but one more easily compensated for. The phenomenon in this type is 
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Table 7-8. Sources of Water 
for Cooling 


Souree 

A 

B 

C 

Total soliiis 

48 

344 

400 

Suspended nolida 

2 

9 

0 

Silica 

2 

20 

10 

Sulfates a°i SO« 

3 

24 

50 

Chloridpt as Cl 

8 

24 

40 

Carbon dioxide 

27 

29 

30 

Calcium as Ca 

2 


65 

Magnesium as Mg 

2 


24 

IroA and aluimna 

1 

2 


Soap hardnesR as CaCO i 

12 

256 

240 

Methyl orange alkalinity as 
CaCOi 

1 ^ 

220 

290 

pH value 

6 <1 

1 

7 2 

7 2 


Notb: All quantitia ah part pei million except 
pH value. 
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essentially that of passivity. In true passivity, the oxide film is invisible. In fact, 
it is interesting to note that, as it has been pointed out, invisibility is a measure of 
effectiveuesB. To become thick enough to be visible a film must grow, and that 
means that some attack must ocmr through it. Furthermore, a thick film is likely 
to crack. The classical case of passivity is the effect produced on iron by immersion 
in concentrated nitric a,cid. The effect is not permanent when the environment is 
changed. 

Fortunately, the soluble chromates are highly effective passivating agents which 
are not corrosive and consequently can be kept permanently in contact with the sur¬ 
faces to be protected without danger to the equipment. 

Chromates contain chromate anhydridr (CrO») which becomes converted into 
inert chromic oxide (CrzOs) by giving up half of m oxygon. It is thus a strong oxi¬ 
dizer. In tills respect it resembles other passivating agents, producing a film of oxide 
of iron. But, again in common with other oxidants, it is also a cathodic depolarizer, 
thereby tending to promote corrosion as does dissolved oxygen. I’his latter tend¬ 
ency, however, is successfully combated by the eharacter of its anodic action. The 
effectiveness of the protective oxide film there produced appears to bo due not only 
to the simple production of a film of iron oxide but also to the remarkable density of 
the film arising from the effusion in it of a portion of chromic oxide produced by the 
primary anodic reaction and from the effect of the alkali produced in the immediate 
proximity hy the cathodic action. This last promotes immediate dense precipitation 
on the anode of the solution wliich is first formed there, whereas in ordinary corrosion, 
this solution must diffuse for some distance before a sufficient amount of alkali is 
encountered to precipitate it. with a result of loss and nonprotective product. Of 
these factors, the inclusion of chromic oxide is probably the most important as the 
oilier actions are also common to other oxidizing agents which have no, or less, pro¬ 
tective effect. 

The dosage of chromate is important. Its effective ai^tion logically depends on 
its presence at the scat of the reaction in sufficiimt concentration to play the role just 
described. It has been indicated that where there is local stagnation of the water, 
pitting is probable. Where chromate is usf*d it must be present in the circulating 
water in sufficient concentration to maintain its protective reactions in such places 
by sufficiently r'lpid diffusion. If the concentration is too low, the diffusion may he 
too slow, in which event pitting may actually bo promoted by the chromate because 
of its depolarizing action in surrounding nonstagnant cathodic areas and its effect in 
increasing the electrolytic conductivity of the water. 

Dosage, therefore, is largely dependent on the physical conditions of the equip¬ 
ment as it affects the development of stagnant points. Reentrant corners, crevices, 
and cracks are largely a matter of design. More impe rtant for equipment already in 
the field arc existing nist, loose scale, and tiibercies wrhich act as traps for water, 
thus promoting pitting. When these are present it is dangerous to depend upon 
increased chromate dosage to offset their effect. They should Ijc removed. 
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coNTEirrs 


POWER-PLANT THERMODYNAMICS 

I. DciinitiDnB 

A. Thermudyiiamics 
Enersy 
(7, ProHBiire 
Z). Temporaiure 
E, Jlcai 
Fs Kpeclfic heat 
Q, Work 
//. Power 

I. Enthalpy 

J. Entropy 

K. Power cycle 

L. C'v cle pfticieiipy 
Af. Hleam rate 

11, CharacteriatiCR of water and ateam 

A, Saturation temperalure 

B. Saturated steam 

C. Superheated steam 

D, Quality of wet aleam 

E, roniprosBi'd water 

F. TTrp of ateam tables 
0. M oilier chart 


_BY H L. Bolberq and C. L, Brown 

III. Kirat law of tbermodynamiCH 

A. Stalenieiit of first law 

B. Heat-trauafer devices 

1. Boilers 

2. Heaters 

3. Condonsera 

C. Expanhiou in turlnnee and enginoa 

1. Ideal (iseutropie) cxpansioii 

2. Throttling 

ly. Second law of thermodynamics 

A. Carnot cycle 

B. Effet-t of temperaiurca on efficiency 
V. Kankine cycle 

VI liiduHtnal-power-plant cycles 

A. Simple noneundenainff cycle 

B. Noncondensinis cycle with open feed 
healer 

C. Nimi'oiulenMng evele W’ith piucess load 

D. Automatir exLrariiou cyele 

E. (/ompaiisoii of eycliw 


fuels. ,. .by Gkraui B. Gould, Douolas IIendi rson. and Henry L. Bbttnjes 


1. Total marketed protliji titm 

A. Bituminouta coal 

B. Anthrafile coal 

C. Itesidual fuel oil 
I). Natural gaa 

If. Distribution of fuela—eonauiiiing areas 

A. Arean 1 to (t, inclusive 

B. Houtheaatet n area 

C. Western ar»‘M. 

III. ProtK'rties of fuels 

A Coal 

1. Clawili cation 

2. Analvsea of coal grou|ia 

3. Moisture 

4. Volatile and fixed raibnn 

5. Ash anil aah-aofti'ning temperature 

6. Sulfur 

7. Grindability 

8. Coking iiroporfien 

9. Calorific value 


B. ludustiial sizes of uiithracite^^buck' 
wheat coal 

1. Screen ommiiigs 

2 . Btandara siienhcations 

3. Moisture limits 

C. Fuel oil 

1. ASTM Bpecifteations 

2 . Detailed reauirements 

3. Gravity 

4. C'alonfio value 
fi. Flash point 

G. Water and sediment 

7. Viscosity 

D. Natural gas 

1. Btu V'alue 

2. AqueoviH vapor tension 

IV. Coal sanipling 

A. Siio of gross sample 

B. ItediiCTion of gioins sample 

C Sampling for size test of aniliracite 

V. Sampling fuel oil—methods 


FUEL PREPARATION AND BURNING EQUIPMENT .by Otto dk Lobenzi 


J Solid fuels 

A. Sizes of bituminous coal 

B. Anthracite sizing 

C. Faiuipiuent for buming solul fuels 
1, Stokers 

0 . Biugle-retort underfeed 
b. Multiple-rotort 
e. Traveling—or chain-grate 
d. SpTc‘adf*r 

D. Pulverized coal 

1. Siaudard seruen sizes 

2. Pulverizers 

a. Ball uiiU 

b. Impact mills 

r. Ring-roll and ball-race mills 

8. Burners 

a. Vertical firing 
h. Horizontal turbulent hnng 

c. Tangential firing 
II. Liquid fuels 

A. National Bureau of Standards detailed 
requirements for fuel oils 


B. l^ropertios of fuel oil 

C. Oil analysis 

D. Oil temperature 

E. Oil pressure 

F. Oil oumers 

1. Air-atnniiziiig 

2. Steam-atomizing 

3. Merhanical-atomiziiig 

III. GsBeous fuels 

A. Natural gas 

B. T^ical analysia of natural gas 

C. Natural-gas burners 

1. Low-pressure 

2. lligh-pmsure 

0. Gas-ring type 
6. Center-diffusion-lube tyiK 

c. Turbine tyjie 

d. Tangential type 

D. Furnace liberal tun 

IV. Supplementary fuels 
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BOILBRS AND BOILEK ADmiARIBS. 

L Capaoity and ratiuK 
IL Types of botim 

A, Fire-tube 

B, Water-tube 

1. StraiKht-tulH* 

2» Lniifdtudinal-dnim 

A. ('roBB-druni 
4. Bertinnal-header 
6. Bent-lube 
6. Four-drum 
7* Low-lioad 
& Two-drum 

9. High-presBuro steam generaton 
IIL Suporhsaters and desuperheaters 

A, By^pass damper control 

B. Adjustable burner control 
Desuperhsatora 

IV. Heat4«oovery eqidpment 


A. EooDQimaen 

1. Integral reojiomiaem 

2. ^parato ccnnuiiuaers 

3. Accessible type 

4. (/Onllnuuuh-tube type 

B. Air heaterb 

1. Plate typo 

2. Tubular 1> po 

3. Re|Ei*nerali\e type 

V. FurnaeoB for sioani-fsonerating units 

A. Singlo-Totort stokers 

B. Multiule-retort stokers 

C. Spreader stokers 

D. Travclikifi;- an<i chain-Krate stokers 

E. PulveriE^ eoal 

F. Liquid and gaseous fuels 

0. Types of wail-oDohng surfaces 
yi. Equipment selection 


LOCAL AND REMOTE GRAPHIC POWER MEASUREMENTS AND 
TOTALIZING. by W. E. Pbiijupb 
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POWER-PLANT THERMODYNAMICS 

BY 11. L. SOLBERG 

Headf School of Mechanical Kngineering, Purdue University 

AND 0. L. Brown 

AsmtarU Professor in Mechanical Engineering^ Purdue ('niversUy 

DEFINITIONS 

Thermodynamics. Thermodynamins is the science of heat energy and its trans¬ 
form atioxis. The thermodynamics of power plants is coiicerned with the study of 
heat energy derived from burning fuel and the conversion of this energy into meeWn- 
ical or electrical work. 

Energy. Energy has been defined as the capacity for doing work. Fuel has 
chemical energy which is released by burning and converted to heat energy. Part 
of this heat energy may be converted into mechanical work in accordance with the 
laws of thermodynamics. Bc^forc these laws may be, considered, it is necessary to 
define cfTtain physical quantities, Some of tliese are familiar, but in order to avoid 
possible confusion, all will be defined and the customary units will be sjiecified. 

Pressure. Pressure (p) is me;isurcd in pounds per square inch (psi) and may bo 
expressed as gauge pressure (psig) or absolute pressure (psia). An ordinary pressure 
gauge measures pressures above atmospheric, and to get absolute pressure, the pres¬ 
sure of the atmosphere as measured by a barometer must be added to the gauge 
reading. Since atmospheric pressure^ is geiuTally read in inches of mercury, tliis 
must be convort(‘d to psi by multiplying by the factor 0.491, 

Example 1: Imd the ahHolute prchhure of steam iii a boiler if the gauge reada 250 psig 
and the bnrometiic pressure is 28.5 in. of niorcury. 

Solution : 

p « 250 + (2H.5 X 0.191) = 2t>l pbia 

Pressures below' atmospheric pres,sure such as arc found in condensers are usually 
measured in inches of mercurv vacuum. The absolute pressure in the condenser 
may be found by subtracting the vacuum remlmg from the atinosphoric pressure. 

Example 2:1'ind the ab.^olute pressure iu a condenser in which there is a 2S-in. vacuum 
when the atmospheric pre,ssurc is 2U.5 in. Ilg. 

Solution: 

p = 29.6 - 2S “ 1.5 in. Ilg abs 
p = 1.5 X 0.491 = 0.74 psia 

Temperature. Temperature (i) is measured in the English sj’stem of units in 
degrees Fahrenheit. Sometimes it is necessary to use absolute temperature (T, 
degrees Hankine) which is measured above absolute zero, the lowest temperature 
which can exist. Absolute zero is about —460'’F so that, if the temperature is known 
in degrees Fahrenheit, the absolute temperature is f = 460 + ^ Thus 100®F is 
660“K. 

Heat. Heat is a form of energy which is transferred from one body to another 
because of a temperature difference, The addition of heat to a substance will pro¬ 
duce either a rise in temperature or a change of state, as, for example, the evapora¬ 
tion of water. Heat, as well as other forms of energy, can be measured in British 
thermal units (Btu). One Btii is the amount of heat required to raise the tempera¬ 
ture of 1 lb of water at atmospheric pressure 1®F, 
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Specific Heat, The specific hcnt of a material is the amount of heat required to 
raise the temperature of 1 lb of the substance 1°F. Thus, from the above, the specific 
heat of water at normal temperatures is unity. However, specific heats vary with 
temperature and pressure. 

Work- Work is done when a force is exerted on a body, and the body moves in 
the direction of the force. The units of work are foot-pounds (ft-lb). For example, 
if a weight of 10 lb is lifted 5 ft, 50 ft-lb of work is done. Work can be converted 
into heat, and 778 ft-lb equal 1 Btu so that work can be expressed in Btu by dividing 
the work in foot-pounds by 778. 

Power. Power is the rate of doing work. The two common units of power are 
horsepower (hp) and kilowatt (kw). These are defined as 

1 hp = 33,000 ft-lb per min = 2545 Btu/hr 
1 kw » 44,240 ft-lb per min «= 3413 Btu/hr 

A hoist lifting a weight of 33,000 lb a distance of 1 ft in 1 min develops 1 hp. 
Another hoist which lifts the same weight in 6 sec does the same work but does it 
ten times as fast and hence develops 10 hp. 

Enthalpy. Enthalpy (/i) is the term used for the energy content of water and 
steam. In steam tables and charts, enthalpy is measured in Btu per pound. 

Entropy. Entropy is an important but rather mysterious quantity. It will be 
sufficient here to define entropy as a measure of energy made unavailable or wasted. 
During the expansion of steam in an engine or turbine, if the entropy is not changed, 
no energy is wasted. If the entropy increases, however, some energy is lost and can¬ 
not be converted into useful work. Thus, the most efiicieiit expansion is one which 
occurs at constant entropy and is called a “constant-entropy” process. 

Power Cycle. A power cycle is a group of processes which form a closed circuit, 
the purpose of which is the conversion of heat energy into mechanical or electrical 
work. For example, the simple steam cycle consists of (1) pumping water into the 
boiler, (2) evaporating the water and superheating the resulting steam, (3) expanding 
the steam in a turbine or engine, and (4) condensing the exhaust steam. The con¬ 
densate then goes to the feed pump, and the cycle is repeated. 

Cycle Efficiency. Cycle efficiency is, like all efficiencies, a ratio and may be 
defined as the ratio between the work produced in the turbmc or engine to the heat 
supplied to the steam in the boiler. 

Steeun Rate. The steam rate of a prime mover is defined as the number of 
pounds of steam required at Ihe throttle per hour to develop either 1 hp or 1 kw. 
Since steam plants usually generate electrical power, the steam rate will hereafter be 
given as pounds per kilowatthour. 

CHARACTERISTICS OF WATER AND STEAM 

WTicn water is heated under constant pressure, its temperature iiirreases until a 
point IS reached at which it begins to boil. During evaporation, the temperature 
remains constant. At each pressure there is a definite boiling temperature whieh is 
called the “sauiratioii temperature” and corresponds to the pressure. Water at sat¬ 
uration temperature and pressure is said to be saturated. For example, the satura¬ 
tion temperature at 14.7 psia is 212°F. Water at 14.7 psia and 70°F is not saturated 
and must be heated to 212°F before it becomes saturated. 

Steam free of water at saturation temperature is called “saturated steam.” As 
long as water is present, the addition of heat will not raise the temperature but wull 
merely evaporate more w^ater. If saturated steam is removed from contact with 
water and heat is added, the temperature will increase, and the steam becomes 
“superheated,” The condition of superheated steam may be specified by giving the 
temperature and pressure. Sometinuna steam is referred to as having a certain super¬ 
heat. This is the difference between its teni]>erature and the saturation temperature 
corresponding to the pressure. However, if the steam is at saturation temperature, 
it may be dry (free of liquid water) or contain any amount of water. 'To specify 
the condition of such wet steam it is necessary to give the pressure (or temperature) 
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aud the quality, which is dsfinod os £he ratio of the we4|;ht of dry steam to the weight 
of the mixture of steam and water. 

Water may exist at pressures higher than that corresponding to its temperature 
as shown by the steam tables. Water under such condUtious is said to be '^com¬ 
pressed.^' For example, water at 212“F under a pressure of 200 psia is compressed 
water. A characteristic of compressed water is that the addition of heat will not 
cause evaporation but will merely cause a rise in temperature until the boiling point 
or saturation point corresponding to the elevated pressure is reached. 

Use of Steam Tables and M oilier Chart. Values of the various properties of water 
and steam have been determined on the basis of experimental data. There are several 
sets of tables, but the latest and most widely used is ' Thermodynamic Properties of 
Steam” by Keenan and Keyes, published by John Wiley & Sons, Inc. All thermo- 
dynamii' data used here will be taken from these tables. 

The tables are divided into four sections. 

Table 8-1 is a tabulation of the properties of saturated water and steam based on 
temperature. If the temjierature is known, then from the table pressure, enthalpy, 
and entropy may be found for saturated water and saturated steam. For saturated 
water enthalpy and entropy are represented by the symbols h/ and «/ and for dry 
saturated steam by hg and 8^,, rcspi^ctively. The increase in enthalpy during evapo¬ 
ration, A\hich is merely the difference between hg and fe/, is given in the table with the 
symbol h/g. Likewise, the increase in entropy during evaporation is designated by 
the symbol s/g. 

Table 8-2 is laid out in the same fashion except that values are given for a senes 
of pressures instead of temperatures. The first table is used to find the jiroperties of 
feed water and for cases wliere the temperature is known. The second table is used 
when prcssuie is known. 

When the quality of wet steam is known, the enthalpy and entropy can also be 
computed Ironi the steam tables. A pound of wet steam with a quality x consists of 
T Jb of saturated steam and (1 — x) lb of saturated water. If the enthalpy of the 
water h/ and steam hg aic found from the tables, the enthalpy of the mixture can be 
found as 

h — zhg -h (1 — x)hf 

= zhg H" A/ — xh/ 

A/ -b x{hg — hf) 

« hf -b zhfg (I) 

when* hfg is hg — h/, or the differeiirc in enthalpy between saturated steam and water 
at the same temperature. Entropy of wet stc^am can be calculated m the same way. 

Ex\mpi..b ',i: line] the enthalpy of steam at 100 p.'^la and 95 per ceiii quality. 

Solltion: 

A = 298 4 -b 0 05 X 888.8 = 1142.8 Btu/lb 

Table 8-3 gives the properties of superheated steam. Since the condition of 
superheated steam rannot be siiocified without know'ing both temperature and pres¬ 
sure, this table is set up on that basis. If pressure and tempeiature are known, 
enthalpy and entropy ran bo read from the table. 

Table 8-4 gives enthalpy and entropy' values for com pressed water at various tem¬ 
peratures and iiresHurcs Note that the effect of pressure on these properties is much 
less pronounced than the effect of temperature. For example, the enthalpy of 
saturatiHl water at 200“F (p = 11.5 psia), A/ » 167.99 Btu per lb. For compressed 
w^ater at 200‘’F and 600 psin, A = 169 30 Btu per lb. The difference between the 
two values of enthalpy is only 1 31, while the difference in pressures is 588.5 psia. 
For most calculations, it is sufficientlv accurate to take the value for saturated water 
at the same temperature as the compressed w ater. 

Data on steam can also be presented in chart form. Several t.vpes of charts can 
be devised, but the most useful one is the enthalpy-entropy or Mollier chart. F'igure 
8-1 is a skeleton MoJlier chart which is intended to illustrate the use of the large 
chart which is published as a part of all standard steam tables. The enthalpy aud 
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* KamrAN, J. H., and F. G. Ketes, "Thermodynamia Properties of Steam," John Wiley (k Sons, Ino., New York, 1936. U valuea computed from data in reference. 
Table reprinted from Lichtt, "ThermodynamicB," 2d ed., McGraw-Hill Book Company. Inc., 1948, as adapted from Kednan and Kbtb8.~ 























Table 8-2. Saturated H^O, Liquid and Vapor’ 
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859.2 

850.8 

843.0 

835.6 
828.5 

821.8 

816.3 

809.0 

803.0 

797.1 

791.4 

785.8 

780.5 
755.0 

731.6 

709.7 

688.9 

649.4 

556.3 

463.4 

360.5 

217.8 

Ni. 

13; 

47.05 

69.10 

82.99 

109.37 

130.13 

161.17 

181.11 

196.16 

208.42 
218.82 

236.03 

250.09 

262.09 

272.61 

282.02 

298.40 

312.44 

324.82 

335.93 

346.03 

355.36 

364.02 

372.12 

379.76 

386.00 

393.84 

400.39 

400.66 

412.67 

418.43 

424.0 

449.4 

471.6 

491.5 

609.7 

542.4 

611.6 

671.7 

730.6 

802.6 

Internal energyi Btu/lb 

.5* 

ooiQt^iH e>)aoai-too oc4a>C4r-i C4io««4>o | 

1037 

1044 

1048 

1056 

1063 

1072 

1077 

1081 

1085 

1087 

1092 

1096 

1097 
1100 
1102 

1105 

1107 

1109 

1111 

1112 

1113 

1114 

1115 

1116 
1116 

1117 

1117 

1117 

1118 
1118 

1118 

1118 

1117 

1116 

1114 

1109 

1091 

1065 

1030. 

972. 

a 

N 

hJ 

ooiusMO TH'^Oaora 1-ieDMoOiH eon^ooco okontnoo o<H<eeem 

^(0X9(00 ttuseioO r-iQ^iON d-4'^t^O ^3C74d.^ i-idddcb 

o>ppae» oooooooso oodoooodoo nr-i*Nt<- (ccedoS •n^^ee*-i 

fa" 

47.05 

69.10 

82.99 

109.36 

130.12 

161.14 

181.06 

196.10 
208.34 
218.73 

235.90 
249.93 

261.90 
272 38 
281.76 

298.08 
312.05 
324 33 
335 39 
345.42 

354.68 

363.27 

371.29 

378.86 

386.01 

392.79 

399.26 

405.46 

411.39 

417.10 

422.6 

447.6 

469.4 
488.8 

506.6 

538.4 

605.1 

662.2 

717.3 

783.4 

Volume, ft»/lb 

b.'* 

652.3 

339.2 

231.6 

118.71 

73.52 

38.42 

26.29 

20.089 

16.303 

13.746 

10.498 

8.515 

7.175 

6.206 

S.472 

4.432 

3.728 

3.220 

2.834 

2.532 

2.288 

2.087 

1.0183 

1.7748 

1.6511 

1.5433 

1.4485 

1.3045 

1.2895 
1.2222 

1.1613 

0.9278 

0.7698 

0 6554 
0.5687 

0.4456 

0,2765 

0.1878 

0.1307 

0.0858 

a 

C 

652.28 
339.18 
231 3a 
IIS 69 
73.50 

38.40 

26.27 

20,07 

16.286 

13.729 

10.482 

8.498 

7,158 

6.189 

5.465 

4.415 

3 712 
3.202 
2.816 
2.514 

2.270 

2.069 

1.900 

1.756 

1.6323 

1.5244 

1.4296 

1.3435 

1.2704 

1.2O30 

1.1420 
0.9081 
0.7497 
0.6349 
0.5478 

0.4240 

0.2530 

0.1621 

O.K^l 

0.0512 


0.01608 

0.01614 

0.01618 

0.01630 

0.01640 

0.01659 

0.01672 

0.01683 

0.01692 

0.01701 

0,01715 

0.01727 

0.01738 

0.01748 

0.01757 

0.01774 

0.01789 

0.01802 

0.01815 

0.01827 

0.01839 

0.01850 

0.01860 

0.01870 

0.01860 

0.01890 

0.01899 

0.01908 

0.01917 

0.01925 

0.0193 

0.0197 

0.0201 

0.0205 

0.0209 

0.0216 

0.0235 

0.0257 

0.0287 

0.0346 

E 

J 


79.03 
101.14 
115 06 
141 48 

162.24 

193 21 
213.03 

227.96 
240.07 

250.33 

267.25 
281.01 
292.71 
302.92 
312.03 

327.81 

341.25 
353.02 
363.53 
373.06 

381,79 
389.86 
397.37 
404.42 
411.05 

417.33 
423.29 

428.97 
434.40 

439.60 

444.59 

467.01 

486.21 

503.10 

518.23 

544.61 

596.23 

636.82 
668.13 
695.36 

a 

i 

1 

3 

5 

10 

15 

20 

26 

30 

40 

60 

60 

70 

80 

100 

120 

140 

160 

180 

200 

220 

240 

260 

280 

300 

320 

340 

360 

880 

400 

500 

600 

700 

800 

1,000 

1.500 

2,000 

2.500 

3,000 
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Kb*na»i, J. H., and F. G. KcrrEa.'“Th^modynamio Properties of Steam." John Wiley dc Bonsj Ine., Now York, 1936. 

Table reprinted from Lichtt, “Thermodynamica," 2d ed., McGravr>H^ Book Coxnpaio'. lno.« 1948k aa adapted from SaBRAirmad Ki 




















Table 8-3. Superheated HaO, Vapor* " 

/», Ib/in.*: T, ’F; V. U, Btu/lb fl, Btu/lb; 5, Btu/Ob X "R) 


8 ] 



J. H., and F. G. Kbtsb, ^'Thermadynainia Properties of Steam," John Wiley & Sonsj Inc., 1936. U values computed from data in. reference. 
Table reprinted from Lichtt, “ Thermodj'namics,*' 2d ed., McGraw-Hill Book Company’, Inc., 1948, as adapted from Kebkan and Ketkb. 






























































Table 6-3. Superheated HzO, Vapor* (Coni,) 
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* Kamrur. J. H., and F. Q. Karas, “Thennodynamic Pnqiertiaa of Si«un,’' John Wiley ft Sons, Ino., 1936. U rahm from data in lefi 

Table r^rinted from Lichtt, "Thermodynamics/' 2d ed., McGiaw-Hill Book Company, Ino., 1946, as adapted from KaafFAM and Karas. 








































Table 6-4. Liquid H|0* 

P, lb/ln.»; 7*, *Ft r. fUAb; CT, lBtaflh-,H, Btu/lb:S, Btu/(lb X "R). 
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(^raputed from Ebcnan and Knru, ‘‘Thermodynamic Properties of Steam," Table IV, p. 75, John Wiley & Sona. Inc., New York, 1938. 
Table reprinted from L»chtt. " Thermodynamics," 2d ed,, McGraw-Hill Book Company, Inc., 1948, aa adapted from Kesnah and Keteb. 











































FimT LAW OF mmMODYNAMlCB 




entropy of satumtod etoam can be detemi^d by finding the mterBeotioa of the eat* 
uratedHsteam Hno and the proper pressure line. The enthalpy and entropy pf super¬ 
heated steam are found by locating the intersection of the liups representing the 
pressure and temperature of the superheated steam. If the pressure and quality of 



Entropy S 

Fig. 8-1. M oilier chait for steam. 


wet steam are known, enthalpy and entropy can be found at the intersection of the 
quality and pressure lines. 

FIRST LAW OF THERMODYNAMICS 

The first law of thermodynamics states that energy can neither be created nor 
destroyed but only altered in form. When applied to a boiler, turbine, or similar 
device operating under steady conditions, the first law says that the energy flowing 
in is equal to the energy flowing out. This energy may be carried by steam or 
water; it may be heat or mechanical work. This is expressed in equation form for I 
lb of fluid as 

Q + “ IF* "h ^2 (2) 

whore Q — heat m per pound of fluid 
W « work out per pound of fluid 
ht “ enthalpy of entering fluid 
hi enthalpy of leaving fluid 

All quantities are expressed in Btu. If heat flows out or work in, the fact is expressed 
by a minus sign. The use of this equation will be illustrated bv several examples. 

339 


Sac. 8j 


POWER PLANTS 


Heat-tmisfer Devices and the First Law of Thennodynaniies. 

EzAima 4; A botttr reoeiveB water at 200°F and delivers steam at 400 psia and 600°F. 
Compute the heat added per pound of steam. 

SOLunoir: Water flowing into the boiler is evaporated into steam and superheated. 
Heat flows through the walls of the boiler and superheater tubes, but no mechanical work 
is done in the boiler. Therefore, the equation becomes 

g - At - hi (3) 

where Q « heat added per pound of steam 
hi ^ enthalpy of feed water ' 
hi » enthalpy of superheated steam 

The values for h are found from the tables and substituted in Eq. (3). Then, 

Q « 1307 - 168 = 1139 Btu/lb 

Examplb 5: A hoUer receives water at 200°E and delivers steam at LOO psia with 97 per 
cent Quality. Compute the beat added per pound of steam. 

Solution: Here the enthalpy of the steam is given by Eq. (1) as 

h = 298 4 0.97 X R89 = 1,160 
and Q * U60 - 168 = 992 Btu/lb 

EIxamplb 6: A process cooker receives steam at 20 psia with a quality of 95 per cent and 
discharges saturated water through a trap. Compute the number of pounds of steam 
required per hour to supply 100,000 Biu per hr to process. 

Solution: A sboam-heated cooker is like a boiler working in reverse. Steam enters 
and condenses, giving up heat. It is specified in the statement of the problem that the 
condensate is removed as saturated water, i.e., water at the saturation temperature cor- 
resiHmding to the pressure. Equation (3) applies with 

hj = 196.2 (at 20 psia) 
h, = 196.2 4 0.95 X 960.1 * 1,108.3 
and Q = 196.2 - 1108.3 * -912.1 Btu/lb 

The minus sign indicates that heat is flowing out of the steam. The weight of steam 
required per hour is 

100.000/912.1 = llOlb/hr 

In many cases involving Ihe condeusation of steam, the condensate may be “sub- 
cooled" or discharged at a temperature below the saturatiun tomperatiire corresponding to 
the steam pressuro. For most engineering coiiiputatious, the enthalpy of the subrooled 
condensate may be considered as being equal to the enthalpy of saturated water at the 
actual temperature of the condensate. 

Example 7: A surf ore condenser operating with a 28-in. vacuum riMroives 50,000 lb per 
hr of steam at a quality of 88 per cent. The atmospheric pressure is 30 in. 11 g. Conden¬ 
sate is discharged to a hot well at 90®1'\ If cooling water enters at 75®F and leaves at 
85®F, compute the gallons of water per minute required. 

Solution: The steam side of the condenser is similar to the cooker of Example 6. The 
heat removed per pound of steam is 

Q — hi — hi 

For wet steam at 2 in. Hg absolute (30 in. — 28 in.) 

fci « 69 4 0.88 X 1037 « 982 Btu lb 

The condensate is subcooled water liecause its temperature of 90°F is lower than the 
saturation temperature at 2 in. Hg (101®F), but its enthalpy can be found with sufficient 
accuracy by assuming it saturated nt 90®F, so hs » 58 Btu per lb. 

Q « 58 - 982 « -924 Btu/lb 

This is the heat removed from each pound of steam. The amount removed per minute is 
-924 X 50.000/60 * -770,000 Btu/rnin 

This heat must be oarriod away by the cooling water. The heat picked up by each pound 
of water may be calculated in two ways. The first method consists in fiuding the change 
in enthalpy of each pound of cooling water. The water enters at 75®F with an enthalpy 
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of 43 Btu por lb and leaven at 85^^ with an enthalpy of 53 Btn per lb. Therefore, each 
pound of water picka up 

Q » 53 - 43 » 10 Btu/lb 

The second method consists in using the specific heat (amount of heat required to raise 
the temperature of 1 lb 1 ^F) which for water is unity. Therefore, each pound picks up 

(2 « 1 X <86 - 76) » 10 Btu/Ib 

The number of pounds of cooling water required is 

770,000/10 - 77,000 Ib/min 

and since 1 gal of water weighs 8.34 lb, the condenser requires 

77,000/8.34 « 9,230 gal/min 

Example 8: An open (direct-eontact) feed-uxUer heater heats 50,000 lb per hr of water 
from 90 to 212°F with steam at atmosphenr pressure. If the steam is saturated, compute 
the number of pounds per hour required. 

Solution: The heat required per pound of water heated is 

Q 180 - 58 = 122 Biu 

and the total heat is 122 X 50.000 » 6,100,000 Btu per hr. Each pound of steam enters 
with an enthalpy of 1,150 Btu This steam is condensed in the heater to saturated water 
at 2]2“r with an enthalpy of 180. Hence, 

<2 « 180 - 1,150 - -970 Btu/lb of steam 
The number of pounds of steam required is 

0,100,000/070 « 6,300 Ib/hr 
The total fiow of hot water from the heater is then 

50,000 + 6,300 = 66,300 Ib/hr 

Example 9. One hundred pounds per ininule of oil is cooled in a heat exchanger from 
200 to 100°F by water entering at 7o°F and leaving at 90”F. If the specific heat of the 
oil is 0.45 Btu per lb per deg I, how many gallons of cooling water per minute are required? 

Solution: The heat given up by the oU is 

Q - 100 X 0.46 X (200 - 100) * 4500 Btu/min 
Each pound of water picks up 

Q - 1 X (90 - 76) « 15 Btu/lb 

The amount of water required is 

4,500/15 -= 300lb/imn 
or 300/8.34 « 36 gal/nun 

ExpanBion of Steam in Turbines and Engines and the First Law of Thermody- 
namica. The behavior of stoam in passing through an engine or turbine can be 
illustrated by a MoUier chart (Fig. 8-2). Steam at condition a is admitted to a 
turbine. If the steam is superheated, point a can be located on the Mollier chart at 
the intersection of the lines representing its temperature and pressure. If it is wet, 
the point is at the intersection of lines representing its pressure and quality. In 
Fig. 8-2, steam at point o is superheated, but the discussion to follow is also true for 
wet steam. 

Since the juirpose of the turbine is to convert as much of the heat energy of the 
steam as possible into work, it is desirable that the enthalpy of the exhaust steam be 
as small as possible. When steam is expanded to a definite pressure, the final point 
on the chart will be somewhere on the line representing that pressure. If the expan¬ 
sion is at constant entropy, the point will be directly below point a (point 6). If 
friction is present, the entropy will increase, and the final point is at c, for example. 
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The ideal eaqiansion taked place at constant entropy and may be represented on the 
JMollier chart as a vertical straight line. 

The heat flow through the cylinder of a turbine or engine is quite small and may 
be neglected except in very small machines. For this condition, Eq. (2), which 
expresses the first law of thermodynamics, may be written as follows: 

W hi hi ( 4 ) 

The application of this equation to the isentropic or ideal expansion of steam through 
a turbine is illustrated by Example 10. 



Entropy S 

iio. 8-2. Mollicr chart showing turbine expansion lines. 


10; A turbine receives steam at 1,400 psiu and 840«T and expands to a pressure 
Senlmpical^ what is the steam rate in pounds per kilowatthoiu' if the turbine expands 

P®*" enthalpy of the exhaust 

steam can be found by going straight down the chart (constant entropy) untU the 2-in 
pressure hue is reached and is 85W Btu per lb. By Eq (4) ^ 


W = 1,396 - 869 « 637 


Therefore each pound of steam develops 637 Btu of work. 
Btu per hr, so the steam rate is 


One kilowatt requiroe 3,413 


3,413/537 « 6.36 Ib/kwhr 

steam rate as determined from an isentropic expansion is called the ^‘idoar’ 
or thooretical steam rate and is the minimum steam flow required to develop 1 kw 
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under ideal conditions. In the actual machine friction increases the entropy during 
expansion, and less work is done per pound of steam because the enthalpy of the 
exhaust steam is greater. 

throtdiag J^ocesm and the First l4iw of Thennodyuamics. A third general 
type of process involves the throttling or reduction of pressure by an orifice or throttle 
valve. Usually the heat losses are very small and can be neglected, and there is no 
external work done. The energy equation then becomes 

hi = hi (5) 

i.e.f the energy (‘oiitent of the throttled steam is unchanged. 

This fact is the basis of the throttling calorimeter. If wet steam at moderate 
pressures is throttled to about atmospheric pressure, it will become superheated if 
not originally too wet. This can be seen on the Mollier chart by drawing a horisontal 
line (constant enthalpy) from the point representing the initial condition of the 
steam to the exhaust pressure Ime. The enthalpy of the superheated steam can be 
found from the tables or chart, and this is also the enthalpy of the steam at the higher 
pressure. The quality of that steam can be read from the chart or computed. This 
is illustrated by Example 11. 

I'IXAMPLB 11; Steam is thruttled from 100 ijsia to 20 p^ia and 250“F. C7unipute the 
initial quality. 

Solution: In thia caae, ha = 1,107.3 from the superheated steam tables or the Mollier 
chart (Fig. R-2). At 100 psia, h/ * 298.4, and = 888.8 

hi = h/ 4 rhfff 

but hi is known to equal ha, so 

1,167 3 - 298 4 4- (88H.8)x 
X (1,107 3 - 298.4)/888 8 * 0.976 

Hence the quality of the steam at 100 psia is 97.6 per cent. 

When steam flows through a throttling governor on a turbine or engine, there is 
no enthalpy change through the valve. However, there is a decrease in the available 
energy of the steam, or, in other words, a decrease in the amount of w’ork which can 
be developed. The effect of the throttling governor on available energy can be 
shown on a Mollier chart (Fig. 8-2). Steam at point a could be expanded isentrop- 
jcally to point h or throttled to point d and then expanded isentropically to point c. 
It can be seen from Fig. 8-2 that less work is done by the steam that has been throttled. 
The available energy is less because the entropy has mereased, 

SECOND LAW OF THERMODYNAMICS 

The second law of thermodynamics deals with one of the fundamental principles 
of science, Ihe concept that energy is being converted in all natural processes into 
forms in which less of Ihe energy can be converted into work. This principle is met 
ill so many fields of science that the many statements of the second law which appear 
in books on thermodynamics, physics, and chemistry' often seem to be unrelated to 
one other. This discussion will bo confined to that phase of the si^cond law which 
is concerned with the efTicicncy of conversion of heat into work. 

TjoI it be assumed that a source of heat exists at a constant high temperature T\, 
that the heat which cannot bo converted into work may be rejected to a reservoir 
such as the atmosphere or a large body of water at a constant temperature Ts, and 
that a suitable working medium such as steam or air is contained in a cylinder behind 
a gaslight piston. This piston slides without friction in a cylinder so arranging that 
heat may be transferred to the working medium from the high-temperaturo souroe 
and re.jected from the medium to a low-temperature sink or riTeiver. In 1824, Sadi 
Camut demonstrated that the maximum amount of work could bo obtained from a 
given quantity of heat if the following conditions exist: (1) The heat transferred 
from the source to the working fluid is transferred at the maximum possible tempera¬ 
ture which is the temperature of the source Ti; (2) the heat that cannot bo converted 
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to work is rejected at the lowest possible temperature which is the temperature of 
the Bink Tt; and (3) expansion of the working medium from Ti to Tt and compression 
from to must take place without friction or heat transfer. Under these ideal 
conditions, the theoretical or maximum efficiency of conversion of heat into work is 
independent of the working medium used and is given by 

c = (Ti - T2)/Ti = 1 - Ti/Ti (6) 

Equation (6) is often used as a statement of the second law of thermodynamics. 

Equation (6) shows that the theoretical efficiency can be increased by increasing 
the initial temperature Ti or reducing the exhaust temperature Tt. Suppose cooling 
water is available at TO^F, or 70 -f 4^ = 530“R, and a source of heat exists at 700®F, 
or 700 + 460 =* IjldO^R. Then the maximum possible efficiency under those coudi^ 
tions is 

e = 1 - 530/1,160 ^ 0.543 

Heat energy is low-grade energy which ran be transformed into work only with 
difficulty in complicated apparatus and at relatively low efficiency. In all natural 
processes that involve heat transfer and fluid friction, the temperature level of the 
energy tends to decrease, and less of it may be converted into work. 

RANKINE CYCLE 

The ideal or theoretical cycle of the simple power plant is the Rankine cycle 
whicji is illustrated in Fig. 8-3. This cycle is performed in four pieces of equipment 



which are connected b}' suitable piping. They are (1) the boiler and superheater 
in which steam is g<‘ncratcd by heat released by burning fuel, (2) the engine or tur¬ 
bine in which work is done >)v the expansion of the steam, (3) the cxindenser which 
converts the exhaust steam into water and rejects the wa^ heat to cooling water, 
and (4) a boiler-feed pump which returns the condensate to the boiler. 

The efficiency of this type of plant will be worked out under the following con¬ 
ditions: no pressure drop or heat transfer in the piping system, isenitupic expansion 
in the turbine, saturaW water in the condenser, and no work in the boiler-feed 
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FlO. H-4. Kifect of exhaust preaaure on atcam rate and cycle efficiency. 

pump (the amount of work required by the pump is very small for moderate boiler 
pressures and can be ]ie|;lec1e(1 for ordinary calculations). Then, from £q. (1) for 
the first law, using the symbols from Fig. 8-3. 

In the boiler and superheater 


In the turbine 
In the condenser 


Qm = — ft/2 

TT * fti - ft2 
Qmit = fts — ft/2 


Efficiency *» (work output)/Cheat input) 

» (fti - ft.)/(ft. - ft/2) (7) 

where ft. = enthalpy of steam leaving the sup<»rheater and enU'ring the turbine, 
pressure pi 

hi — enthalpy of exhaust steam after iseutropic expansion to the back pres¬ 
sure pi 

ft /2 = enthalpy of saturated water at pressure pi 
The calculation of Ihe efficiency of the Itankine cycle may be illustrated by 
Example 12. 

Example 12: Compute the effiriency of the Rankine ryelo if stoam is supplied at 400 
psig and 720®F with exhaust at atmospheric pressure 14.7 pida, 

Solution: From the Mollier diagram (Fig. 8-2) or superhoated-steani table at 414.7 
psia and 720°F, hi ^ 1373 Btu per Ih. After isontropic expansion to 14.7 psia, fts is found 
from ihe Mollier chart to be 1075 Btu per lb. At 14.7 psia ft/z is given as 180 Btu per lb in 
steam table 8-2. Then 

Heat supplied in boiler and superheater * 1373 — 180 =» 1193 Btu/lb 
Heat converted into work in turbine » 1373 — 1076 *= 298 Btu/lb 
Heat rejected to cooling water 1075 — 180 =■ 895 Btu/lb 

Efficiency » 298/1193 = 25 per cent 
The theoretical steam rate « 3,413/(298) - 11.46 Ib per kwhr 
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Fjo. 8-5. EfTei'l Ilf ijilet piossuip on btoaiii late and ryrle pfriciency. 



Fia. 8-6. ElTect of steam temperature on ytearn rate aud cycle offinoncy. 


The effect on the efficiency of the Kankine cycle of changing the back predsure 
from 14.7 peia to 2 in. Ilg abs may be illustrated by Example 13. 

Examplb 13: Compute the efficiency of the Rankine cycle for the same data as in 
Example 12, except that the back prepare ie 2-in. Ilg abo. 

BoLtmoN; Upon iscutropic expaiibioii from 414.7 psia and 720°^. to 2 in. Hg, As is found 
from the Mollier chart (Fig. 8-2) to l>e 918 Btu per lb. Also, at 2 in. Hg, A/s is 69 Btu per lb. 
Then 

Heat supplied = 1373 — 69 =« 1304 Btu/lb 
Work done 1373 — 918 -- 465 Btu/lb 
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tSisc.« 


Heat rejected in dtmdenaer « 918 — 00 049 fitu/lb 

Efficiency 406/1,304 * 34.9 per cent 
Theoretical steain rate « (3,413)/(455) « 7.6 Ib/kwhr 

A comparison of the results of Examples 12 and 13 shows the improvement in 
efficiency and r^uced steam irate which results from a reduction in the exhaust pres¬ 
sure. Figures B-4, 8-5, and 8-6 illustrate the effect on steam rate and efficiency of 
changing the exhaust pressure, the initial pressure, and the initial temperature of the 
Kankine cycle from the conditions specified in Example 13. 

INDUSTRIAL-POWER-PLANT CYCLES 

Where electric power is the only output of the industrial plant, it is generally 
more economical to purchase power than to generate it unless low-cost or by-product 
fuel is available or the plant is large enough to justify the refinements of design found 
in central-staiioti plants. Most industrial plants not only generate power but also 



Fig, 8-7, Ruiiple open cycle with exhaust to atmosphere. 


furnish steam for space liealmg and process loads. Most of the energy in h-p steam 
cannot be converted into work in even the most modern power plants as indicated 
by the second law of thermodynamics However, by proper arrangement of the 
cycle, most of the energy in the exhaust steam may be used for heatbig or process 
purposes in industnai plants having a good balance between power and heating 
requirements. Under such conditions, much of the fuel cost as well as other boiler- 
plant costs are not chargeable to power, and the cost of such “by-product" power 
is quite low. 

''rhe simplest power-plant cycle is shown in Fig. 8-7. Povrer is the only output, 
and most of the energy supplied in the steam-generating unit is wasted to the atmos¬ 
phere. This cycle is used in portable plants and those burning waste fuel. 

In Fig. 8-8, a direct-contact feed-water heater has been added to this cycle, and 
port of the energy in the exhaust steam is recovered in the heater, thus reducing the 
loss to the atmosphere. In Pig. 8-9, a heating or process load is added to the cycle 
of Fig. 8-8. If this load is too low to absorb all the exhaust Steam, energy is wasted 
to the atmosphere. If the process load requires more steam than is needed by the 
turbine to generate the electrical load, a pressure-reducing valve is provided to by-pass 
steam around the turbine. 

Figure 8-10 shows a cycle with an automatic-extraction turbine which exhausts to 
a condenser at low pressure and to a process load at an intermediate pressure, lliis 
cycle is used where the sU'am required for j)Ower is ui excess of the steam required 
for process during a large portion of the tot^ time of operation. Instead of wasting 
the energy in the surplus exhaust steam to the air, as in the cycle of Fig. 8-9, the sur- 
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Fig. 8-8. Open cycle with direct-contact feed-water boater. 


Pif.h, 



Fig. S-9. Noncon don sing cycle with process steam load. 
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plus steam is expanded to the oondenser preseurei thereby doing more Vrork. The 
loss of low-teznperature energy is reduced. 

The comparative performance of the various cycles illustrated in Figs. 8-3 and 
8-7 to 8-10 is shown in Table 8-5 for constant initial steam conditions and a uniform 




Fiu. 8-10. Condensing e 5 'clo with process steam load and automatic-extraction turbine. 

power load of 3,000 kw. The amount of heat n'jertcd to the atmo8i>here or to con¬ 
denser cooling water should be compared. Also, in the cycles of Figs. 8-9 and 8-10, 
the process load could i»e so heavy tliat insufficient steam is available from the turbine, 
and h-p steam must be throttled to the process load. Then the energy rejccte<l to 

Table 8-5. Heat Rejected to Waste in Atmosphere or Cooling Water for Various 

Power-plant Cycles 

roNDiTifurs.' Pi * 400 psiK; U » 720'’F; iseiitropic expannion in turbine; power output of turbo 
unit M 1,000 kw; saturated water from roiidenscr and dirpct-rfintart heater; 25°F subc-ooling of con¬ 
densate from process loads; OO^’F make-up. 


t'yolo 

1 Pi 

nlwolule 

Process ^ 

load. 

Btu per hr 

Heat 1 

supplied in 
boiler and 
BuperheatoT, 
Btu per hr 

Work race of 
turbine, 
Btu per hr 

Heat 

absorbed in 
feed-water 
heater, 

Btu per hr 

Heat 

rejected to 
atmosphere 
or oooKng 
water, 

Btu per hr 

Fig. 8-3 

Fig. 8-3 

Tig, 8-7 

Fig. 8-8 

Fig. 8-9 
irig. 8-0 

Hg. 8-9 

Fig. 8-10 

Fig. 8-10 
k^g. 8-10 

14 7 pai 

2 in. Hg 

14 7 iisi 
14.7 iisi 

14 7psj 

14 7 psi 

14 7 psi 

40 iisi 

40 psi 

40 psi 


13,560,000 
9.750,000 ' 
15,400,000 
13.550,000 
13,550,000 
13,550,000 
13,650.000 
10,400,000 
12.300,000 
14.000,000 

3,413.000 

3,413,000 

3,413,000 

3,413,000 

3,413.000 

3,413.000 

3.413,000 

3,413.000 

3,413.000 

3,413,000 


10,250,000 
5,350.000 
11 990.000 
8,510,000 
7,960,000 
4.390,000 
840,000 
5,010,000 
3,690.000 
1,910,000 






l,740,t)00 

1,270,000 

850.000 

410,000 

1,130,000 
1,090.000 
415,000 

2,000.000 

5,000,000 

9,000,000 

2,000,000 

6,000,000 

9,000,000 
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the atmoaphere or eoadeoaear is zero. (Actually, a small amount of steam must flow 
through the 1-p section of the extraction turbine to keep it from overheating.) 

Some mdastrjal**powcr-plant cycles become very complex. Steam may be bled 
from an automatic extraction turbine at two different pi^essures instead of one. In 
some plants, a variable amount of steam at an intermediate pressure may be avail¬ 
able as exhaust steam from steam hammers or steam engines and a mixed-pressure 
turbine may be used. This turbine operates like an automatic-extraction turbine 
except that steam at interm('diato pressure, instead of being extracted, is supplied to 
the turbine and expanded to condenser pressure. Steam-engine-driven auxiliaries 
may operate on h-p steam and exhaust to a feed-water heater or a process load. In 
all cases, the ideal condition is one in which the heating and process load is supplied 
by stream which has generated power and in which the loss of low-temperature energy 
to condenser cooling water or atmosphere is reduced to a minimum. 
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BY Gerald B. Gould, Douglas Henderson, and Henry L Brunjbs 

Fwl and Power CarmUtanls, Fuel Kngineermg Compang of New York 

The energy demands of the United States for industrial and utility steani-^wcr 
purposes arc met by the use of solid, liquid, and gaseous fuels—chicliy by bituminous 
coal. The approximate percentages contributed by each type of fuel to satisfy these 
requirements are bituminous coal, 70 per cent; anthracite coal, 2 per cent; fuel oil, 
13 per cent; and natural gas, 15 per cent. 


TOTAL MARKETED PRODUCTION 

Bituminous Coal. In recent years, the production of bituminous coal has varied 
from a low of approximately 300 million tons in 1032 to over 600 million tons in 1044. 


Table 8-6. Production of 
Bituminous Coal 


Table 6-7. Petroleum 
Refining Areas 


West Viriduia . 

Per rent 

. 27 

On-lifornia . . 

Per cent 
29.5 

remisvlvania . 

. 24 

Gulf Coast (Texas and LniiisiAna.) 

24 8 

Illinois . 

. 13 

East Coast. . 

. 17.8 

Kentucky. 

. 12 

Indisna, Illinois, and Kenturkv .. 

_ 12.3 

Ohio . 

. 5 

Texas, Arkansas, Louisiana inland. , 

. . 6,5 

Virjrinia . 

. 3 

Oklahoma, Kansas, snd Missouri. , 

.... 52 

Alabama . 

. 3 

Rocky Mountain . 

. 2.4 

Indiana . 

>1 

Appalachian . 

. 2.0 

All others . 

. 11 


TooTb 
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While prarticaily half the 48 states produce bituniinous coal, 89 per cent of the total 
is from eight states—all located cast of the Mississippi River, llie production is 
shown in 'Fable 8-6. 

Anthracite Coal. The production of anthracite is approximately 10 pur cent that 
of bituminous, and of this alxmt 85 per 


cent is used in domestic and commercial 
heating cquipuumt. Practically all of it 
originates in Pciuisylvania. In 1944, the 
total was 61 million tons. 

Residual Fuel Oil. Production of 
residual fuel oil in 1044 amouni(Kl to 
461.4 million barrels and was disthhuied 
among the several petroleum refining 
areas, in order of magnitude, aa shown in Tabic 8-7. 

Natural Gas. The total marketed production of natural gas for domestic, com>^ 
merdal, and industrial fuel in 1944 was 2,486 billion cu ft. The total production 
was distributed as shown in Table 8-8. 


Table 8-8. Production 
of Natural Gas 

Prr emt 

Texas. Louisiiuia, anrl Oklahoma. 63.8 

Calitoinia .. , 13.5 

West VirKlnia. Kentucky, PennHylvania, 

Ohio, New York. 11.4 

All others. 11.3 

rdoTo 


DISTRIBUTION OP FUELS 

The characteristics of the fuels economically available ore limited in the first 
plooe by the location of the consuming plant. Because of the relatively high Cost of 
overland transportation per unit of energy, nearly all coal is consumexi within 300 
miles of its place of production or at more distant points to which a substantial part 
of the transportation is by water. For the same reason coal from one producing 
district is unable to compete successfully with coal produced nearer to a given prtnt 
' * fiupsriot nuffribers refer to epeoifio referenoee listed at the end of ibis eubasettoa. 
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ol ooiLBiunption, unless favored by distinctly lower production costs or by chemical 
and physical properties of the coal which make it better adapted to specific uses. 
This has resulted in a well-Klefined pattern of distribution which is described in detnil 
below. 

The cost of transportation of fuel oil by pipe line or tanker and of natural gas by 
pipe line is considerably lower than for coal per mile per unit of energy. Thus both 
these fuels have been able to move from three to five times as far as coal to reach 
consuming areas to which suitable transportation faciliti(*s arc available. The avail¬ 
ability of both oil and gas at a given point of consumption, however, is determined 
by the cost of secondary distribution to the consumer. Gas, of course, can be deliv¬ 
ered only to a service-comu'ctcd consumer who is loeated either near a trunk pipe 
line or within the limits of a city gas-distribution system. 

Crude oil or the lighter fuel oils can be transported by pipe line or by barge or 
tanker, but the heavy fuel oil commonly used by industry for steam generation can¬ 
not be transported by pipe line because of its high viscosity. Hence, heavy fuel oil 
is ordinarily marketed onlj^ wilhin a short radius of refineries or waterside terminals 
from which it can move overland only ])y truck or railroad tank car. Generally such 
overland movement in the industrial area east of the Mississippi River is in the 
direction of some producing coal field, so that the further the oil moves, the greater 
is its cost to the consumer, while the cost of eoal becomes less. The light oils can be 
transported overland by pip<* Ime to secondary centers of distribution and conse¬ 
quently are economically available over a wider area, especially since these grades of 
oil are usually in competition only with the more costly domestic sizes of eoal for 
residential heating or for use in di(‘scd engines. 

The result is that a large part of the total fuel-oil consumption is concentrated 
along the North Atlantic seaboard to which oil can be transported cheaply by tanker 
and which is most distant from the coal-producing fields of all the territory in the 
northern states east of the Mississippi. 

A comparatively small part of the total fuel oil used in sta lionary plants or for 
residential heating is consumed near the oil fields because natural gas is usually pro¬ 
duced in or near the same areas and costs much less per unit of energy at the point 
of production. 

In summary, in 1941, 85 per cent of all the coal consumed in the United States 
for all purposes, except railroad fuel, was used in the northern industrial states east 
of the Mississippi River. In the same area in that year 70 per cent of all the fuel 
oil was used, and three-quarters of this was in the New Pmgland and IMiddlc Atlantic 
states. On the oth(*r hand, 70 per cent of the natural gas used for fuel was consumed 
in the territory to the south and west of the preponderantly coal-burning area, and 
83 per cent of this was used west of the Mississippi River. 

Natural gas and the several gradt'S of fuel oil all have substantially the same 
physical and chemical j)rop(»rties everyw-here. On the other hand, the characteristics 
of the coal economically available at different locations relatively near each other in 
the Northeast (where most of the coal is consumed) vary in many important respects 
depending upon tlio location of the mines. Therefore, the pattern of fuel distribu¬ 
tion in this area is of ]»rimary importauee. This distribution pattern is described and 
the typical range of the chemical and physical i>ropertics of the coal available in each 
subdivision of the northcasteni part of the country is given in tlic following raateriiil. 

The industrial Northeast can be divided into six market areas, within any one of 
which the coals economically available for industrial use originate in only a few pro¬ 
ducing districts and have a distinctive range in their more important physical and 
chemical properties. Thf*se six divisions are shown on the aecoinpan^ing map, Fig. 
8-11. It should be noted, however, that the boundaries of these consuming areas 
have been determined primarily by the relative delivered cost of coal from the differ¬ 
ent producing districts and the quality of coal from cOitipetiiig producing districts. 
Neither is unchangeable, so that, with the passage of time and changing conditions, 
they will vary somewhat. Also these boundaries are not impassable, so that within 
a short distance of a boundary, coals available in the adjoining consuming area should 
be considered. For special purposes requiring a quality of cod not ordinarily econom- 
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ical for steam generation at a given location, a source of supply at some distance 
may have to be chosen. 

Consuming Area 1. Consuming area I embraces that part of eastern and southern 
New England adjacent to the seacoast and most distant by direct rail haul from any 
coal-producing field. The rnal for industrial use comes almost entirely from the low- 
and medium-volatile fields of Routhorn West Virginia by rail to tidewater at Hampton 
^ads and then to New England ports by collier. The typical quality characterise 
ties of these coals are moisture, 2.5 per cent; volatile, 16 to 23 per cent; ash, 6.5 per 
cent; Btu, 14,300. The softening temperature of ash for coals from these fields 



varies widely but is usually found between 2400 und 2800‘*F. The grindability- 
index values are generally in the higher ranges, 80 to 95 on the ball-mill scale or 100 
to 115 Hardgrovc equivalent. 

Note: These coal-quality figures and those in shnUar tables which follow represent a 
quality for induhtrial-stoarii Rises of coal that corresponds to the major part of production 
in each district. The quality of coal shipped by individual mines will vary considerably 
above and below these figures, in some ca<<es by a substantial amount. 

Consuming Area 11. Cionsumiiig area II includes the western portion of New 
England, the eastern sectioiis of New York and Pennsylvania, and all New Jersey, 
Delaware, and Mar>dand. Within this area lie the anthracite fields of Pennsylvania, 
and the low-, medium-, and high-volatile bituminous fields of central Pennsylvania 
and Maryland. Almost the entire output of these producing fields is consumed 
within this area. Immediately adjacent are the high-volatile bituminous fields of 
northern West Virginia, and a substantial part of its output is also shipped to this 
consuming area. 

Industrial consumers in this area (except at points close to the mines) have an 
exceptionally wide range in the properties of coaJ available, from the small sixes of 
anthracite through the whole range of volatile content, softening temperature of ash, 
friability, griudahility, and sulfur found in bituminous coal p^ucod in the whole 
Appalachian region. Along the coast, heavy fuel oil is also available. Fuel selection 
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aiid the design of steam-generating equipment in this area require careful study, 
depending upon the exact location of the plant. 

The typical quality and character of the coals available aro shown in Table 8-9. 

Table 8-9 



Moisture, 
per rent 

Volatile, 
ver cent 

Ash, 
per rent 

Bttt 

Central Pennsylvania... 


18-23 

B.O 

14,000 

Central Pennsylvania. 


30 

8.0 

13,800 

Nirthem West Virginia (iugh volntiltM 


36 

0 0 

13,300 


In the central Pennsylvania lit‘lds, the ash-softening temperature of the various 
classes of coal will vary from 2200 to 2900®F. The lower volatile coals are usually 
found easy to pulverize, having indexes of from 85 to 95 on the ball-mill scale, 105 
to 115 on the Hardgrove. The higher volatile coals are somewhat harder, with 
indexes of from 60 to 75 ball-mill scale, 80 to 95 Tlardgrove. 

The northern West Virginia high-volatile coals have ash-softenIng temperatures 
of 2000 to 2300®F, Their grindability indexes range from 45 to 55 ball-mill scale, 
60 to 75 Hardgrove. 

Consuming Area III. Almost all points within consuming area III, which includf^s 
the western parts of New York State and Pennsylvania and the eastern part of Ohio, 
lie within a relaiiv<‘ly short distance of mines which are themselves within the area. 
The imluslrial coal consumed in the area originates chiefly in western Pennsylvania 
and eastern Ohio. To a lesser extent it originates in the high-volatile fields of north¬ 
ern West Virginia adjoining it on the south. 

The typical quality of these coals is shown in Table 8-10. 


Table 8-lQ 



MoisLurr, 
per r»*nt 

Volatile, 
per cent 

Ash, 
per rent 

Btu 

Western PennsyU ania 

3 0 

32 0 

9 0 

13,400 

Western PonxiH^lvaiua 

4 0 

37 0 

9 0 

13 060 

Bastem Ohio 

5 0 

37 0 

10 0 

12 600 


The softening temperature of the ash in these coals is usually in the low or inerlium 
range, 2000 to 2500"F. (Irindability values are from 40 to 50 ball-mill scale, 55 to 
70 Hardgrove. 

Consuming Area IV- Consiiiuiiig area TV, w^h ich in chides the western part of Ohio, 
the eastern part of Indiana, and the southern peninsula of Micliigan, draw’s its supply 
of industrial coal delivered by all-rail haul almost entirely from the southern ’^^st 
Virguua and eastern Kentucky producing fields (chiefly the high-volatile mines), 
except in nortlnvestern Ohio where Ohio coal is also economically available. At 
Michigan (Ireut Lakes ports, these coals are available, as well a.s coals from Ohio and 
western Pennsylvania, and the high-volatile coals from northern West Virginia shipped 
by water from Lake Krie loading piers. 

The typical quality of the coal available in this area (except for those already 
described as being available in other consumuig areas) is moisture, 3.0 per cent; vola¬ 
tile, 34 to 37 i^r cent; ash, 6.5 per cent; Btu, 13,800. 

The softening temperatures of ash in th(»sp (‘(nils vary over a wide range but are 
usually found in the medium or high range of 2400 to af^OO^F. Their grindability 
indexes arc from 85 to 50 ball-mill scale, 50 to 70 Hardgrove. 

Consumitig Area V. In consuming area V, which include.^ western Indiana, all 
of Illinois, and the southem part of Wisconsin, at>oul two-Uiirds of the coal used by 
industry originates in the Indiana and Illinois mines. Nearly all the jremaindor 
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comes from the high-volatile fi^ds of souUienk yfest Virginia and eastern Kentucky. 
Some western Kentucsky coal is also shipped into this area. 

The typical quality of these coals, in Edition to those already described, is Shown 
in Table 8-11, 


Table B-11 



Moisture, 
per rent 

Volatile, 
per cent 

Ash. 
per I’cnt 

Btu 

IllinoiR and Indiana 

■H 

34 0 

9 0 

11,800 

Illinois and Indiana 


34 0 



Western Kvnturky 

mM 

37 0 

10 0 



The ash-softening toraperaturcs for the^e coals fall in the low and medium range, 
2000 to 2400'’F. The grindability-indcx range is 35 to 50 bail-mill scale, 50 to 70 
Hardgrove. 

Consuming Area VI. In consuming area VI, which includes the upper peninsula of 
Michigan, most of Wisconsin (from Milwaukee north), and all of Minnesota, the 
variety of coal available for industrial use is similar m its wide range to that encoun¬ 
tered in consuming area 2, because a large part of the coal is transported via the 
(Ireat Lakes from Lake Krie ports through 'which coal can be economically shipped 
from central and western Pciuihylvaiiia, both northern and houtherii West Virginia, 
and eastern Kentucky and Ohio Illinois coal is also shipped into this area by rail 
and river. Fuel selection in this area must be made with particular reference to the 
fuels available at the exact location where thev are to b(‘ used The quality of coal 
shipped from ail the producing fields that supply this area hfib been described above 
under the headings of the consuming areas which are principally dependent upon 
them. 

Southeastern Consuming Area. In the territory to the south of that shown on 
Fig 8-11, coal plavs a minor part, except m Virginia, North and South C'arolina, and 
Georgia, when» bituminous coal is economically available from the southern West 
Virginia fields dt'scribed under eonsuiuing areas I and IV audfiom the Alsbama and 
Tennessee ])ioducmg fields. Western Kenluckv coal for industrial use is chiefly 
distributed in Kentucky and Tennessee. The typical quality of these coals is mois¬ 
ture, 3 0 per cent; volatile, 31 to 35 per cent, ash, 8.0 per cent, Btu, 13,500. 

The softening temperature of ash for these eoals is from 2100 to 2900'’F. The 
gnndability indexes are 35 to 55 ball-mill scale, 50 to 75 Iliirdgrove. 

Weattem ConBuming Area. \A est of the Mississippi, the coal-producing fields are 
relatively small and widely scattered. The coal is mainly distributed to market 
areas local to each producing field. 

The rank of the coal from these fields show's a wide variation and covers groups 
from low-volatile bituminous to lignite. The various ranks of coal produced in 12 
states are listed in Table 8-12 in the order of tonnage produced. The combined 
pniduction of these states is appioximatclv 10 per cent of the nation’s tonnage. 
Reference should be made to Table 8-14 for typical analytical data pertaining to the 
rank. 

Table 8*12 


Statf 
Wyoming 
Colorado 
Utah 
Montana 
Miaaoun 
Kanna^ 
Oklahonia 
North Dakota 
Iowa 
Arkansaa 
N«w Mexico 
WaBhixigtoa 


Hanft o/ bHuminout produced 
High-volatilr A, B, C, auhbitummoiu A, B 
olatile A, B, C, subbiluminotia A 
High-\nUtile A, B, C 

High-volatile B, C, axilibituminoiiA 4, B, C 

High-x olatile B, C 

High-Milttl lie A, B 

Low and medium volalilc 

High-volatile C, aiibbitiiminoiis C 
Low-, medium-, and hifch-votatile A 
High-volatile A, C 

High-volatile A, B, C, subbiturainoua A, B 
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Table S-U. Claaaiflcatioa of Coala by Rank* 

Laflun); F.C. ^ fixed oarbon; V.M. ■■ volatile matter; Btu -• Brituh thermal unite. 


Class 

Group 

Limits of fixed carbon 

or Btu mineral-maitor- 

free basis 

Requisite physical 
properties 

1, Anthracitic. 

1. Metaanthracite 

2. Anthracite 

Dry F.C., 98 per oeui 
or more (dry V.M., 2 
f>er cent or less) 

Dry F.C., 92 per cent 
or more and less than 
D8 |)er cent (dry 
V.M., 8 per cent or 
less and more than 2 
per cent) 



3. Semiaiiihracite 

Dry F.C,, 80 per cent 
or more and less than 
92 per cent (dry 
V.M., 14 per cent or 
less and more than 8 
l>er cent) 

N onaggloiiicralingt 

2. Bituminous!. .. 

1. Low-volatile bituiiunous coal 

2. Medium-volatile bituminous 
coal 

3. High-volatile A bituminous 
coal 

4. High-volatile B bituminous 
coal 

Dry F.C., 78 per cent 
or more and less than 
86 per cent (dry 
V.M., 22 per rent or 
less and more than 
14 per cent) 

Dry F.C., 69 per cent 
or more and less than 
78 per cent (dry 
V.M.. 31 per cent or 
less and more than 
22 per cent) 

Dry F.C., less than 09 
per cent (dry V.M., 
more than 31 per 
cent); and moist t 
Btu, 14,000II or more 
Moists Btu, 13,000 or 
more and less than 
14,00011 



5. High-volatile C bitiiniiiioufl 

Moist Biu, 11,000 or 

Either agglomerating or 


coal 

more and less than 
1.3,00011 

n oil won therin gif 

3. Subbitumiiioua 

1. Subbiiundnous A coal 

2. Hubbituminous B coal 

3. Hubbiiuiniiious C coal 

Moist Btu, 11,000 or 
more and less than 
13.00011 

Moist Btu, 9500 or 
more and less than 
11,00011 

Moist Btu, 8300 or 
more and less than 
050011 

Both weathering and 
nonagglomerating 

4. Lignitic. 

1. Lignite 

Mmst Btu, loss than 
8300 

Consolidated 


2. Brown coal 

Moist Btu, less than 
8300 

Unconsolidated 


* TWh daeeifiration does not tnolude a few eoaln which liave unusual physical and chemical properties 
sjid which come within the Hmts of fixed carbon or Btu of the hiRh-volaiile biiiinunous and subbitumi- 
noiUl ranks. All these coals either contain lens than 48 poi cent dry mineral-matter-free fixed carbon or 
have more than 15,500 moist mineral-inatter-free Btu. 

t If ^lomerating, olasnify in low-volatile xroup of the bitiiminoun class. 

t Moist Btu refeia to coal cunlaininx its naliiral bod moislure but not Including vinible water on the 
sutfaoe of the coal. 

i lt is rmognised that there may ho noncaking varieties in each group of the bituminous class. 

Coals having 09 per cent or more fixed oaibon on the dry, minRrai-maiiei-free basis shall be classi- 
tied according to fixed carbon, regardlesH of Btu. 

If There are tliree varieties of coal in the high-volatile C bituminous coal group, wr.< variety 1, 
agglomerating and nonweathering; variety 2, agglomerating and weathering; variety 3. nonagidomBrai^ 
log and nonweathering. 
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PROPEUTZBS OF FUELS 

CoaL C!oat is classified by rank, as shown in Table 8-13f as adopted by the ASTM 
under Standard Designation D-388^. Within the limits for each group set by this 
scheme, there will be found in Table 8-14 representative proximate analyses typical 
of each one, using the normal seam-moisture content. 

For industrial steam-generating purposes, the rank and grade of coal is cuBtomar^ 
Uy judged by the use of the proximate analysis, which includes moisture, volatile, 
ash, sulfur, and fixed carbon. Other physical properties that may affect the efficient 
recovery of the energy are commonly determined. These are calorific value, ash¬ 
softening temperature, gnndability, and coking property. The facts disclos^ by 
the proximate analysis and the effects of the various other properties both physical 
and chemical are briefly described. 


Table 8*14. Proximate Analyaea of Groups of Coal 


Group or rank 

Moisture 



Btu 

Metaanthraiitr 

2 

0 

2 

0 

20 

0 

10,926 

Anthracite 

4 

0 

3 

6 

10 

0 

12,776 

Anthracite 

4 

0 

6 

0 

10 

0 

12.000 

Semianthracite 

4 

0 

10 

0 

10 

0 

13,150 

Low-volatile hituininoufl 

2 

0 

16 

0 

7 

0 

14,326 

Low-volatile IntiiininuiiB 

2 

5 

10 

0 

7 

0 

14,200 

Medium-i ulatile bitnimnou‘« 

2 

6 

28 

5 

7 

0 

14,200 

Medium-i olatile Intumnioiis 

2 

5 

20 

0 

8 

0 

13,860 

HiRh-\ olaiile bitunminub A 

6 

0 

33 

0 

0 

0 

13,400 

High-volatile luiuminous A 

4 

0 

37 

0 

0 

0 

18,060 

High-volatile bituiiiiiioue 11 

1 ^ 

0 

37 

0 


0 

12,600 

High-v olatile bituminous B 

') 

0 

31 

0 

0 

0 

11,800 

High-volatile hitiiminouH r 

12 

0 

14 

0 

10 

0 

11,060 

High-volatile bituniuiouH ( 

16 

0 

34 

0 

10 

0 

10,650 

Subbituimnoun A 

17 

0 

34 

0 

11 

0 

0,900 

bubbiiuininoufl D 

20 

0 

33 

0 

11 

0 

8,700 

SubbituminouB C 

24 

0 

33 

0 

11 

0 

8 000 

Lignite 

37 

0 

2b 

0 

7 

0 

6,800 


Moisture. Moisture is present in coal in two forms, inherent and free (surface) 
water. The inherent or seam moisture is considered a natural part of the coal sub¬ 
stance in its virgin state Coal containmg only this type of moisture does not have 
the appearance of wetness and may actuallj’ be dusty with relatively high percentages 
of waU*r depending on the rank of the coal. The analyses given in Tabic 8-14 report 
this type of moisture. 

After mining, the total moisture content may increase or decrease depending not 
only upon the wetting or drying due to chmatic conditions dunng transportation and 
storage but also as a result of cleaning processes using uvater and the addition of 
water to minimize dust. This is the free water which is mechanically retained on 
the surface of the coal particles or between them and is visible or apparent to the 
touch. 

The total moisture content of coal affects the efficiency of a steam-gemerating 
plant to only a riight extent. The loss is of the order of 0.1 per cent in efficiency 
for each 1.0 per cent of moisture. Excess surface moisture may have a very consid¬ 
erable adverse effect on pulverizer capacity, particularly when operating in a range 
close to the maximum. High surface moisture has a noticeable infiueni'c on the 
coking property of certain coals, particularly the high-rank, low-volatde coals with 
low inherent moisture. With certain types of stoking equipment, these coals often 
form a dense coke mat which can be definitely modified by the addition of water to 
the coal as fired. 

VoUUtle and Fixed Carbon The volatile content of coal, excluding moisture, is 
that part driven off by heatmg and is burned as a gas. The remaining combustible 
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adid matt^ is the fixed carbon. Helatively small difierenoes in the per cent of vola¬ 
tile or fixed carbon are usually of little praetidal ag&ifirance to the steam-plant 
operator. There arOi however, circumstances under which it is necessary or desirable 
to specify maximum or minimum permissible limits. 

For hand- or stoker-iircd plants with furnaces having inadequate space to mix the 
volatile matter with air for combustion, it is found important to specify an upper 
limit of volatile to minimise the loss of heating value or, of more likely importance, 
the emission of smoke. Under a given set of conditions, it is a reasonable presump¬ 
tion that the amount of smoke is proportional to the per cent of volatile, although it 
is often modified by the size consist of the coal and its coking property. Conversely, 
in pulverized-coal firing, it is often necessary to set a low limit in order to maintain 
fiiame propagation, particularly in completely water-cooled furnaces. 

The varying composition of the volatile matter in coal is shown by data taken 
from tests made by the U.S. Bureau of Mines in determining the carbonizing and 
by-product properties of different types of coals. Table 8-15 gives the percentages 
of several of the volatile constituents in per rent of coal. The volatile matter of 
anthracite contains no tarry constituents, and the gas is approximately 85 per cent 
hydrogen. 

Table 8-16. Volatile ConstituentB in Coal 


Ti \te of coal 

Tar. 

Hydrocai bnns 

ntii per 

l>t r oent 

in gas, per cent 

cu ft of gas 

Low-volatiU* biluniiiiouH 

, 8 0 

82 

545 

Medium-volatile bituminous 

5 0 

35 

570 

Hish-volatile bituminous A 

6 5 

37 

605 

Hiffh-volatile bituminouH H 

C 5 

37 

610 

Hizh-volatile bitaminoua C 

G 0 

32 

555 

SubhituminouA B 

8 0 

22 

450 

Lignite 

0 2 

0 

325 


Ash. Ash, or the noncombustible mineral matter remaining after coal has been 
burned, is composed largely of compoimds of silieon, aluminum, iron, calcium, mag¬ 
nesium, and the alkalies Very small quantities of sulfates and phosphates arc of 
common occurreitce. While probably more than half the known chemical elements 
have been reported as occurring in coal, they have been too low in r)crcentagc to be 
of importance for recovery.^ Hie typical limits of the common chmients in coal ash 

arc shown in Table 8-1 (i. 

''rhe mineral mattiT a.ssoeia1ed with 
co'il is from two sources, inherent and 
adventitious. Inherent mineral matter 
is iiHimlly small in amount in American 
coals, 7.C., less than 1 or 2 per cent and 
undetectable exeept as a residue of com¬ 
bustion. Its origin is the mineral matter 
of the living plant life that wont to form the coal moasuro. The adventitious or extra¬ 
neous ash is from clays, shales, pyrites, or other minerals occurring above, belov, or 
as partings within the eoal seam. These minerals may appear as isolated pieces of 
various sizes or as finely disseminated partieles. Mucli of this extraneous ash can be 
and is removed by selective mining and various types of cleaning processes. 

Apart from the economies of coal purrhasing in which ash is bought and trans¬ 
ported at the same rate as coal, the quantity prewmt will have a significant effect on 
power-plant costs, refuse handling, and boiler and stoker upki'cp. Increases in cost 
of ash handling and boiler and furnace upkeep will vaiy widely depending uixm the 
individual plant and the amount of equipment installed for these purposes. An 
increase in ash contenl from 5 to 10 jier cent requires the use of alwut 5 per cent 
more coal for a given amount of steam, while the quantity of refuse to bo handled 
will be slightly more than doubled. 


Table 8-16 


Silicon diuMile .... 

Pti rfiit 

40-60 

Aluminum oxide... 

20 85 

Ferric oxide . 

5 25 

Calcium oxide 

1 15 

Magnesium oxide.. 

. 4 

Alkali oxidea 

. 1- 4 
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StUfwr, Bulfur is pment in ^al in throe formst an insigxufiieatit amount combined 
as sulCate, in an organic lorm combined with the coal substance, and as iron pytites^ 
the last assuming the greatest importance because of certain objectionable side 
effects introduced by the associated iron. Pyrites {or marcasite) is the disulfide of 
iron which in the combustion process can l)e broken down to ferric oxide and the 
oxides of sulfur or, under certain conditions, ferrous sulfide, 

This compound easily fusible itself Or in combination with other dements of tiie 
ash promotes the formation of clinkers or slags, and it is the likelihood of this occur¬ 
ring that creates in the mind of the user the thought that high sulfur content is 
responsible for the difficulty. The relationship between sulfur content and ash fusi¬ 
bility is very general as shown by a study of about 5,000 tests made on coals from 
the Appalachian region. These tests indicated that 70 per cent of the coals having 
2 per cent or more of sulfur had ash fusing below 2500”^', while of those having 
per cent or less, 70 per cent fused over 2600®F. Coal from a particular mine, however, 
may be very low in sulfur content and still have a lovr softening temperature of ash. 

Another difficulty relative to use of high>sulfur coal, aside from that of air pollu¬ 
tion by the oxides of sulfur, is the corrosive nature of these products of combustion 
in the flue gases in the presence of water vapor. Ilelatively low temperature of the 
flue gases, i.e., below 350°?, favors the formation of sulfuric acid, and as a consequenoe 
corrosion of the metal parts of economisers, air heaters, flues, etc., can be expected 
with correspondingly high maintenance costs. 

Ash-aoftening Temperature. Coal ash, being a complex mixture of mineral com¬ 
pounds, does not have a definite melting point but a range or interval. One point 
in this interval, defined as the “softening temperature,” has been used for many 
years os an indication of the te.ndency to form clinker and slag. The test procedure 
in use today is the result of the fundamental work of Fiddlier, Hall, and Feild in 
1918.* While other factors affect clinker formation, the softening temperature of ash 
as determined in the laboratory is a very useful figure in predicting the probable 
behavior of the ash residues from coal when burned either on grates or in pulverized 
form. ITiere arc other means of deiiermining clinkering and slagging tendencies, but 
unfortunately most of them are either so expensive or laborious as to preclude their 
eommoridal use. 

The present standard test is to pulverize the ash finely and mold it into a cone. 
This is mounts d on a refractory base and subjected to a controlled rate of heating 
in an atmosphere conforming approximately to a composition of 60 per cent of oxi¬ 
dizing gases and 40 per cent of reducing. As the heating of the cone progresses, 
observations are made coueeniuig three points of the molting interval. The first 
point is when there is a slight rounding of the sharp tip of the cone. This is noted 
as the temperature of initial deformation. The heating is continued, and when the 
cone deforms to spheriral shape approximately one-half its original height, that 
point is noted as the sofU'niiig temperature, llie fluid temperature is the point at 
which the ash assumes such a high degree of fluidity that it flows over the refractory 
base. In many instances, all three of these points are important. The one most 
commonly used is the softening point (sometimes called “fusion temperature’'), and 
it is understood to be the one used in analytical results in the absence of the other 
two. 

One reason why the ash-aoftening temperature as determined in the laboratory 
does not always agree with the practical observaiion in the plant is the intimate 
mixing and pulverizing of the ash in the laboratory sample which does not occur in 
practice. The ash in coal may hn either a very finely divided material in the coal 
substance or occur as sizable pieces of slate, shale, or pyritic matter which may or 
may not be evenly distributed throughout the coal mass. These different portions 
of the coal ash are likely to have diffenmt softening temperatures. There is edways 
the possibility of certain isolated pieces fusing and forming the nucleus of a clinker or 
slag. The work done in connection with this problem by Gould and Brtinjes in 
1240* pointed out the importance of separating the material to determine the proper* 
tion of fusible and refractory material in both size and gravity fractions. 

In this work, one instance was cited of a coal ash having a 2700°F softening tem« 
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perature by standard test with about 73 per oent of ash fuaiuK over 2600°F and 24 
per eent fusing under 2200‘’F. If, in firing, the lower fusiiig material were concen¬ 
trated in any portion, the expectancy would be for clinker trouble to occur; yet the 
standard test indicat^l refractory a^. This same coal burned in pulverised form, 
ground to pass a 200-mcsh sieve, had in physically separable portions of the coal 
about 15 per cent showing ash-fusion temperatures of less than 2300°F and 85 per 
cent fusing over 2700®F. 

Qrindabiltty. The grindability index of eosl is the measure of its resistance to 
pulverization. It is measured by two methods in common use—^the ball-mill method 
proposed by Yancey, Furse, and Blackburn* and the Hardgrove-maehine method 
proposed by Hardgrove.* In the ball-mill index 100 signifies the softest or most 
easily pulverized coal, while in the Ilardgrove index it is a standard reference point 
in the scale. On the latter scale an index figure of 118 would be comparable to its 
100 value in the ball-mill index. Both methods appear as tentative standards in the 



A.S.T.M. D-^ 37T (Yoncey BdH Mill) 

Fig. 8-12. Equivslent values of Hardgrovu and ball-mill Biiudability indexes. 

ASTM with a conversion table. A curve plotted from equivalent values is given in 
Fig. 8-12. 

Coking Properties, The eharacteristie of coking has been and is still described by 
a number of terms, among them agglomerating, aggluttinating, and swelling, all 
relating to the behavior of eoal on heating. This property and its descriptive termi¬ 
nology are more important in the manufacture of coke than in burning eoal for 
steam raising, but there are many instances when a convenient mcasun* of the phys¬ 
ical reaction of coal to heat in the furnace is desirable. In this eoiuiection, the visual 
observation of the coke mass after determiiujig the volatile Uigetlier with an cftima- 
tion of its cohosivencBB has been useful and is used as an indication of the rank of 
coals when fresh-mined samples are used. A grading proposed by Gilmore, (’’onnell, 
and NiroUs* was based on this method and classified coals as noncoking, pooc, fair, 
and good coking. 

Within recent years, a comparatively simple means of determining the sweUing 
power has been adopted as a tentative standard by the ASTM. This is designated 
as the free-swelling index. The test consists in rapid heating of the finely ground 
coal in a I'losed crucible after which the profile of the resulting coke button is matched 
against standard outlines. Seventeen profiles are given in the standard in half num¬ 
bers from one to nine. Number one reprem^nts a nonawelling coal with a coherent 
button, while number nine is one swollen to the point of pressing against the crucible 
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cover, a vertical expansion of approximately five times. Granular or noncoherent 
residues indicate a noncoking or nonagglomerating class of coal. 

As a rule, all fresh-mined bituminous coal almvc high-volatile bituminous C in 
rank will coke and swell to some degree—the higher the rank, the greater the swelling 
power. Weathering or oxidation greatly affects the coking or swelling property and 
may destroy it entirely. The free-swelling index is often used as a means of detecting 
oxidized rx>al. When the normal sweUing power of the particular coal is known and 
tests show profiles significantly below this value, it is safe to assume that weathering 
or oxidation has taken place. 

Calorifie Valiu. The calorific value as expressed in British thermal units (Btu) 
is the one definite measure of the energy in coal, all other items of the analysis rep¬ 
resenting those properties hindering or enhancing its efficient recovery. The Btu is 


Table 8-17. Screen Openings 
for Buckwheat Coal 


defined as j i g o the amount of heat re¬ 
quired to raise 1 lb of water from 32 to 
212“F. 

It is most important to d(‘termine 
the Btu by means of the calorimeter since 
there is no reasonably accurate nutans of 
calculating this value from the other 
figures given in the proximab^ analysis. 

Industrial Sizes of Anthracite. (/oin- 
pared with bituminous, the range in char¬ 
acteristics of anthracite is extremely narrow. The tonnage for industrial use is in the 
Nob. 3, 4, and 5 buckwheat sizes prcpan*d through and over round-hole screens of 

openings as shown in Table &-17. 


Size 

Through, in. 

Over, in. 

No. 3 buck 


Hi 

No. 4 bupk 


Ha. 

No. 5 buck 

Ha 



Table 8-18. 


Standard Specifications for 
Buckwheat Coal 


Size and quality specifications arc 
set by the Aiitliracite Committee of 
Pennsylvania anrl ns of Sept. 1, ld47, are 
controlled by a state law fixing anthracite 
standards on sizc>s larger than No. 3 buck. 
1"he standard specifications for Nos. 3, 4, 
and 5 buckw^heat are shown in Table 8-18. 

The smaller sizes of anthracite are 
generally prepan*d, screened, and loaded 
with the aid of water. Consequently, 
the moisture content will run compara¬ 
tively high, increasing with decreasing 
size consist. As shipped, the typical 
moisture limits of Nos. 3, 4, and 5 buckwheat are as showm in Table 8-19. 

Fuel Oil. The ASTM specifications classify fuel oil into five grades, Nos. 1, 2, 3, 
5, and 6, and the detailed requirements for each are given in Table 8-20. Of these 




UnderMize, 



Overeixe 

per cent 

Maxi¬ 

mum 


maxi- 

— 

— 

azh, dry 


mum, 





per cent 

Maxi- 

Mini- 

per cent 



mu in 

imini 


No. 3 buck 

10 

20 

10 

16 

No. 4 buck 

20 

30 

10 

16 

No, 5 buck 

30 

No limit 

IS 


Table 8-19. Moisture Limits of 
Buckwheat Coal 

Pw cent 

No. 3 buck. 7-9 

No. 4 buck. 0-H 

No. 5 buck. lO-ia 


grades only No. fi, also termed bunker 
C' or residual oil, is commonly used as an 
industrial fuel for steam purpose's. 

Grades 1, 2, and 3 arc the distillate oils 
which are marketed chiefly for residential 
domestic heating and certain specialty 
uses in industry. The distillate oils under a somewhat different grading also supply 
the diesel fuel market. Number 5 oil is usually a heavy product blended with dis¬ 
tillate to low'cr the viscosity. Its market is a semi-industrial one and includes oom- 
iner(‘ial heating plants and specialty uses. 

Number 6 or residual oil is generally tested for compliance with the standard 
specification and also for gravity and Btu content. The significance of these tests 
to the consumer w ill be given in a brief way. For a more detailed explanation refer¬ 
ence should be made to the work of the emninittees on petroleum prodiirts of the 

ASTM. , 

Gravity, As oil is sold by volume and as its volume will vary according to tho 
temperature, it is essential that a temperature reading be made in conjunction with 
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T«ble 8-80. Detailed Requirements for Fuel Oils* 


l>i«bll«lacn tempera- 
tum, dee F 


Gnd«flffufll«i1b 



Min Max Max Mat Max Mu I Max Max Miii Max Max Mm Max 


1 

\\ 



Max 

Mat 

0 

Trace 

10* 

0 05 

20“ 

0 10 


1 00 


2 00b 




No 1 (A duttllate oil for 100 or 165 
UK in bmurtB requinne legal 
aTolatile fud) 


UK in btnmerB requinng legal 
a moderate ly volatile 
fuel) 

No 3 (A distillate oil for 110 or 230 
UK in bumen requiring It gal 
alow-vueoBity fuel) 

No 5 (An oil for uk in 130or 
burners requinng a nie- legal 
dimn-vucosity fui 1) 

No 0 (An oil for use in 150 
bumen equippid with 
preheatrn pimiittiiig a 
biidi'ViBcafflt> full) 


■ ReixigniBing the nireBBit> for low-sulfur furl oils uvtl in nnimttion with heat-tri almint nonferroua metal glosb and 
oeramio fanwees. sod other special uses, a sulfur i equirtment 0103 bt pi nfied in airordance with the followuig table 
Qraif of fud od SvlfuT, inax, vtr crnl 

No 1 0 5 

No 2 0 5 

No 3 0 76 

No 5 No limit 

No 6 No limit 

Other sulfur limits may be sptriRed only by mutual agriH-ment Ntwicn the purchaKr and tht Mlhr 
b It IS the intent of thne classifirations that failure to meet any rrquiri ment of a givi n grade dots not aulonutirally place 
an oil m the next lowr r grade unlnu in fart it nit eta all rcquin uinits ol tht lowi r grade 

Lower w higher pour points may be spt cihtd a hr nt \er requirrd b3 conditions ^ atorigr or ust Hown er, tliesr spr ufi - 
oations shall not ri quire a pour point low cr than O'*] under 0113 eomlitions 

d The (arbon residue on 10 ^ rent residuum mav U inerLusid to a maximum of 0 12 per (tut when this oil is to bt used 
m othK than aleeve-typc blue-ilamc bumirs This Lmit iiia> bt specified by mutual agrciiiicnt bitwini the pun haser and 
the seller 

* Tbe maximum tnd point may bt lacTeased to StK)"! when this oil is to be used in other than deeve'43 pc blue-flame 
bameiB 

^^^To meet oerlaiii burner requirements, the cjrbon-nsidae limit on this oil may be ndueed to 0 15 prr rent on 10 per lent 
CThis requirement may lx, waived if the API grivity is 26 or lower 

b The amount of water by distillation plus thi sediment by extrartion shall not exered 2 00 per etnt Tht amount of 
aediment by extraction shall not exoeid 0 50 per cent A dedut tion in quantity shall be made for all water and sediment m 
eaessB of 10 per ctnt 

the density detonninaiioii ho that drbverv vohnnes con he paJcnlated back to the 
standard basis of mcasiiremniit 'which ib the specific 01 API gravity at SO^'l For 
fuel oil, the API (American Petroleum Jjiblitutc) gravity is customary. This scale 
is related to the specific gravity as follows 

Degiees API - 131.5 

sp gr fiO F/60 I 

Correction of the observed volume to the standard basis is made according to the 
National Standard Petiohum Oil Tables pn pared by the U S B^ireau of Standards 
Lacking such tables, a convenient method sufficiently accurate for most purposes is 
offered by the use of a coefficient of e^pa)l 6 lon of 0 00035 per deg F at € 0 ° for oils 
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ranging up to 14.9 API gravity aiid covetB No. 6 griute. For example, if the observed 
gallonage at U0”F is 10,000, the volume at 60*^F woukl be 

tl.O - (50 X .00035)1 X 10,000 = 9,8^5 gaJ 

Calorific Value. The Btu value which must be made by a calorimetric teat is 
necessary for the determination of the efficiency of operation. It is related in a 
genial way to the API gravity for grade 6 as indicated by the approximate heat 
content shown in Table 8-21. 

Flash Poi 7 U. The flash point is the Table o-Sl 

temperature at which the oil gives off a 
vapor that is inflammable when mixed 
with air. It is an essential test, for it 
indicates what safety precautions are 
necessary in storing and handling oil. 

Water and SedimenL Water and sedi* 
inoiit are undesirable and should be kept 
at or below the minimum allownlde in 
the standard specifleation. Water interferes with proper combustion and continuous 
flanu* propagation. Bediments plug strainers, valves, burners, etc., and may have an 
abrasive action. 

Visctmly. Viscosity is a charactcrislir of oil which is the measure of its resistance 
to flow. It is determined by tin* efflux time of a given quantity through a specified 
orifice and is reported for grade 0 as seconds Saybolt Fural (SSF) at 122°F. It is 
one of the most important detenninations because the viscosity indicates the degree 
ol jireheuting necessary for complete atomization at the burner. This preheat tem¬ 
perature is generally accepted us being the point at which the oil has a viscosity of 
150 seconds Saybolt I^nivcrsal, or approximately SSF 15. As viscosity differs among 
oils and varies inversely with the temperatun^, which variation may be different 

between oils, it is necessary to determine 


API at 60®F 

Btu per lb 

Btu per gal 

8 

18,100 

152,910 

10 

18,300 

152.400 

12 

18,400 

151,100 

U 

18,500 

140,830 


SSF at 122“A’ 
50 
100 
150 
200 
250 
300 


Table 8-22 

Aiomtzatton tempercUurf, deg F 


165 

195 

205 

215 

220 

225 


the point of SSF 15 by means of a plot of 
two viscosity points on the ASTM 
Standard ViBCOsity-Temperature Charts 
for Liquid Petroleum Products, P’or 
many oils, the proper temperature for 
atomization in relation to viscosity SSF 
at 122‘’F is as shown in Table 8-22. 

Natural Gas, Natural gas is gimerally quite pure and consists chiefly of methane, 
the per cent of whirli, while varying widely, is usually found to be between 75 and 
99 per cent, tho remainder being principally ethane with small quantities of nitrogen 
and carbon dioxide. 'I hc gross litu value per cubic foot ranges from 900 to 1300. 
A typical analysis wi>uld be as shown in. 

Table 8-23. 

Gas volumes when rei>orted have usu¬ 
ally been corrected to a standard tempera¬ 
ture and pressure. Oii the Knglish system 
that base is GO^F and 30 in. Ilg. The 
normal atmospheric pressure at aea level is 29.92 in. Hg but for convenience this has 
been tiolled iu round figures 30 in, for all gas work. 

Gas volumes vary in direct proportion to their absolute temperatures. The latter 
figure is obtained by adding 460 to the Fahrenheit temperature. Gas volumes are 
Inversely proportional to the absolute pressure which is the pressure in inches of 

mereury column plus 30. . , , . • 

For any given set of conditions, the particular gas volume is corrtseted both for 
temperature and pressure as show'n in the following example. 

Examplb: Determine the volume at standard conditioiiR (60°F and 30-in. Hg) of 1,500 
cu ft of gas which was metered at 90®F and 3-in. Hg, the barometer standing at 28.66 in. 

/«0 4 460^ (28.66 4 3.0) 

Solution: 1,600 X 30 “ 
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Me1ban» .91.0% 

Ethane . 30% 

Carlton dioxide. 05% 

Nitrogen. 55% 

Btu . 1025 


1,491.2 CU ft 
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Sometimes the metering of gases takes place over water, some of which will evap¬ 
orate and exert a partial pressure. This will have to be considered in correcting the 
gas volume to standard conditions. 


Table 8-84. Aqueous-vapor Tension 


Deg F 

Vapor 
tension, 
lu. Hk 

De(c F 

Vapor 
tension, 
in. Hg 

DegF 

Vapor 
tension. 
111. Hg 

Deg F 

Vapor 
tension, 
in. Hg 

Deg F 

Vapor 
tension, 
in. Hg 

32 

0 

1804 

48 

0 

3363 

64 

0 

601 

80 

1 029 

66 

1 706 

33 

0 

1878 

40 

0 

3492 

G5 

0 

622 

81 

1 003 

97 

1 769 

34 

0 

1955 

50 

0 

3625 

66 

0 

644 

82 

1 098 

08 

1 813 

35 

0 

2034 

61 

0 

3762 

67 

0 

667 

83 

1 134 

99 

1 869 

36 

0 

2117 

52 

0 

390.3 

68 

0 

690 

84 

1 171 

100 

1 926 

37 

0 

2202 

53 

0 

4049 

69 

0 

714 

86 

1 209 

101 

1 985 

38 

0 

2290 

54 

0 

4201 

70 

0 

739 

86 

1 248 

102 

2 045 

39 

0 

2382 

56 

0 

43.57 

71 

0 

764 

87 

I 289 

103 

2 107 

40 • 

0 

2477 

56 

0 

4518 

72 

0 

790 

88 

1 331 

104 

2 171 

41 

0 

2575 

67 

0 

4684 

73 

0 

817 

89 

1 373 

105 

2 230 

42 

0 

2677 

58 

0 

4856 

74 

0 

845 

00 

1 417 

100 

2 303 

43 

0 

2782 

69 

0 

5034 

75 

0 

873 

91 

1 462 

107 

2 372 

44 

0 

2890 

60 

0 

522 

76 

0 

903 

92 

1 508 

108 

2 443 

45 

0 

3002 

61 

0 

541 

77 

0 

933 

93 

1 556 

100 

2 515 

46 

0 

3118 

62 

0 

560 

78 

0 

964 

94 

1 605 

no 

2 580 

47 

0 

3238 

63 

0. 

580 

79 

0 

996 

05 

1 655 




Using the above example, the temperature correction remaiiiR the same. For the 
pressure correction, 28.56 in. + 3.0 in., or 31.56 in., is the absolute pressure of the gas. 
From this must be deducted the aqiicous-vapor tension read from Table 8-24 for 
OO^F, The actual gas pressure becomes 31.56 in. — 1.417, or 30.143 in, ITius, the 
volume of dry gas at 60° is 


1,500 X 


/ 60 -h 460 \ 
\90 -h 460/ 


30.143 

30 


1,423.2 cu ft 


COAL SAMPLING* 

It should be borne in mind that in sampling the purpose is to represent by a small 
quantity the whole pile, or car, or barge of coal, as the rase may lie. One scoopful 
taken at random or a single Jump selected here and there will not be n^presentative. 
In taking a sample, always use a scoop of proper capacity for the iurremeiit weight 
chosen. Never use the hands, for there will be an involuntary inclination to select 
pieces or sections of either particularly good ur especially bad appearance. The best 
samples are obtained from coal in motion, i.e., while it is being unloaded or conveyed 
from one place to another. Whether the coal is in motion or at rest, sample incre¬ 
ments of uniform weight should be spaced 
as evenly as possible over the whole lot 
being sampled. If tlic coal is in a pile, 
or car, or barge, the increments should be 
taken from a miml)cr of locations at dif¬ 
ferent levels to avoid the results of segre¬ 
gation. The term ‘ ‘increment designates 
that quantity obtained by a single motion 
of the sampling scoop through a stream 
of coal or into a pile or top of car or 
barge. 

Size of the Gross Sample. The size of the gross sample will vary according to 
the per cent of ash and size of coal. The size-weight table (Table 8^25) is suitable 
for bituminous coals having up to 10 per cent ash. If it is suspected that the ash 
percentage is above this, it is advisable to double the number of increments. 

* For further devdopment of this Bubjeot, see G. B. Gould.*' 
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Table 8-26 


Top sise, In. 

Weight of 
increment, lb 

Number of 
increments 

4 

10 

20 

2 

6 

20 

1>4 

4 

20 


2 

20 











SAMPLim PVEL OIL 




Reductioii of tlio Oroot Sample. Samples obtained by reduction of tbio gross 
sample should be crushed or ground by passing through a suitable mill. After grind'" 
ing, the sample may bo divided by a riffle sampler or equivalent to quantities shown 
in Table 8-26, depending on the size of 
the largest pioce. If no means is avails'" 
ble for mechanical crushing and division, 
the gross sample should be placed on a 
hard, clean surface and all lumjis broken 
down to smaller than in. by means of ^ 

a tamper. It should be carefully mixed and shoveled into a conical pile, and the pile 
flattened out, and quartered by drawing lines at right angles through the renter. 
Opposite quarters should bo rojoetod and the remainder mixed. This crushing, mix¬ 
ing, and quartering should be continued in accordance with the above size-weight 
relationships. The operations involved in this procedure arc illustrated in Fig. 8-13. 


Table 8-86 
of lorgoat ptw«, <n. 

H 


Ltmft of 

aomple retfuoKfta. lb 
30 
15 




Fig. H-IS. Standiird method of reducing grohs coal sample by hand. 


Sampling for Size Test of Anthracite. The gross sample should be sj'^tcmatically 
collected by suitable incnmieiits from various parts of the lot sampled. The incre¬ 
ment weight for pea and No. 1 buck should be approximately 10 lb; for the smaller 

size, 5 lb. The gross sample weighing at 
least 100 lb should be mixed and reduced 
by quartering, without crushing, to the 
minimum amounts shown in Table 8-27. 

For ordinary operating requirements 
and w'heii no dispute is involved, the fore¬ 
going simplilied sampling procedure is sufficient. When greater accuracy is required 
reference should be made to the ASTM Standard 1^-492-46. 


Table 8-27 

Sur of coal 

Pea . . 

No. 1 buckwheat . 

No. 2 buckwheat (nee) 

No. 3 buckwheat (bailey) 


■Sample weight, lb 
50 
25 
10 
5 


SAMPLING FUEL OIL 

Methods for sampling fuel oil are given in detail by the ASTM in the Standard 
D-270-33. As conditions and facilities for taking samples are so variable, reference 
should be made io this whenever controversies are encountered or extreme accuracy 
is needed. The sampling of fuel oil in power plants is usually done by tapping the 
pipe line between pump and burner, although it is often necessary or required that 
samples be taken from cars, trucks, or tanks. 

Sampling from a pipe line is accomplished by means of a fitting of three plug 
cocks constructed and placed to take a eoutinuous sample from a cross section of 
the stream. The openings of these three cocks are set to obtain a steady stream at 
a rate to obtain 0.1 per cent of the lot as a sample but not to be less than 5 gal or 
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more thAH 40 gal. The gross sample should be thoroughly mixed by a dasher stirrer 
dr by rolling or shaking before the final 1-qt sample is withdrawn. 

Oars, trucks, and tanks are sampled by means of a weighted beaker or bottle 
having an opening 1>^ in. in diameter, the stopper of which can be withdrawn at 
the dosired Jevel. For full tanks of uniform cross section or diameter, one sample 
should be taken from the upper level at 10 per cent of the tank depth, iliree samples 
from the middle section, and one from the lower level 10 per cent of the tank diameter 
from the bottom. In horizontal cylindrical tanks, eight samples should be taken from 
the middle section. For partly filled tanks, reference should be made to the 
Standard for the proper number of samples and levels. The composite sample should 
be at least 5 qt for vessels of uniform cross sections and 10 qt for horizontal eylin- 
drioal tanks. 

For routine work, an alblevels sample from tanks is generally sufficient. This 
procedure consists in submerging a closed container to the drawKjff level, then open¬ 
ing and raising it at such a rate that it will be nearly full when withdrawn. The 
gross sample of 5 to 10 qt should be mixed and 1 qt taken for the final portion. 
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FUEL PREPARATION AND BURNING EQUIPMENT* 

BY Otoo de Louenzi 

DvrecUfT of Education^ CowbubUor EnginfenTt^ — Superheater^ Inc, 

SOLID FUELS 

The preparation of coal for steaming purposes ponsists m cleaning it by one of 
the several available dry or wet procobhcs and sizing it so that it is suitable for the 
parti( ulai tipe of fuel-burning equipment on whuh it i& to be used 

Bituminous coal is usually sized at the tipple as i1 is loaded into ears for shipment. 
Sizing piactiec vanes m the difie^ent coal fields Table 8-28 represents some of 
the commercially available sizes produced 

Table 8-28. Sizes of Bituminous Coal 


Name 

1 biBt chaiacUnstKb 


Bun nf mine 

( oal as il roime from t)i( mm< 
ailhout faLffcning 

btt am raising purpoet b and locally 
for dnmSBtic heating 

5 in lump 

W lU not pass through a S m 
round bole atretn 

Domestii heating and some indue- 
inal uses 

V X 2 in PK« 

PasHt^ thiough a C in and re- 
laiiud ou a 2 -ni round-holt 

^trttn 

DomeetiL htating hand-fiung, gas 
producers 

2 - X lt 4 -in nut 

Passes through a 2 -in and re¬ 
tained on a 1^4 m round hole 
icrct n 

DoinoeLit heating hand finng, 
{small iiidustrud etokors gas 
produt era 

till' X *4 in stok r coal 

Passen tliiough a 1 ^4 in and rt 
taiiiid on a ^4 in round hole 
ficiacn 

Domestic and small industrial 
BtokilS 

f 4 X 0 m bUc k 

PQHhis Ihrough a ^4111 round 
hoU t(|ui\a]eni hcrun 

Industnal stokers and pulvenscrs 


The sizing of anthrndti ib well estiblibhed, and all mines prepare sized coal 
Tabic 8-29 gives the tiade ii imes and stniulard sizing for anthracite 

The charactenslKS of (oal that go\crn thf selcition of fiicl-burnmg equipment, 
more than any other, are the properties of cahng and//ff harrung 
Table 8-29. Anthracite Sizmg 


Name 

Sift (.KaratItiistu (round hole screen) 

Use 

Bmken 

Through 4"s in smin and omt 3li in screen 

Domestic heating 


Through I'* in screen and over Z'^iB-in senen 

Domeetlc hontmg 

8tore 

Through 2^ifl in serten and over iH-m seitcn 

Domestic htatmg 

C'hestnut 

Through 1*H m sprtm and ocr in screen 

Domestic heating 

Pea 

through strtfn and ovtr ®lB-in siieen 

Hand firing 

No Ibntkuheal 

Through Mr sirtrn and o\er “\B-in wrecn 

Domestic stoken 

No 2 butkwheat (net) 

Through Ms Jn scretn and over Ms-m streen 

Domestic stokers 

No 3 biiikwheat 0>arU\) 

Through hs m Hcnui and o%er ^s^-in sen on 

Traieling-grate 

stokers 

No 4 burkwhtal 

Through Mam screen and o'vir * 64 "in screen 

Traveling grate 
stokers and puV* 
venaers 


♦ SutK^rior nuralH-rs n fi r tf» aiiocifii wop IiBtc d at the eatl «f tlim uubaectifiu A portium oC 
matenaf has been adapted h> periniaium from published lt> Combiwtion 

EngineenaR'^Buperheatcr Ino 
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Caking ooaJs, when heated in a furnace, pass through a plastic state during which 
the individual lumps fuse together into large massos of semicoke impervious to air 
flow. For this reason caking coals are burned in underfeed types of stokers as they 
have moving rams or other means for breaking up these masses of semicoke. Caking 
coals cannot be burned successfully on traveling- or chain-grate stokers because with 
these the fuel bed is undisturbed during its travel through the furnace. With 
Bpreader«toker firing the caking is minimized owing to rapid oxidation during flight 
«if the coal through the furnace atmosphere. This action results in a free-burning 
type of fuel bed. 

In general, caking coals fall within the range of the high-volatile A, medium-vola¬ 
tile, and low-volatile bituminous coal groups (ASTM classification). Within these 
groups wide variation in behavior will be found. 

Free-*burning coals are ones in which the individual lumps do not fuse together but 
bum separately, or after fusion the masses break up qiuckly into fragments. Fuel 
beds of these coals need no agitation so that traveling- and chain-grate as well as 
spreader stokers are w^ell adapted to them. 

Anthracite, semianthracite, high-volatile bituminous C, subbituminous coal, and 
lignite fall into the free-burning ASTM classification. 

The use of pulverized-fuel firing with any of the foregoing coals is governed by 
suitability for pulverizing and size of steam-generating unit with which it is to be 
used. Cienerally, anthracite and semianthracite are relatively difficult to pulverize 
and ahnost invariably call for stoker firing. 

Coke breeze is another frequently available fuel for industrial steam making. It 
is a by-product in the manufacture of domestic and metallurgical coke, l^&ually all 
coke passing through a Ji-in. round-hole screen is called "breeze.'^ It is a low-vola¬ 
tile, free-burning, and extremely abrasive fuel which is burned almost exclusively on 
traveling-grate stokers. 

There are many other solid fuels available for steam-making purposes, but most 
of them arc limited in supply as thev are by-products of some manufacturing process. 
Wet and dry wood, bark, spent-w owl chips of various sorts, and bagasse all fall into 
this classification and are outside the scope of this section. 

Equipment for Burning Solid Fuels 

Stokers. Stokers available for feeding and burning various coals may be divided 
into four types; 

1 . Single-retort underfeed stokeis 

2. Multiple-retort underfeed stokers 

3. Traveling- and cham-grate stokers 

4. Spreader stokers 

Single-retort Vnderfa&i Stokvrs. The single-retort stoker, as illustrated in Fig, 
8-14, is one that employs a stationary trough, or retort, open at the top and closed 
at the sides and at one end. The coal is fed into the trough through the open end 
by means of a reciprocating sliding bottom on which are mounted a feeder block at 
the hopper end and auxiliary pushers at intervals throughout Its length. With each 
inward stroke the feeder block for<*es a quantity of coal into the retort. 

Alternately moving and stationary grate bars extend laterally from each side of 
the retort to the dump grates located at the furna(*e side walls. The short lateral 
motion of the moving bars causos the coal to travel gradually toward tlic dump 
grates. The combined action of the feeder block, the auxiliary pushers, the sliding 
bottom, and the moving grate bars results in correct agitation, even distribution from 
front to rear, and a gradual feeding of the fuel toward the dump grates. 

Air under pressure is supplied to the main wdnd box of the stoker directly below 
the retort From here it enters the grate bars thiough openings in their underside 
at the retort ends. Some of thf* air flows throu‘'h tuv6re ripiuiings into the upper 
zone of the retort. The remainder is discharged from opening in the lower ends of 
the bars into the auxiliary wind Iwix. Tt then passes up bi'twoen the bars into the 
fuel bed. This design of air-distribution system provnles a gradation in pressure so 
that, with decreasing fuel-bed thickness, there is a corresponding reduction in pressure. 
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The accumulated refuse on the dump grates is discharged periodically to the ash¬ 
pit as required. 

Over-fire air porta are located in both the front and rear walls immediately above 
the retort. The over-fire air is used to complete the combustion of volatiie matter 
rising from the distillation zone of the fuel bed. 

Single-retort stokers for industrial application vary in size from approximately 3 
ft 6 in. wide by 4 ft 0 in, long to a maximum of 12 ft 6 in. wide by 10 ft 0 in. long. 
Continuous coal-burning rates range from 250 to 5,400 1V> per hr depending on the 
size and quality of the coal. Furnace heat-liberation rates for continuous operation 
should preferably be held to less than 40,000 Btu per cu ft per hr. 

MuUiple-retort Stokers. The multiple-retort stoker shown in Fig. 8-15 is one in 
which the underfeed section consists of a number of alternate, paraliol, longitudinal 
strii)6 comprising the rc'tort and the tuyeres. The retorts are open at both ends and 
the top but are closed on the sides. Tuyeres form lateral extensions between adja¬ 
cent retort sides. It is through these that air is supplied to this section of the stoker. 



Fiu. 8-14. View of a stoani-ririven Type E sinale-retort btokcr with part of the front in 
phantom to show interior and fire on rear part of fp-ate. {Combustion Engineering- 
Superheater, Inc ) 

No provision is made for air acljuission through the retorts. Thus, with this arrange¬ 
ment, approximately fifty p<*r eeut of the underfeed section is active grate area. 

At the lower end of the retort is an overfeed section comprising from 20 to 30per 
eent of the total stoker area. It consists of deep, narrow bars with overlapping riba 
grouped in movable carriers. A reciprocating motion is provided and arranged so 
that adjacent carriers have a slicing action for maximum agitation. The length of 
the stroke for a Items te groups is adjustable from the stoker front. The entire over¬ 
feed zone is air-admitting and under damiH'r coiitml. 

The ash-discharge section may be any one of three available types: dump grate, 
continuous ash discharge, and clinker grinder. When dump grates are used, the 
accumulated refuse is periodically discliarged by lowering the dumps. With the con¬ 
tinuous-discharge type the accumulated refuse is continuously moved through a gap 
between the bridge-wall overhang and the ash-discharge trays. This design is shown 
in Fig. 8-15. Wiib the clinker grinder, a deep pit in which the grinder rolls are 
located is provided for ash accumulation. Tills refuse is then periodically discharged 
by opiu’ating the rolls. 

In the operation of these stokers, coal is supplied to the n^tort by a reciprocating 
main ram. Secondary rams in the retort bottom and ako the downward alopp of 
the stoker cause the coal to travel progressively to the overfeed section. No lateral 
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motion is providod to feed the fuel directly onto the tuyeres. The shape of the 
throat through the front wall into the furnace for each retort allows the incoming 
ooai to rise and form a relatively level bed Ignition takes place at this point. The 
air supplied through the tuy^s causes the coal resting on them to be consumed 
quickly. As a riHsult a high ridge of smoldering caked coal remains over each retort. 
The feeding action of the rams advances the fuel, and eomc rolls on to the tuyftres where 
it is burned at a high rate. Ignition penetration throughout the retort zone is rela¬ 
tively slow. To overcome this, the fuel-htd thickness is gradually decreased until 
the overfeed section is reached. In effect, the coal is lifted out of the retort because 
of its decreasing depth This lifting action, aided by the shape of the auxiliary 
rams, maintains the supply of fuel to the tuyCros. 'riiis side^feeding action is in 
step with the progressive lifting so that the fuel >>ed has a uniform height above and 
its top 18 parallel with the tuyCre slope. A cross section of the fuel bed at the under¬ 
feed section will show a genes of ridges over the retort and valleys over the tuyCre. 



Flo. 8-J5, Sectional side elevation shoHin^ details of the continuous-discharge tsrpe of 
multiple-retort stoker {Combusfwn Erigincerzng tSyperheaUr, Jnc.) 


The height of the ridges and the depth of the valleys are governed by the caking 
characteristics of the coal 

Obviously it would be impossible to burn out uniformly a fuel bed that consists 
of alternately thick and thm nbbons of caked coal Therefore, some means for level¬ 
ing and compacting must be provided It is for this purpose that a reciprocating 
overfeed section is used so as to shake down and level the fuel as it is discharged 
from the retorts. I'he sliemg action heti^cen adjacent carriers sen’^es effectively to 
break up large caked masses of coal and also minimize clinker formation. As a 
result the fuel bed in th(‘ overfeed zone is a level, intense coke fire requiring very 
little excess air to maintain low carbon loss m ashpit refuse. 

Over-fire air ports are provided in the front wall alxive each retort to supply 
needed air for any unluirned gas from the distillation zone. 

The number of retoits for a watisfaetoiy installation should never be Jess than 
four The maximum number will depend on tlie furnace width available foi installa¬ 
tion. Stoker areas may vary from 70 to more than 500 sq ft (‘(udinuous eoal- 
burning rates will extend from 1,750 to 30,000 lb per hr depending on stoker M/e and 
coal quality. Furnace heat-liberation rates for continuous openiinm should prefei- 
ably be held to loss than 35,000 Btu per eu ft per hr. 
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Trov^n^ cr Chaithgri^ Siokers. Tho traveli^- or oham-iSrS'te Btuker, ahowii ia 
Fig. proviclea a ooatinuausly nioviag, aonagitaUng type of grate aurfaee. Coal 
ia progressively supplied to the furnace in a level, uniformly thin bed, and the refuse 
is continually and automatically discharged to the ashpit. Prompt and rapid penc- 
tration of ignition is necessary for efficient ojieraiion. I'his is obtained by tlie use 
of suiUbly disposed arches which reflect heat onto the incoming grron coal, The 
intaiisity of reflected heat will govern the speed with which it is possible to operate 
the stoker. It will also determine the rate at which ignition penetrates the fuel bed. 
The faster it is possible fully to ignite the coal, the higher the rato at which it can be 
bunied. 

The fuels customarily used on traveling- and chain-grate stokers are anthracite, 
coke breeze, lignite, and free-burning bituminous coal. 

Anthracite and coke breeze have a low volatile-matter content and are relativdy 
small in size with a very large percentage of '"fines" or undersize. Unless provision 
is made to retain a maximum quantity of these “fines" in the furnace, excessive fly 
ash and high ashpit losses will result even though combustion rates are low. Arch 



Fig. 8-16. View of a large traveling-grate stoker showing some details of construction. 
{Combustion Engineering — Sopetheoier^ Inc,) 

deJ^ign is an iiuiHirtaiit factor. F'lirnaces in w'luch the arch extends forward from the 
bridge wall U) cover about 75 ju'r cent of the stoker area make it possible to operate 
at r(‘lHlivc‘ly high combustion rates and rxccllent efficiencies. They ensure prompt 
and rapid peiictralion of ignition and minimize at ratification by providing maximum 
turbulence in the furnace gas. Fly-nsh cairy-over is also reduced because much of 
it is redepobited on the fuel bed at tlu* front of the furnace. 

Lignito, with its cxlreniclv high moisture content and tendency to “weather" 
when exposed to heat, is an ideal fuel for tht'se stokers. Here again the use of rear- 
arch furna(‘es makes possible higli coinbiistiou rates and excellent efficiency. 

Free-buniing bituminous coal is also suitable f(»r chain-grate stokers. Because of 
the high volatilc^maticr coiitcMit and more rapid penetration of ignition, somewhat 
shorter arches can be used. 

The thin fuel beds on stokers of this type move relatively fast and are sensitive to 
air supply. Positive regulation is provided by a series of transverse zones, each 
under separate damper control. 

Traveling- and ehain-grafe stokers for industrial purposes are built in sizes that 
range from 3 ft 0 in, wide by 9 ft 0 in. long to 24 ft 0 in. wide by 28 ft 0 in, long with 
corresponding areas of 27 to 672 sq ft. The allowable continuous-combustion rate 
for stokers of this typ(* may rangi' from 30 lb dry coal per square foot of grate per 
hour for anthracite to 50 lb dry coal jier square foot per hour for lignite. Fumaee 
heat-Iib(Tatinn rate should preferably be held below 55,000 Btu per eu ft per hr. 

Spreader Stohers. "rhe modern spreader stoker consists essentially of one or more 
units mounted on a cast-iron front, ench comprising a coal hopi^r, a feeder which 
regulates the flow of wial in proportion to the load, and a distributor rotor which 
throws the eoal into the furnace and distributes it to the grate. These stokers are 
available in two prinripal tvpes: one for intermittent manual discharge of ash and 
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the other for automatic couti&uous discharge of ash. The difference between these 
two designs lies in the grate construction. With the intermittent-ash-^ischarge type, 
either stationary or dumping grates are used. The plenum chamber below the grate 
for air distribution is secfionalized longitudinally into a number of compartments, 
one for each feeder unit. Dampers provide the regulation of air supply. The con- 
tinuous'disrharge design is provided with a traveling or chain grate. This grate is 
slowly and continuously moved forward to discharge the accumulated ash automati¬ 
cally. Transv(*rac air compartments provide control of air distribution. In Fig. 
8-17 some of the constructional details of a continuous-discharge spreader stoker are 
shown. 

Ihe spreader stoker uses the combined principles of suspension burning and the 
uonagitated type of fuel bed. Fresh coal is continually projected into the furnac(‘ 
above an already burning fuel bed. As a result the “fines” are quickly ignited and 
burned in suspension in the upper front furnace /one. The larger particles are 
exposed to the full efTect of furnace temperature as they fall onto the fuel bed. The 



Fig. 8-17. A continuoua-discharge-type spreader stoker. This stoker is 22 ft wide and 
20 ft long. {Combuetion Etigineerinff- Superheater^ Ine ) 

volatile matter is quickly driven off, and tlu tendency to coalcbi'c is almost entirely 
destroyed. Thus the caking qualities have little or no effect. The active portion of 
the fuel bed is a thin layer of burning Juel on a thicker layer of accumulated asli 
Even distnbutioii is rcquir<‘d to maintain }x»roKity for imiforin air flow. Any local¬ 
ized thickening of the ])ck 1 will s(»t up high-rcsistancc areas, and because of decrease 
of air flow through them, they arc favorable to clinker formation. Ignition penetra¬ 
tion is rapid and upward because frc.sh furl is fed on top of an already burning bed. 

An outstanding eharaet(*ristir of the sprcjider stoker is its ability to burn satisfac¬ 
torily a wider range of fuels than htokers of any other tyi>e. Performance is be.st 
when fuel quality and sizing are good. This meth<>d of filing, however, was developed 
primarily to burn the lower grades of coal with high ash content and low ash-fusion 
temperature. Its operation with these fuels has been notably successful. It can 
handle with facility everything from semisiithraeitf^ to lignite. 

Since distribution to the grate is a most important factor, a satisfactory size con¬ 
sist of coal is necessary. A preferred specification is by 0 in. Under no condition 
should the top screen size exceed in. “Bug dust” and similar size are also handled 
in a satisfactory manner. 

Over-fire air or steam jets should always be providetl to supply furnace turbulence 
which will break up any tendency towaiil gas stratification. Furnaces are of the 
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^‘open type,” devoid of any arches, with sufficient volume to keep the heat-liberation 
rate below ^,000 Btu per cu ft per hr at maximum continucme^perating rates where 
all refractory construction is used. For a suitably water-cooled furnace, this rate 
should not exceed 45,000 Btu per cu ft per hr. 

Stoker areas may vary from 36 to 225 sq ft for the iutormittent-ash-discharge 
type. For the continuouB-dischar|i;e design these areas will range between 100 and 
520 sq ft. ContiiiuouB-combustion rates should preferably be limited to less than 
600,000 Btu per sq ft of grate per hour. 

Pulverized Coal 

Solid fuels, when burned in suspensior^, should contain an appi'eciable quantity 
of extrernelv fine dust so a^^ to ensure prompt ignition. The amount of coarser mate¬ 
rial must be minimized if best combustion results are to be obtained. 

The Imcncss to which (‘oals should be pulverized will depend on many factors. 

C'aking coals, when exposed to furnace temperature, will sw'pll and form light¬ 
weight, porous coke particles They may float out of the furnace before they are 
completely burned. As a result, carbon loss w’ill be high unless pulverization is very 
hne. Free-burning coals, on the other hand, do ni>t require the same degree of fine¬ 
ness because the swelling characteristic is absent. 

Iligli-volalile coals ignite more readily than those with a low volatile content. 
Therefore, they do not require the same degree of fine pulv(»rization. With the 
(‘xeeption of anlhracife, however, the low*-volatile coals are softer and may be said to 
have a higher grmdabdity. 

iSome large furnaces may operate satisfactorily on high-volatile coal as coarse as 
65 per cent minus 200 mesh. Small water-cooled furnaces, using low-volatile coal, 
may n*quire a fuiene.ss of 85 per cent minimum through 200 mesh. Othci influencing 
factors are bunier and furnace design, disjKisition of funiaco volume, length of flame 
travel, furnace temperature, and load eharaeteriaticB. In general, however, small 
furnaces reiiuire finer pulverization than large ones. 

Th(‘ Hneness of the product is usually 
expressi*d by the percimtage of dust that 
will pass a sieve with specific size open¬ 
ings. For testing pulverized coal the 
most coininouly used sieves arr the 50- 
ine.sh sieve for determining the oversize 
and the 200-ineah sieve for determining 
the fine dust. 

The mcfah of a screen is designated by 
the number of openings per linear inch. 

'^rhus a 200-mesh screen has 200 oixuiings 
1o the inch, or 40,000 per sq in. The size 
of opening is governed by the diameter of 
wire used in making the screen. The 
U.S. Standard and W. S. Tyler are two 
commonly used screen sieves. The mesh 
and opiming of these arc shown in Table 
8-30. 

Pulverizers. The throe basic principles for grinding coal are impact, attrition, 
and crushing. The four etimmonly used pulverizer types arc ball, impact, ring-roll, 
and baJl-raee. Some of these mills employ one grinding principle, while others may 
use a combination of two or even all three principles in their operation. 

hall Mill. A ball mill is essentially a horizontal rotating cylinder whose length 
is somewhat gieater than its diameter. The interior is fitted with heavy cast linors 
and filled to slightly less than half with balls that vary from 1 to 2 in. in diameter, 
Pulverization is accomplished through continued cascading of the ball and coal mix¬ 
ture ns the mill is rotated. It is due in part to impact of the fulling balls, to attrition 
through their slipping over each other as well as over the liners, and to crushing aa 
they roll over the liners and also over each other. The larger pieci^s of coal are 
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Table 8-30. Standard 
Screen Sizes 



S. Ktandaid 

W. S. T^ler 


lo 

Mui 

Mesh 

In. 

Mui 

20 

0 OUB 

0 84 

20 

0 033 

0 83 

30 

0 023 

0 50 

28 

0 023 

0 50 

40 

0 0165 

0 42 

3.5 

0 016 

0 42 

50 

0 0117 

0 30 

48 

0 0116 

0 30 

60 

0 009B 

0 25 

60 

0 0007 

0 25 

100 

0 00.58 

0 140 

100 

0 0058 

0 15 

140 

0 0041 

0 105 

150 

0 0041 

0.10 

200 

0 0029 

0 074 

200 

0 0020 

0 074 

325 

0 0017 

0 044 

32.5 

0 0017 

0 043 
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broken principally by impact, and the lino grinding is done by the rolling and sliding 
action of the balls. 

Impact MUl9> Impact milk consist primarily of a scries of swing hammers or 
lugs revolving in a cloflcd (‘hambor. Crrinding is acroniplished by a oonibination of 
impact on the larger particles and attrition on the smaller ones. 

Ring-roll and Ball-rate Millft Iling-roll and ball-rare milk iiiclud<‘ a large <'la«8 
in which the coal is pulverized between two surfares, one rolling o’ver the other. The 
rolling member may be either a roll or a ball. If balk are used as the grinding ele¬ 
ment, they are confined between two rnecs, and pressure to crush the coal is obtaiii(‘d 
by forcing the races together with heavy springs. The balls may be driven by lotat- 
ing either the upper or lower race. Some additional grinding pressure is obtained 



Fio. 8^-18. A cut-away view sJuiwing iulerioi details of the C-E Kayinoiid bowl mill. 
{Combustion Enginurwtg — Buparfieatct, Inc.) 

from the centrifugal force of the rotating balk. In ring-roll milk, either the rolls or 
the grinding ring is rotated. In the first ease, pn^ssure to crush k obtained from 
centrifugal force as the roll assembly swings p<*ndulundike Rgainst the grinding ring. 
In the second ease, the roll assembly is stationary, and springs are used to provide 
crushing pressure on the eoal layer between roll and rotating grmding ring. 

In all the milk just described an air system k provided to induce airflow for the 
purpose of removing the ground coal from them. In addition, some means of classi- 
fleation is used to maintain suitable size consist in the pulverizc'd coal. 

The C-E Raymond bowl mill, shown in F^'g. 8-18, is of the ring-roll type. It con¬ 
sists eK8e,ntially of a grinding ring carried by a revolving Iwwl. Hlationary rolls, 
preloaded by adjustable spring pressure, are set so that they do not come in contact 
with the ring, A classifier, whose outlet is connected to the mill exhaust, is located 
above tbo grinding chanib(T. Fineness of coal at the classifier outlet is regulated to 
a large extent by position of adjustable vanes. A numtier of other Influencing factors, 
however, will al^ have a bearing on vane setting. 
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I*ulveriaer8 will raoj^ in capacities from approsdmately \flOO to 50,000 Ibof ooai 
per hour. 

Some of the factors affecting mill capacity are grindability of coal, fineness required, 
moisture in coal, and air temperature available at pulveriser. Suitable correction 
for these must, therefore, be applied to obtain the true capacity of a given pulverizer. 

Burners. The development of pulveiized-coal firing for purposes of steam gener¬ 
ation has been due, in large measure, to b bettor understanding of furnace design 
requirements. Uniform distribution of fuel and air to the funiaeo is also of prime 
im^rtance. Turbulenee provides the means for effective distribution and speed 
Ignition of the incoming fuel and promotes rapid cotnbustion by continually making 
available the fn‘e oxygtm needed by the ignited combuBtible matter. These require¬ 
ments aM‘ the governing factors in burner scdection and apidication. 

M(‘thocls used to fire pulverized coal are indicated by the manner in which fuel is 
injected into ihe furnace. Those methods fall into three broad classifications, twz., 
vertical firing, horizontal turbulent firing, and tangential firing. There are modifi¬ 
cations, adaptations, and partial combinations of these throe basic methods to 
make them suitable for variations in furnaces as well as in stcam-gencrating-unit 
design, 

('’haracteristica of the three basic firing methods differ widely, and each has its 
Iield of application. Thus the selection for any given installation is governed by a 
number of variables, of i\hich the princijial ones arc size, shape, and volume of fur- 
iiaee available to d(‘velop the desired capacity. Furnace dimensions establish the 
ninximuiii length of flame travel available I’lio type of fumace-woll construction 
also iiiflueiireB selection, but rate of heat liberation may indicate a change in wall 
(Iphign, Quantity of efial to be burned, as ueJl as its \olatile matter and sulfur con¬ 
tent, fusion temperature of ash, and fineness of pulverization will influence not only 
method of firing and type of wall eonstnictioii to he useil but algo the method of ash 
disposal. C’haractcr of the load together l^itU extent and duration of peaks and 
extremely low-load periods are also of great iniportaiiee. In faet there are so many 
influencing variables that no hard and fast rules can be established. Much reliance 
must be jilnciMl on actual knowledge, supplemented by operating experienec, which 
parallels the conditions surrounding the partieulai installation under consideration. 

Kaeli of the foregoing firing methods requires a different burner design because of 
variations in the manner in which air and coal are mixed to produce efficient and 
complete euiiibubtion. Fundamentally, however, all burner designs must be such 
that the air and coal are supplied to the funiare so as to provide stable and prompt 
ignition; positive ailjubtiuent and control of ignition iMiint and flame shape, complete¬ 
ness of eontbuslion; uniform distnbutioii of excess mr, tenijn’rature, and gas flow at 
furnace outlet; fnH'dom from localized slag deposits; protection against overheating, 
internal fires, and excessive wear in the burner; and accessibility for adjustment and 
replacement of parts. 

Vertical Firing. DetiiiLs of a burner assembly for vertical firing are shown in 
Fig. 8-lt). In this design the lower edge of the furl nozzle is senaied to increase 
surfac<' exposure of the issuing fuel stream to furnace radiation and thereby aid in 
spt^oding ignition. In addition, deflector plates, not showTi in the illustration, are 
installed in the lower part of the burner housing. These deflectors cause the tertiary 
air to put across individual fuel streams and thereby set up considerable turbulence 
which, in turn, promotes rapid penetration of ignition. 

The air required for combustion is divided into three parts: primary air, secondary 
air, and tertiary air. The primary air, a relatively small percentage of the totri 
supply, is used to transport the pulverized coal from the storage bin, or mill outlet, 
to the Ininier nozzle and then blow it into the furnace. The tertiary air, in approx¬ 
imately the same percentage as the primary air, is admitted under damper control 
through the burner housing around the fuel nozzles to the furnace. Secondary air, 
the major portion of total requirements, is admitted in a horizontal direction through 
a large numlier of small an* ports which cheekerlioaril the front wall of the furnace, 
and damiwrs are used rcgulati* quantity and distribution. This arrangement 
makes it possible to swure horizontal penetration between adjacent vertical fuel 
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streamB and thereby progresRively supply the secondary air in a manner to ensure 
complete and uniform combustion. 

Individual burners have capacities up to approximately 2,000 lb coal per hr. 
They are installed side by side on relatively close centers m an arch near the top of 
the furnace and project the coal vertically downward in a relatively thin flat stream. 
In this manner uniform distribution of fuel across the entire furnace width is obtained. 

Horizontal Turbvlent Ftrmg. The development of direct-fired systems in which 
pulverized coal is transported directly from mill to burner, however, resulted in a 
demand for larger burners where individual capacity, in many cases, woidd be equal 
to that of the pulverizer. To meet these requirements it was necessary to provide a 
design in which the large concentrated fuel streams were quickly and uniformly 
spread out over a relatively wide area. In this manner high intensity of heat libera¬ 
tion in small sections of the furnace cavity is avoided, and there is instead an evenly 
distributed flow of heat through the furnace, although individual burner capacity 



Fto 8-10 Details of a burner for ver¬ 
tical firing. (Combustion Engineering — 
Superheater, Die ) 



Fiti. 8-20 \ horizontal turbulent burner 

arranged for pulverized-coal aud oil firing. 
(Combustion Engineeiing— Sujterheater, Inc.) 


may be as high as 150 million Blu per lir. These results are obtained through the 
use of designs similar to the one illustrated in Fig 8-20 in wliich a large central fuel 
nozzle is surrounded by a housing jirovided with adjustable' vanes. 

The Central nozzle has a volute type of inlet so that rotation is imparted to the 
entering mixture of fuel and primary air. Vanes in the housing are used to control 
the degree of rotation imparted to the secondary air stream. As the streams from 
these two sections of the burner come together in the burner throat, their rotational 
motion establishes a high degree of turbulence and causes the mixture to spread 
quickly as it emerges Into the furnace cavity. hen loukmg directly at on*' of these 
burners in operation, the burning fuel and air mixture has the apjiearance of a large 
sunflower in which the flames seem to radiate, petallike, from the relatively dark 
center at the nozzle. 

Tathgeniial Firing. With tangential firing the burners arc located in ea"h of the 
four furnace corneis close to the water screen, floor, or hopper bottom. Individual 
burner assimiblios consist of two, three, or foui fin'l nozzles suiroundeil by secondary 
air-inlet boxes equipped with guide vanes and dampers. Many details of these 
burners arc shown in Fig. 8-21. 

In this method of firing, the fuel and air streams issuing from the four comers 
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are directed along tangents to a small imaginary circle in the ccnt<T of the furnace. 
No attempt is made to mix the secondary air ajid fuel at Ibe burner, but Hufficient 
primary air is used to ensure prompt ignition. Where these four streams meet, 
intense turbulence is set up, and a nilative motion is imparted to the burning mixture 
which spreads out and is uniformly distributed over the furnace cross section. The 
charactcristio feature of uniformity of mixture in the furnace oveniomes any effect 
su(*h as results from unequal division of fuel or air with oilier methods of firing. 

Furnace outlet temperature is a function of heat absorption by the waterwalls, as 
well as rate of heat liberation in the furnace cavity. Heat absorption by the walls 
varies with their cleanliness, as well as 
with the area subjected to direct radia¬ 
tion and convection transfer. Thus, to 
secure the n'quired temperature of gas 
at the furnace outlet over a range in 
capacity, it is necessary to make a rela^ 
tive change in both furnace volume and 
area of hcab-absorbing surface. 

The foregoing requirt'ments have 
led to the development of an adjusta¬ 
ble tangential burner in which the fuel 
nozzles and air-directing vanes may be 
selectively tilled upward or downward 
by the operaloi through a range of 25 
deg alK)ve or below horizontal. Thus, 
by directing Ihe flames toward the 
upper zone of the furnace, the gas outlet 
temperature will be k(*pt highiT during 
the light load, or T^heii walls are elean, 
than when the entire furnace ia used. 

For heavy loads, or vhen walls are 
coated with dust, the entire furnace vol¬ 
ume can be used by tdting tlie burners 
downward to maintain tlie outlet gas 
temperature below the jxnnt of slagjiiug. 

At practically any ghon load point a 
change of approximately 200^F at fur- 
na<‘e outlet or approximately 75''F in 
stoani temperatuic, is avaihihlp by oper¬ 
ating the burner nozzles over the ejitirc 
range of adju.stnH'iit. 

Ability to us(’ the available furnace 
lolume selectively, through positioning 
the zone of turbulent combustion and 
thereby varying effectiveiu'SH of furnace 
waterwall area, makes it possible to con¬ 
trol furnace outlet timiperaluro and 
thus regulate steam temperature over a wide range in capacity. A supplementary 
gas by-pass damper provides the means for final incremental steam-temperature 
adjustments. 

UQXnD FUELS 

Fuel oil may be defined as petroleum or any of its liquefiable residues remaining 
after the more volatile constituents have been removed. 

Crude petroleum is sometimes burned iu the state in which it is taken from the 
ground. In this condition, most of it will contain sufficient lighter gasoline fractions 
to lower the flash point and present a fire hazard. Through limited fractional distil¬ 
lation, or topping, the lighter gasoline can bo removed, and a safe fuel oil can be 
produced. If the refining process is carried through extended fractional distillation 
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Fio. 8-21. Cul-away view bhowiiig derails 
of tangential burner with adjustable coal 
noszleb. {Comhuustion Engineering—Six per^ 
heater, Ivc,) 






Table 8>^31. National Bureau of Standards Detailed Requirements for Fuel Oils*'* 
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and crackingf such fuels as gasoline, kerosene, gas oil, light fuel oil, lubrioating oil^ 
heavy fuel oil, residual tar, pitch, and petroleum coke are produced. 

For industrial purposes heavy fuel oil, or bunker G oil, is the one used for steam 
making. 

Properties of Fuel Oil 

The important properties of fuel oil are specific gravity, heating value, viscosity, 
flash and fire point, sulfur content, ash content, and congeMing point. 

Density is one of the most important properties, since fuel oil is sold on a volu¬ 
metric basis. Standard density is taken at 60“F and referred to water at 60‘’F. It 
is usually designated in degrees AFX, for which the American Petroleum Institute's 
standard formuda is 

141 5 

Degrees API = gpcpi,;, gravity at 60”K/60°F " ® 

Between specific gravity of all petroleum products and their higher heating value 
there is a relationship -^hirh has been expressed in a formula by the l\S. Bureau of 
Standards^ os 

Heat of combustion at constant volume (Btu per lb) 

= 22,320 - 3,780 X sp gr (at 60“F/60T) 

To provide standardization for fuel oil the Kational Bureau of Standards has 
established spocificationa for five different grades. The details of these speeificationB 
are given in Table 8-31. 

Oil Analysis 

It will be noted that grade 6, which is sometimes designated as heavy industrial 
fuel oil or bunker oil, is specified mainly by viscosity. An average analysis of 
grade 6 oil may be taken as carbon, 87 3 per cent; hydrogen, 10 8 per cent, sulfur, 
1.2 per cent; nitrogen, 0.2 per cent: oxygen and indeterminates, 0.6 per rent; and 
higher heating value, 18,500 Btu per lb 

For handling fuel oil from storage taiikb to burner nozzles, there is usually installed 
a compact duplex interconnected as,soinbly of slraineis, oil beaters, pumps, and auto¬ 
matic regulators, together will all other auxiliary equipment and instruments that 
may be required. 

Oil Temperature 

When pumping oil to storage tanks, or from (hem to oil heaters, heating to a 
temperature of approximately 100°F is ordinarily required. For use with steam- 
atomizing burners, heating to approximately 185°F is desirable. For mechanical 
atomization, the oil requires still greater fluidity and must therefore be heated to 
approximately 220®F. 

Oil Pressure 

For steam-atomizing burners the oil pumping pressure may vary from about 2 psi 
at niimmum rapacity to 125 ped at maximum. This pressure range is based on a 
fuel piping system of adequate size for the eapaeily required because burner 
capaciticb are obtained tlirough the use of steam for atomization. 

With mechanieal atomization, oil pressure is used to produce atomization. The 
pressure required, therefore, depends on the load, as well as the spraj^er plate Used, 
and will ordinarily vary from 50 to 250 psi. 

Oil Burners 

Oil burners are elassified aceording to the method used for securing atomisation 
as follows: 

1. Ait-atomizing burners 

2. Steam-atomizing burners 

3. Mechanical-atomizing burners 
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Air-Atomizing Burners. Only a relatively few industrial installations have 
burners of the air-atomizing type, and, therefore, our discussion wjU be conhned to 
steam- and mechanical-atomizing types. 

Steam-atomizing Burners. Steam-atomizing burners may be subdivided into two 
general groups: the ovtside mix and the inside mix according as the oil and steam mix 
outside or inside the burner nozzle. 

Outside-mix nozzles usually produce a flat flame and are used generally with iJie 
natural-draft types of burners. In these the air supply is controlled by varying 
furnace draft with intermediate regulation provided by front-wall dampers. Burners 
of this type are used for relatively small installations where only moderate capacities 
are required and relatively wide furnaces are available. 

Inside-mix t^'pes of nozzhs will give a flat or hollow conical flame, dependmg on 
the design of tip used. 



Fig. 8-22. Tj^pical roim al-flame, force<l- 1 lo. f’oTiihuialion merhamcal-alom- 

draft, sleam-atomiziiig burner. {Peabody izing and gas iiiig oi burner. {Puibody 
Enffineerwg C'cirp ) EngiHunng Coip.) 


Nozzles Hut produce a coniral flame are the ones which Imd greater acceptiinee 
for industrial steam making. W itli tliesc* is used ii c iieular housing having some form 
of controllable regisfer. For iiidural-draft insfallatioTi'-, the air Hiipply in pro\ided 
hy furnace suction, as well as by the aspirating <‘fteet of the steam as if issues from 
the burner nozzles When Uirge-capaeity burneis are recpiired. the air is supplied to 
the burner rogisler by a furced-diaff fan. The pressuie and volume of the air supply 
are governed Lv the fuel-injection capacity of the nozzles. 

A foreed-drait burner of the steam-atomizing t»pe is shown in Fig 8-22. In the 
design iUustrated a nuiliiblade register is used to \ar\ uii flow and regulate its spin. 
An inside-mix steam atomizer provides a strong conical-shaped spray, and inter¬ 
changeable lips are used to modify flame spread and oil capacity. Individual burners 
of this type may have capacities up to 120 million Btu per hr, and furnace liberation 
rates should prefenibly be held lielow 30,(XK) Btu pi^r e * ft p^»i hr at maximum con¬ 
tinuous capacity. 

Mechanical-atomizing Burners, Meelmnieal-atoniizing buiners consist of four 
principal elements: the atomizer, the diffuser, the air rfigister, and the refractoiy 
burner-throat opening. 
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The aiomieer k deaigned to break up the oil mechamoally into a fine, mietlike, 
xiniiorm spray which will bum with a minimum of excess air when projected into the 
furnace. 

1 he dtjfwer is a shield, in the form of a perforated hollow metal rone, mounted 
near the furnace end of the mcchamcaL-^tomizer gun assembly. It protects the base 
of the spray from the high-velocity air and stabilises the flame to prevent it from 
being blown away from the atomizer tip. 

The air register is an integral part of the od-bumer assembly and usually consists 
of a series of ovcrlappmg vanes which dehver the air for combustion to the furnace 
throat with the correct degree of spin. 

The refractory bvmer-throat opening hiis a carefully shaped contour designed to 
hold the air around the flame and simultaneously assist combustion by radiating heat 
to the burning fuel. A typical mechanical-atomizmg-bumpr assembly is shown in 
Fig 8-23. 

The capacity range for a given atOiiiizer-tip oiifice is limited to approximfltely 
1 ^^2 o** 2 to 1, with an oil-pressure (baiige of as much as 200 psi. Thus, for satisfactory 
operation over reasonably wide load ranges, it is necessary to have a multiplicity of 
burners, as well as several sizc'h of atomizer assembhes for each burner. 

Recently several systems havx been developed for widening the operating range of 
merhamcal atomizers to as much as U) to 1 without the necessity of constantly chang¬ 
ing sprayer plates and tip onhtes Thus, with piojierly applied control it is possible 
to have satisfactory and close automatic regulation for fluctuating load conditions. 

Individual burners <d the nierhanieal-atoinizing type may have capacities up to 
100 miDion Btu per hr, and mnMinnm contmuous furnace-liberation rates should 
preferably not cveoed 30,000 Btu per cu ft per hr. 

GASEOUS FUELS 

The principal gaseoiis fuels used for steam-generating purposes are, in the order 
of their importanee, natural gas, blast-furnace gas, blended refmery gas, and coke- 
<»vcn gas Performance eharaeteiisties of these gaseous fuels aie governed by the 
ehanietensticB and propoitions of the lanous winple gases they contain Of greatest 
importance arc ignition temperature, the speed at which vanons proportions of the 
gas and air Will bum, flame tcunperature, and amount of heat radiated from the 
burning gas. 

Pbr indubtrial purposes, natural gab is the one that has widest application. Blast¬ 
furnace gas, blended refinery gas, and coke-oven gas are by-pniducts of a manufac¬ 
turing process and are usually nut available except in the plant where produced. 
Consequently, our discussion will be conhned to the use of natural gas. 

Natural Gas 

Natural gas is probably the closest approach to an ideal fuel because it can be 
burned with very low exiess air and contains little or no solid residue. It consists 

Table 8-32. Typical Analyses of Natural Gas 


C onstiluonts, iw cpiit b> \olunu 


Lucati un 


1 

1 (Oa 

0, 

N, 

CTIi 

CiHa 

Kiefer, Okla.*" 

2 4 

0 0 

1 8 

04 1 

31 7 

Tx»B\eii'«vorth, Kan * 

0 8 

0 6 

6 3 

88 0 

3 4 

Caddo Palish, La,*" 

0 9 

0 0 

] 5 

97 8 

0 0 

Quannah, Tex * 

0 2 

0 4 

5 8 

R5 5 

9 1 

Loa Aneeles, Calif f 

0 9 

0 0 

0 1 

85 B 

13 2 

Buffalo, N. Y t 

0 0 

0 0 

0 4 

88 1 

11 6 

riiarlealon, W. Va t 

0 0 

0 0 

0 7 

78 8 

22 5 


* Bemhna, E A Julv, IW 

tU.S. Bureau of Mmee, Twifc, Foper 158 July. 1917. 


3Si 


hp ar 

(air — 1 0) 

Hifcher heat- 
mpt value, 
Btu/ru ft 
(Std cond) 

0 97 

1272 

0 62 

964 

0 76 

1039 

0 74 

1011 

0 05 

1108 

0 61 

1003 

0 67 
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mainly of methane (OII4) 'with ariialler quantities of other hydroearhons, prinripally 
ethane (Cjllo), although earhon dioxide (CO2) and nilrogeii (N2) an* usuaJly prr‘sent 
in small amounts. Sojuctinies there arp also apprceiable amounts of liydnigm sidfidc 
(HaS). Oxygen COl'J is preatmt only when there hiLS been an infiltration of atmoa- 
phehc air. Helium, a rare iiu'rt gas, is eontained in natural gas from some Texas 
fields. In Table 8-32 are shown typieal analysi's of natural gas. 

Natural gas when found in areas eontaiiiing oil deposits may be impregnated 
with heavy saturat<'d hydiv>i*arbonH, whic*h are licpiid at ordinary pressure and tein- 
perature. Tliis v'ci gas i.s tlien dried by strijjping from it those lirpiids wliieh eonsti- 
tut<‘ the HO-eallerl “eaning-head gasoline.” In view of the foregoing, it is well t/O 
nmiembcr that the terms ‘‘wet ” and “dry," wlien aasoeijited with natural ga.s, reh'r 
to its gasoline eontent, not to its moisture eonteiit. For pipe-lino transmission the 
gas is usually saturated w’ith water vapoi, by means of steam jets, in reduce gasket 
mainteiiaiiee. 

Natural-gas Burners. Burners for natnral-gas firing are generally divided into 
1-p and h-i> dpsigOh. This elassinention is d(‘rived from the gus ])ressurp recpiirerl to 
provide satisfactory operation, 

Low-prtftsure Bunirrs. Txiw-pressure burners art* nsiially operated with gas pres¬ 
sures of fnmi to 4 psi. A multijet constriielion delivers the gas in many sniall 
streams to discharge o]>pjiiiig in the biiriu'r throat. Air for eombiistion, induced by 
furnace draft, flows .‘uouml the jets ami the gas-air mixture is then biirm‘d as it 
enters tin* fiiniaee. Dampers are used to regulate air suiiply. Burners of this design 
are used where moderate capacities an* desirtal for boilers having rr'hitively wide 
funmees- 

Bigh-pr(S}<iin liurvvrn. Tlie ust* of high pre.ssures For pipe-lim* iians])ortnnoii of 
gas ov(T long ilistanei^s is nec(*ssary lo maintain low prodiiction costs. As a result 
the pressure in tlic gas main sprvirig a i>lant Jiuiv be 31) to oO p-^i. Uegulalois are 
used to prfivido pressure strp down to burner nuiin anil to maintain a consl/int pres- 
HU/e so that automatic regulators aie effeelive in var^' ing gas flow tf> rm*e*l fluctuations 
in steam deinamls. Where* li-y» gas is axailabh-, tin burner operates on pressures 
from 2 to 2.') psi. 

lligh-pres.sure gas burners may be elfus.-i(ied into tour main types, eaeli imliealixu* 
uf the manner in w hich gas is dise‘harge‘il into, and mi\e«l with, the air for eomluisf ion. 

The gn^-nng type of burner is one in whwli a ga*- ring in tin* form of an iiiimilar 
manifold, loeati^d lietween air register and fiiruaee u.mII, ^ur^oululs the burner irpen- 
ing. A series of onlices drilled anmnd ihi* inniu* suifan* of tins ring spray gas angu- 
larly m the form of a screen across the air stream tov\{ird tlie center of the liiirupr 
opening Op(*ration can be easily nnintaiiied Avilh exis-ss air as low us 7 iier cent. 
Figure 8-23 shows a burner of tliis tvj»(‘, ])rovided for alU'rnale use of fuel od. 

The rrnttr-fiijj'uyinn-fuhr type of burner is mie in which the gas bead with its 
orifices is loeateil al the center of tlie burner. For eombinution liring, rather a nieehan- 
ical-atoniizing or .sLeam-atomiziiig od-gmi assembly is inserted through an inner 
sleeve in the gas tiilie. In this rle.sign, Fig 8-21. the gas, as well as the ml, leaves 
the burner ti)i in tlie shape of a hollow cone and at a wide aiifilr* to the entering air. 
A diffuser jilate, integral Avilli the* gas tip, a.ssnres ste!ld.^ and prompt ignition. Inte¬ 
gral adjustable tlampers arr* used to control air qunnlity and produce the dtsin‘d 
spin neeessai'y for good eombuslion. 

The turhinr type of ga.s burner is one using revolving iiisteatl of rix(‘d mifiees. 
These orifices di.stribute gas transx^ersely to tin* air slri*am while rotating at high 
speed. With this design, the energy in the gas under pn‘ssure i.s utilized tr> pt rbirm 
the mechanical mixing and ])roportioiiing of the gas and air for eomlnistion. 

The Uiugmiial type is one in which banks of burinT assemblir‘S are located Lri the 
four corners of the furnace. Air and fiiel-gas slreams an* diri'cted along paths tan¬ 
gent to aHiiiall circle at Uie furnace center. 'I’his Mrr:in*.,einent ))rovidc*s added turbu¬ 
lence and mixing and is wi 11 adMpt<‘d to ,steam-gc*ii(*niting units of laige size. 

Furnace Liberation. There are /nnny natural ga.s-fired inslallatiojis operating at 
high furnace hefil-liberation rales. However, tfst.s have demon.strated that there is 
a decided tendency for the burning mixture to shorl-eireuit the iivaduble volume so 
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tli.it f (miiniioub or nicomplptc couibiistioii may t'\1ciHl into tlip boiUr and suporhoater 
/ones of llu unit By provulirifc grneimi*i fuina(r volume, based on a hbeiatjon late 
which dnpR not (xtred 30,000 Bin pfi ru f1 pei hr at maximum fontiimous (apjcity, 
iinuh opn itiiif? difhridtv (an hi avoided Ihc (‘apacity of an individual burmi is 
as lu^h as 120 million 13tu per hr 



T < S 24 l niubin itiou ste im-itnmizmi!: oil and nitunl-Kis bunur of the centor- 
dilTii'^i n tnfit l\p( omh ('thoti f tgirmmuf SuiHihiaft Inr i 

SUPPLEMENTARY FUELS 

In the h (Pi;(»inK wf in\( di'^cussed tmiiui d(si 4 ,iis e hn h (in altiniatilv and 
without ditlpulh hiiulh botli Inpiid and p.aMous lucK \uessuiv jnoMsion can 
hIm« I)( niaik ioi pnl\< ii/( d to il himp; iii th( ->a«u Imnur i using bv jnov iding a suit- 
h1)1( no /1‘ foi llu piituulHi t\p( ol biiiiur ju u i 1 rub i tlusc condilioiis the 
fiiriKi (l(‘■uoi ihould lx ur\i lope <1 for tin bisn fin) oi llu oiu u huh will have the 
gKutist intliunri fioni tlu st iiuliKuiit of both n onoim nrul o]x r ition 

In soiiH iiP't mrcs ‘■lol (I ^ 111 i\ Ijc ii r d to biiin tlu solid fiul In those casps it 
IS adMsablo to pioM li i sipimtf bniniiig 7oiu foi r nh fiul and tlu cmiht of tho 
two /oius IS tlu II foinbiruil to piovidr i i oninioii inh 1 to llu boihi stdion This 
nnninn/*‘ slig (h [losits on lu it d» oilmig <.ii fuis }>p( iiisc thi produi ts of tombus- 
tion do not mix until tlu loiubiistum puuiss is lumplifLd 

Reference 

1 i Burt au of btandaida 1/isr Pub 07,1920 
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BOILERS AND BOILER AUXILIARIES* 

BY O'lTO DE LoRENZI 

Director of Education, Cumbumtiun EnginctririQ — Superheater, Inc. 

Thp modem stpani-ReneriitiiiK unit, in its simplosl fctrin, coiiHiflts of a ftrate, a 
fuinaee, and a boiler ’’Fhe larj^rT and more eonipreheiibu e deaifiJis include luecliiiiiicjil 
fuel-burninR equipment, \vat(‘T-cooled fiiinaces, su])i‘rlieatera, boiler surfaet', heat- 
recovery apparatus, and reliited auxiliaries. For maximum over-ull reliability and 
oiMTutiDg economy, each component part must be correctly proportioned and proji- 
erly related to the other eleiiionts of the unit so as to comiirise a balanced design. 

CAPACITY AND RATING 

At present the means for expmssing capacity and rating of modern steairi-generut- 
ing units is not clearly delined. Thrse modern units usually consist of several ddTer- 
ent types of heat-iibKorbing equipment, and, thcTcfore, combined jierffinuance cannot 
be expressed m cither boiler hoisepower or equivalent evaporation. This has led to 
the now generally accepted iirnclice of stating capacity in actual ]»ounds of steam 
generated per hour at a spoeilic pressure and lemperuture and fiom fi‘Ctl water at a 
detinite temperaturo. A more I'xact means bir expressing eapaeity is In Htu i)er hour 
input to the steam, thereby accaiintiiig for variation in pressure, steam tempenitiire, 
and feed-water temjieraliire. This latter method has not ^et be(*ii ailojited In engi¬ 
neers for gi'iicral use, but the transition which is now taking jdacc will result in the 
dcvolojinient of more rational slandaKh 

TYPES OF BOILERS 

A wide variety of boilers is now jn gr m‘nil use for industrial and cciitral-statiou 
steam phuite. All boders for these puipo^i^s fall into two general ^‘hissilications: 
fire-tube boilers and water-tube boilers. Any discussion of these must, of rici'essil.^, 
be a general one. Description and illuslralioii will imdude pnm ipai f>f)il(T types and 
some of their applications, logetluT with range in si/.e, capacity, pussiiie, and steam 
teuifierature. 

Fire-tube Boilers. A fire-tubi* boiler is one in which tubes eiunpiising the heal- 
absorbing surfaces are whaler-touched on the outside surfaces, while Ihii* gas flows 
thnnigh them. 

Fire-tube boilers are relati\ely inexpensivr*, but their oveiload eapaeity is liniitid, 
and exit gas teiujieralure risi‘s mpidly with iiicieast‘d output. The horizontal nduni- 
iubidar boiler, commonly called the 'TIHT boiler," is the most widely used of I his 
type. 

An HUT boiler consists of a cyliiirlrical shell into the ends of whifh heads Hie 
fitted. These heads are provid(‘d with suitable openings into wiudi the tulies ’ue 
expanded. I’lihe diainelers may vary from 2 to '1 m. The ijreHcmt slandiird for 
shell construction la fusion wielding so that then* are ikj overlapping sixains oi butt- 
strapped joinis. Shell sizes may vary from 54-iu. dmim'ter by 12-fi lenglli te) 10^ in. 
diameter by 20-ft length. 

Uoihrs of this type are principally used in Kinall h(‘aliiig and industiial plants 
w'here the pressure ami eapaeity r(‘(iuin*mMttfi are relatively low and when* only u 
limited amount of superheat is iiei'ded. The capacity usually falls in the range fmm 
1,000 to ir»,00n Ib steam jier hr with design jiressure v]) to 250 psi and uj) to I50“F 
superheat. Uates of evaporation should not ex(*ee(l 7 lb per sq ft per hr and pr f- 
erably should be held at approxiiiialely live jiouad. 

* A fioriion of tLi*) material lias born adaptrcl by pcrniiaFion from Cnmhu»txo7\ Knoinrertng, jiubliBlied 
Cumbustion Engim>(>nng>Superheatpr, Inr. 
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For coal firing, the amallrr boilers arc usually equipped with hand-fired gratca and 
the larger sizes with stokerh. Oil, gas, and waste fuel are also frequently used. A 
typical stoker-fired installation in which an IIKT boiler, equipped wuth a girth-type 
Biiporheater, is used is shown in Fig. 8-25. 

A modification of the standard llllT boiler, which Ls compact, semipcirtalile, and 
requires a ininiiuuni of refractory setting, is the C-K Premier boiler shown in Fig, 
8-26. It consists essentially of two shelh of different diainetcra joint‘d together end 
to end to form a single unit, "rhe shell having the larger diameter is at the rear and 
has a series of short tubes in its lowc*r sindion. These tubes form llie flues between 
the furnace and the rear combustion eliumber. Jn the upper portion of the larger 
diameter shell are long tulies which esteud forw^ai-d through the small shell and con¬ 
duct the flue gas from the ri-ar eombustioii ehainbt'r to the srnokf* )m>x at the fnmt. 
Design jiressiire is limited to approximately 150 psi, and the eappcity range is from 
],0tM) to 12,000 lb of steam per hr. 



Fni A small ruodejii uiiii coinj^iiMiig an ITKT bniloi etiuipix'tl with girth-tvpo 

suiiurhoaier uinl fired l/,\ a ‘■luirle-i ehul striker ((\mihn^toin Enfftnn> hig t<uptr fieatf r ^ 
tnc.) 

The.se hoiliTs are used primarily for .small- and medium-Bized industrial and heat¬ 
ing pliinls Th(‘y are juiiicipally coal fired Hand or stoker firing mav bo used. 
Oil, gji.s, and wood luive also been userl as fuel In the ease of wood, a DutclM^ven 
turnaee is frequenllv uihLalled 

Water-tube Boilers. A water-tube boiler is one in wlin-li lh(‘ tubes eomprising 
the heat-absorbing surlaces contain water, while the flue gas flows over their outside 
Hiirfac‘es, 

Water-tube boileis are bioadly classified into the straight-fube and bent-lube 
types, each of which has a number of design \ariatioim. Tliey are used iilinost 
exciusnely for pre.ssiircs above I.'IO psi and eai*aeilies over 15,000 lb steam per hr. 

The horizontally incliiu'd ntraiglit-tube boiliT, in its best known fornix- the siv- 
tional-lu'ader and bux-hender Ijpes—was at one time by far the most widely used. 
As pressures and cajuicitiert W(T(* gradiiall.> stepped up, howevcT, their U!!,f‘ declined 
beeause the requiied rale of steam output per fixd of furnace w'idtli senm exceeded 
tlic circulation limit. As a result, the bent-tube Ixiiler, lu'cnuse its greater design 
tlexibdity makes il possible to meet the deiuands of modem h-p and higli-eapacity 
instalhitioiiH. has now' praetieally replaced the straight-lube type. 

Stratght-iubc Fioilfrf;, 'Hie box-hcadfr boiler takes its name from the boxliki' uptake 
and downtake headers which form the tube sheets ami handhole sheet at eaeh end of 
the main tube bank. kStay bolts are u.sed to brace these box headers again.sl internal 
jiressure. Tlic main tube bank is inclined at a slope of fiom 1 to 3 in 12 in., and 
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may bf fni cithti lion/ont il in Milii.il as itijumii The boiliis 

may bi of the looKiliidju il or cross-drum type 

The lonifttudiiutl dmni type ot box-hi \dii boiki (sic hig 8-27) consislh of om, 
two, or Ihiti parallfi diuins lo v^hiih the iipl tkr and doyyiit iki lie idns «( lUaclud 



J lu S 2f) A rmiui t (uki in nigi J t i li uid firiUK {( t ml m/i / 1 1 {jini inQ S i 
heolif Ini ) 



1 TL 8 27 \ lirnzoiil illy }) ifllt fl iiuhicJ Inii i box ho idi i loilei t d with sniglt 

loioit stoku, (< (in} tit t I af/u if Mg htait Itc 

Jlwsc drums may lx uthci hoii/ont d oi pii illilwith lln tube bulk aiidihoii in m- 
boi and diunctci yyill d< nd on ihi i ipai ity d -^iiid Ho\ he id< boihrs, hie am 
of thi stayed and nvitcd i onstnic turn, uc limn d to n r iMiaum df'•igii pitssure of 
300 psi and the rajiacity iiuigts fnim t,()00 to 90,000 lb steam per hr 
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The cronjt drum type of box-header boiler UHes a wngle drum, arranf^ecl transversely 
to the tube bank and lorateil above the downtako header. The front or uptake 
header ib eonneeted to the drum by horizontal eirnilating tubes, and (‘onnecting nip¬ 
ples eomplete the circuit between the dow'iitake header and drum. Either longitu¬ 
dinal or cross baffling can be used. The erobS-Hlnim box-header boiler shown in Vig. 
8-28 is provided with a oombination of horizontal and cross baffling. The super¬ 
heater is usually arranged above the tube bank, which limits siijiciheat to approxi- 
iiiattOy 200''I'\ 

The seriionaJ-htadfr \*oihr is made up of a nuinbcr of sinuous forged-steel headers 
into wdiich the tubes are rolled. I'he ilitre Irank carried between these Jieaders con¬ 
tains the major portion of th(‘ heating surface and has a bIojio erf 3 in 12 in Tube 
lengths are pieferatrly 18 to 20 It. ^I'he size of a boiler is varied try changing the 
iKMtiug surface in iiulividuaL sections and bv increasing or decn^asing ttie nunilrer of 
seL•tl(rn‘^, Two or thii'c sections may tre placed in series by using intereonnccting 



1 iG S-28. V (ross-dnim box-header bculer a/ranged with roiiitnnalioii hattiiiig H ofn- 

Ir/r.) 

nijjple'^. This efr7l^^l^uetloll is used wlaii an inteiderk supeiheater is required or 
where an (xceulmglv liigh tube bank is nece.ssan, as in the case of viasie-hi'iit or 
wngle-pass desifrn. TIuse troilers an generallv td the eross-dniin tvjre using eirculai- 
ing and comietling nipph's to eiriujrhte the ciicuil with the lube bank. Steam 
drums vaiv in diaiiitter fj-oju 42 In 72 in., dejrendnig on capacity and presbure. 
Design prcsMiie \aiies fjoiu ItrO to 2,0(K) psj, with capiu ity ranges between 4,000 and 
525,000 lb hteaiu pi‘r hr. Some featuri's erf this type of boiler are rtliown in Fig, 
8-29. 

Br/it^tube Botltrjt. Bent-lube troilers of conventiirxial df'sign asually have a lower, 
nr mud drum, which is intoreoiuiected by inc-urs of trent tulres with one, two, oi 
thn^e ujrper steam-and-water druins. The beating surface, except in a few designs, 
is arranged in two or three baiikh, ruid vi'itieil baffles or a comtrinaturn of vertical 
and cross baffles are used, Superheaters may be locati'd intertube in the first boiler 
bank or interbank betw'eeu the first and secmid tube banks. Owing to flexibility in 
design these boilers may range in enjiacity from 0,000 to 1 million lb steam iror hr 
with a design pressure range of from 1(*0 to 1,800 psi with steam teinptTQlure 950°F. 
There are, of course, rapacity pressuii^ and steam-teinperaiure limitations for each 
.specific design. These wull be covcriMl in the discu^^ion to follow. 

The fournirum boiler W’as one of tiu‘ fust of bent-tube type to be extensively used. 
It consists of three upper steaiu-and-water iliuins and one low'er water or niuii drum. 
The tubes for intereonneeting these" drums are arranged in three banks with tmfflirig 
to provide for three passes of the flue gas over this surface. The nuinlicr of tubes* 
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jji each io\s vaiic^ with tbi boilor size* and diametor of lowe^r dium Capacity is 
usiiail} the f^ovLininfr factor in dcItTiiimiiiR boibi width and albo mfliionccs vertical 
distance between lowti and upp< i drums Thrre are aeviral different wa\s in which 
tubes may be iiisttdled in the several boiler banks to pro\ifle lapiil and pobilive cir¬ 
culation as well as ade*quite steam distribution to the vaiious upper drums. The 



] ifi 8-jn \ pulveiJZcd-fiK'l-fired snrlioiiil-headti liialer of the cross-druin t v pe eiu/ /ped 
with dll lilt order k-.iiperlieater 1 urnaee is full > walei r oohd In i hoi tom‘‘i ii ' tpie- 

jt\ 17(>,l)0() lb of steam pci hr at 45l> p'ri and 760®! (f umhusium. i mg 

heatcTf Inc ) 

four-drum boiler hhown in Fig 8-30 is of a comenlionsl Kjk "1 he frint and irnddle 
boiler blinks aie eonneeled into lioth the front and innldli uyipcr drums to eeiindi/e 
diseh tipe of the stcani-and-w ate r mixture and then In impiene einulition and ndiii'e 
eaiT^-over with the sle iin Hodns of this Kiiifi.d I i pc iie usually eh'snrnrd for 
piessuie ln»m 160 to 1,000 j)si and a capacity lanKc of Iroin 7,500 to 350,00010 steun 
jier hi 

The Jov}-hfai1 l>pe of beiit-tuhf* boiler has been designed for hmued apace rondi- 
iions so that it could compete with both the HRT and the cross-drum box-header 
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as 


ivi 


Il& S-i2 A pul'ieri/eti-fuel-firrd puhiit-^l1lllt^ l\pp ^tpam-gctici iti ig unit >ntl) ni- 
guiitidl buriitm i ontnmous sl'ig-tjip furuaf i iLiti diiiin bojlu and ui lipder ( ii>firjt\, 
4(}0 0(W) lb of steam per hr at S76 psi end 900°J (f urrihuJ%on 1 ntjxuifnnij ^ujh huUrr 
Inc ) 

boilers M un of its eh ii ii ie nstn b itiiu *> irr '•huwti jii I K il Its (iipint\ 
langi \aiies liom b,IKK) to 10 (MX) lb slemn jjt t lit \\\V \ dfsii>o p/essun laiipe fioni 
]50 to 450 p^i h(Ti opi lati <1 it n 1 t(uf Iv high ( >]) n il\ tin ( \it 1( nip j jtu ( s 
art highti than with stiaight-tiilx oi ollni briit-tib( (h sign of sun i si/( Thf-e 
boilers are well &taiidardi/(d as to conHtiuition i\ id ni< availalik in a itlativel} wide 
range of sizes 
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Tho ihrpp-dnjm boiler, highrhad design, ifi one that has never lieen stajidanlized 
to the same extf‘iit aa the four-dium l\iK*a. Many have been iiiMulled hi publie- 
utility and large industrial plants. 1'hib boiler is provided with two upper steam- 
and-water dnuns and a lower mud drum. The tube baiiha are varied in design and 
arrangement for tho .‘^ja'cifie eondition umler which this boiler is to be operated. 
Tins IS p(‘j hails best ilUihtrnted in Fig. 8-.32 whieli shows one of several units installed 
for a large pulilie-utihty plan I. 'I'he boih'rs have fully water-eooled fiirnaeefl arranged 
for pulvenzed-fnel firing. A large two-stage interbank superJieater is used to pnivide 
a HU‘arn lenip(*rature of IKKVF. I'bJlowing the suiierlieater is the convection surface 
arranged in two banks Finally, exteinnl to the boiler is a large air heater. This 
Hint lias an o\(T-all elh(*ieiiey of 85 per e(‘i t at a eapaeity of 400,000 lb steam per hr 
at 875 psi and !K)0'1‘\ It is of iiiteiesl to know that the distribution of hcat-ab.sorb- 



I’li. S-.l.i, A p'u pi* hoili't equipp#*d with spreader blnker. {Combustion Eiigifipcr- 

itig Suptrhraiii, Im i 

mg siij1jm<‘s, e.\(lusi\e of air Inater, is as lollows: boiler, 47,1 per end; fuinacc, 17,6 
per (erd, and sujierlieatei, 3f) pei eeiit. 

Tu'o-dntm boileis aie piTlnips the simplest of tin bent-lube type.s. Originally 
tln‘\ w(‘M Junded in nppln atioii owing to low (apaeiiy and wet bU'nni lesultiiig from 
iinimiper aiiangetiienl oi tu1u*s cjitt iing the upp(*i Hteaiii-aud-W'ider dium and faulty 
iliuin internals whnh wue iiieifeetue in sepaiatmg Wiit<‘r from the steam. Modern 
UMh‘sign, howe'sei, has elumged this ho that boiU'rs of tlii.s type are now available in 
v\t‘ll.htandai-dizr-d units loi the eapauty range ironi 15,000 to 300,000 lb Kteaiu per 
hr with design pressure frnin ItiO to l,(KK> ]>,'>! and steam temperature up to 900®F. 
''lypieal of the sinaJl- jiml niedium-si/ed iiulustrial steam-generating upits is the 
paHfffff type shown in J'lg. 8-33. Tlie**i mnv Ix' fir<‘d by .sjireader stokers, single- 
retm't undeifeed stoker, oil, or gas Tin* eajiaeity ranges fioin ISjCKX) tt'» 15,000 lb 
steam per hr in a siaies of standard sizes. I'br larger eapaeitK’s a steam-generating 
unit ol the typ<* shown in Fig. 8-31 is iiseil. Thesi* are available in standardized 
sizes up to a eapaeity oi 300,(KX) lb steam per hr with deaigii pn*ssure u]) to 1,000 psi 
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and bteam temporaturi' up to i)00'‘F Pulvoriaod-Tud, oil, mid gas firing an iiiont 
frrqucntly used, li(*v\rv('r, and 'lAith sonio fiiuiare inodilic*atioiiH stokcrb of any type* 
may bo readily applied. A particular feafiire in this dewgn winch contributes to 
imifoiniity of furinuc condition, as well to frtcani drymsh and distribution, is tlie 
hjTnmetricjil ainiiiRiineiit of the unit in relation to the fumace editor line. As a 
result of this, the gas enters the tube bank at Urn velocity at a praituall}’’ constant 
b'lnperature across the full width of the uuit, Theie is no concentration of heat in 
any particular spot, and furnace conditions me iiiiifoiinb coii'^tiinl The release of 
steam to tfu* dium is nnifoini along its hiigtli, thfie)»\ chnniuiting surging wiilci 
l(*\cl and periodic carn-o\er of w ati r .slugs into the miih’iIh ater. 



1 Uf, S-Jl. Sectioiiul v±f*w 1)1 :i sUmiu ik i iHm ui inj/od foi j>uh<rizccl loal, lal, oi g i«> 
finng. (UonU) uaHon h ng%nen my- A ft/w t fu nh /, Irtc ) 

High-pressure steam generators a h b^ f.ir rtin‘-( wjih I 3 U'.dl jii the mode m ccnti.il 
stations of the public utilities. Tlie^o units mn 1 st ol ciunjihlely w.itd-cooli d tin 
naces, large super heat er.s, and soiuf tmii'S 1 . heater^, bniici coiueition b.ink, <m f)ij(K 
inizers in some cases, and laige an heatcis. '1 In amount of con^iition sufaci* 
installed will frequently depend on whetlu r or not an c (oiioimzer is usi d. ^'lu unit 
designs are not entirely .stiindurdized becausi the v arc selected to lucet exacting sj>ee- 
ifieations which all too frequently vai} iroiu iiet. Il.ition to ijiHlullalion. ficnrrally 
there are two pn ssiltc elassifif ations: POO to ],0(K) ji^i and 1,2(K) to t,7CK) psi. Mi urn 
temperature ranges from 850 to 1050 1% and jnovisioiis are usually made for iimin- 
taiiirng constant temperature fioni niaxiinurn load down to some pii dctormiiu d par¬ 
tial load point. In addition to other ojieiatiou lequiTemeriti?, furnace v iliiine, 
together with dispohition and exPait of fiiinnie hrxnt jl'soibmg smfaces, pla\s an 
important part jii dctiarnining Hupeiheater location, anangcimiit, iiiid size, 11 s well as 
amount of boiler convection surlace necih'd 1 hus tor lugh jiressure and high steam 
temperature, whcui eomph to Juinace water cooling is ij-^id, most of ihe steam is gen¬ 
erated in the furnace walls. As a result, only a sniiill convection bank is rcrpnied 
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FKi. 8-115. A large steain-geiKu atiiig unit having a capacity of 1*000,000 lb of .steam per hr 
at 1025 pai and 955°F. CoiUinuoua whig-tap furnace arranged for tangential firing, with 
vertically iidjiietable bui'iicrs, is used- —jSiiper/iccwter, Inc.) 
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l)ctwcrn the superheater outlet and tlio eeonoinizer inlet. An arraiigeni<*nt 0/ this 
general type is shown in Fig. 8-35 where tlie unil lias a coutiiiuons eapaeity of I 
million lb steam i)er hr at 1,675 psi and 955‘F at an over-all clHeiciiey of 8S.R per 
cent. In this instani'e, the licat-absoibing smfnee, exelusive of the air heater, Is 
disposi>d as follows: boiler, 14.6 per cent; furnnee, 12 \ ]>er c'eiit; fiiijxM'lwater, 34 7 
per cent; and economizer, 38.3 per cent. There are a miiuber of additional arrange- 
mcnts of liigh-capacily h-p units which will be used In illustrate otlier subject matter 
in this section, 

SUPERHEATERS AND DESUPERHEATERS 

'Tho sui)erheater i.s a device for imparting additional heat to saturated steam so 
that its temperature is raised and its volume increased. It conscUh of heat-absorbing 



Fiu. 8-36. Varintiou in heat coiitcnl of steam ut different jnessunv't and teininnalures. 
{CuTnJbiistion Eriyineering — *Superheatrr, Inc ) 

surfaee, locnt(‘d in the path of the flue gas, wdiich nx‘eives mU united steam after it 
has be(‘n removed from the generating poition of the boiler. 

The projH'rties of .saturated sieain approxininle tho, ho of a perfect ga.s. It eon- 
lain,s no moi.stuie, and it ennnot eojideiise until it reafd’es .saturaled-*^tearn tempera- 
lure. With aaliiratiMl st(‘aiu, the heat available depemlH entirely on pressiin', while 
with supeiheated st(‘iiin (here i.s additional heat )>rn|)ortioii!ite to tin- degi’H* of super¬ 
beat. All tlu'se factors are illustrated by the Hern-s of eurv(‘s in Fig. S-3t> wJiieh show^ 
variation in heat content of both .saturated and superheated steam at dilTereiit pres- 
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isijro ;iiid up to a triJjporHtiiic of POOT. Also iududod ih ti f'urvc of h/jtura,frd-«U 3 {iiii 
teuipcraturp for various pressurch. 

Tho ohiiractpriRtic of a Poiivo<*tinn-1ypp wiiK ihoarrr is n,smi< &Lt\'uii tniniMTiiluiu 
witli cai>Jirity iurrease, wliilf* that, of :i nuliaiit p<‘ falliuR aloaiu tc'iiiponiUin'. 
IVsicfirally nil prosnit-ilny Hnp»‘iIn'Hli'ih nrr of Ihr (onvtM'hon t>p(3 in %\hirh hoal is 
ahsorbod from tlir hot flur as d inipni/i^r'S nml Hows aioiuid Ilio tolu*.s. If t!i(‘ 
huprrlionifT in so locaWd that it is not rntindy kIuoUihI by Iiodcr aurfaco, il will also 
rtM'fMVC heat tliruiiRh radiation Irom the furiiafc*. As a n'siilt stoani-toFiipfratiirc 
\ariatioii over a ranine in capacjly will bo loss inarkod than w'llh a straifi^ht coiuortion 
1>p(‘. Hy roforriu^; to T’lgs. 8-:52 and 8-I>o it will bo noted that tlio lirst bank in oaoh 
of lliob(‘ supoiheaters is tlu' odnibination '‘onveetinn ajid railiant typo boeauso it is 
loeatod behind tho oipiivalerd of oiu* low tif boiler (ubos. Tho soo/ond bank of these 
supiThoatc rs is cif tho s1raiM:ht eonvoetion typo. Tho siipoihoator shown in Fi^. H-JM 
IS of tho ooiivootioii lyjio as it is loeatod behind a halilo whioh shields it troin tho 
raiiiant heat. Tho intiideek snjiorlioater shown in Fi^. 8-21) is also of the straight 
eonvoetion tjijio. 'Tin* j*iilli-typo siiporhoator slunvn in Fir. S- 2r) employs liolh radi¬ 
ant and eonvoetion abruption and i\ measure of sleam-lempenitiire adjustment may 
bo obtained by ehanp.mj' the elearaiiei* between the siijierheater eleinoiits and tho 
boiler slioll. 

'J'lio porforinaiiec' of a siipi'ilioati r is elosidy lelatod to ojioration of tin* tin bine to 
whieh .steam is siiiipJifMl. \Inti‘nrds Uf^od in those ]>nim' movers are eaietully ehosen, 
and running eleaianeos are Imiited so !i*i to obtain satisfaelory steam lates. dims it 
beeomes not oiil\ dr‘nira)j]r‘ liul iu‘ees,saiy to jimvide eoristanl steam tempiTAture 
o^er a wide range in loail for modem h-p higletemperatiire installation 

By-pass Damper Control. One means availalile for providing eonstant steam 
tenipi'ratiiif‘s from some jiri'deterinnii'd partial load to tnll load is the b>-pa.sH ilainper. 
With till.'' arrangement I he quantity ot hot gas passbig i»\(*r the siip(‘ih(*ater snrfaee 
IS varied to inaiiilani the desind steain teiiipeniture Tin suiierlieater is di‘sigiied to 
provide lull steam teri'peiatnu^ at the jiiedeteninned iiartial load iwniil, usually not 
less than 7o piT rent ol JnlJ load, and thin (foie is oiersizi at tin' higluT eapaeilies 
'The steam ((‘nqa ratnti will ri^e unless ^ome of the gas is bj-passed <(» reduce rtfee- 
tiviaiess oi the suptaheater, \ntomatie (ontiols lna^ be useil to make ru'eessary 
bV“pjHs danii) • adjustiii(‘iit,\ and lhell'b^ easib maintain tinipeiatiin' to witlaii plus 
or minus It) I^ 

Adjustable Burner Control, fn the jnesmus diseijssioii we have indieatial u num¬ 
ber of \arial)le faelnis w liieli grn (U ii siii)erh(‘at(*r perfoi niaiu'e. The amount of super¬ 
heater siirlaei* and its loi'aiion m a gniai steam tieiieiating iiml are h\ed by the 
steam teinjieiiituie reijiiired at .some speeiiie eapjcjt^ and by tlie fuel iiHi'd '’I'he 
jierfonnanee of this siijaTheater at eaiaunty pcnnis tdlier lluiri that for which it is 
de.signed, will depend upon 1< mperalure and mass How of the gas sw’eejnng o\er its 
surfaee, leinjieiatiiie ot the b^ed vwili'r, eleiinliiu^s^ of the furiia<‘e heat-absinbing sur- 
bii‘(‘a, and ('iitj>ut at which th(‘ unit is opcaaled The eoiitoui ot tlu' lempi'iiiluri'- 
eajiaeily eiine fixed, and il (“in be shilled bodily upwaid or downwird only by 
ehanging either the Minmini (d gas tluit flows over the siipi-rlienltT or the (altering 
gas temjreraluie. TIk' ehangi m gas tlow ni:i> lie secured by some form of In-pass 
damper arr.'uigmneiil, as jireMoiisly diseussed. The gas-lemperil!ur(‘ change can be 
aeeomjilislied by seleetnely usmg all w jiai t oi th(‘ jnovided furnace volnrm* and area 
of heat-absorliiiig surfjna's. liy coiiibinmg \aiiuble gas How w'illi variable furna(*e 
tcmp(Tatuie, it is possible to si‘ciir‘e cimtrol of stc'ain temperature to witliiii jHus or 
minus 3“F »)V(t a wide range in iMpheit%. 

(Vmtrol of fiiriijice on11c>l temjierature is jiossible with tangential firing. With 
this arrangeiiu'iit, fuel and air from biiiner uss('inbii(‘s located in (‘ach of tlu four cor¬ 
ners an^ directed along tangtsds to a small ciicle lying at the furmico center. A high 
degree of radiation and eoiu'eciion trnn.sh'r is secured tlimugh the swiH'ping action 
of tlic flame envi'lojie ov('r the wall suifaces. Tlu' regulation of finnace Uuiiperaturo 
is tlum secured, as graphienlly illusirated in Fig. 8-i57. through idiaiiges in angularity 
of the luirimr nozzles. Thus, by directing the incaiuh'sei'iit tnrhuleiit mass of burnuig 
fui'l toward the upptT zone of the furnace, the ri'sultiiig outlet teinpei'ature will be 
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made higher during light lund, oi \ Inn w ills an dr in thin would be thi c isc with 
hxpd burnprs whi(li lonstnnth u i tin rrtiic jiin\id(d Juiiiiift \olunK loi h(«vy 
loadb or win ii walls in Loatrd witJi dust the ttitm finnui \i)hiim ( in bo usfd to 
inamtun the desmd outlet Uinjui itun bv tilhug M i biiiiif i> dnwuw ird ^.ov\, by 
tidjustiiig the burrur no7/Us to the pii]ui iTipuliiit> foi iiii gnen md u asonabh 
\ar>nig loid roiidition a bi p iss d iin|K i (iiii be i online d tr» its most lile e ti\( opciil- 
iiigrangr Ihustlu eoinbin ition ol idju'il d li lunui iiu//Usv\ith i b\ pissdaunpti 
piovides a inon ]>ositiv( eombmitiori lor ni mil lining ste no timpei itiin with h <>s 
Mutation troiiL noimal, ove i i t ii widei operitiiig i mgr lb m wlun a b'^ jniss danijui 
aid hvod buriurs an used 



Tu S 17 Di igi inini itie ^leteh licmii i h >w h ti)i T Un I iilr i t i e ri ing 7onr ina> le 
hclrrtiviK posilmncej Is idjustment if Iniiicri r/lr {( < ntf s{ t I i i e Su/« 

h<uta Inc ) 


Desuperheaters \n dteriuli oi v iiu titnr s suj pie uicnl i/\ iiringernent to the 
by-pifes diinjMi toj ste aiii te ri pe r itim leniliticn i', im iorm ol de suiie rl r ite r 
jje Mipiihr nte IS an used to illfil i uduitn u in trniin ituie etf tin upeihrited 
httam iliei iie pith i d Iv lor ited latwirii sutunis ol thi upriluitei e lueuliv 
IV hr IL the hiiiJ ste an linipej item is ibi m SiO T In Ih si inleisti^t inst dl ifion , 
the bteuiii IS hrst pisscel Ihiovi^h i piiiii ii upriluuUi whin it is r li i I to sciin 
intfiJULdiate tinipuituK winehini'^ be rjd> t«h^htl I e low Ihit tinilK eh sue 1 If 
IS next pisstd thiough tlu (hsii]Rrli itei in whiiJi its te ro]iii dim nmiition is i >n 
trolle d so th it ifti i » outinuni^ thiouji iht liii il d ige ol the siijinle del the rummd 
teinpcr^ituif is in iiidanitel it the outlrt I)e siipi ihe ili is elo ne t nr i e •' ail\ evleud 
the ringt ovir aIiuIi ron t int ste. an trnipri dim is obtnin 1 e\ tpt in fho r i^^is 
w/h(i( tin suj)i I he all i is oi i onside i ibly me ir asi d s /( 

Dtsupe ihi di Ih 111 IV bt eitluirtthr Im 1 1 < out ir l or thr nonroniut i\p( 1 hr 
sdtctwn lor Hiiv speiiht md dl dion w ill bi gov rn diuinripiih bv Ihr witii v iil 
able for is thr teiuprrntuie le gul ding lu diuin Ihisisnot impoilrui utli 
the none Old ii t tvpr whrie \ tubulii he d rxrhaigei i use el sine e the st( mi to Ik 
disiiprrhr i((d is se pui de d lioin tin e riol ng nieiliuiii md the In if is ti in^-hiird 
thiough tin till ular w ill In soiu iiislmee nninojitul ch ujiciln ding e oiIt m ly 
b( mstillid 111 oni of I In Iriiitr duiiuh 1 in jiiiinijid • bjeriioii to tin de igii is its 
iciativcl^ low c ipdfitv 1 k( luse jiaiis nmsL not oiiupt o inmh put in thi drum 
that tiny t amot bt issrinbhrl in plair anil iiuist Ik sin ill immgh to 1 anile eoiivin- 
jontly thiough thr boiki-eliiiin nimholr optmug In Ih elmei-io d ut tvpi liow- 
Lvifj the cooling medium is injedtd into and mixed witii the siiptrln ated steam to 
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effert a rpduotion in temperature. The cooling motliuni its usually water, and it 
must therefore be comparatively fiee of solids. In luosl installations, condensate or 
feed water w'lll be of sufficient purity to permit its use fur this puri>o8f\ 

A combination of adjustable burners, together with interstage dchuperheating. is 
effective for maintaining eonhiant steam temperature over a wifl(‘ capacity range. 
With this arrangement, the respoiiHC to changers in ojierahiig conditions is rapid, and 
deviation from piesent leinpeniturr can be held to less than j;lus or minus 5‘'F pn>- 
vided (he load does not fall helow’ superheater design jKuiit. 

The use of d(*supeiheaters has not been partieiilarly jjopuhir witli steam-plant 
operators (‘Vim though s(*viTfil designs are available. Perhaps the leasons foi this 
might be the following; With the direet-eontaH type wdieie water is injected into the 
.sic'ain to effect Iciiiik lutuie icdio tioii. theiv is Ihc e\< i-present possiinlity of moisture 
carry-over into the linal Huperh<‘ntjjig stage if the sprius are impiojieily adjusted or 
controlled. Also, the jioneonlact tvpes aie huge heal-e.\clianger 1.\jk*s of vi'ssels 
suitable for h-p and higli-teniijornlure operation and aie, thereiore, bulky, heavy, 
costly, and subji'ct to service intciruptions common with equipment of this type 

HEAT-RJECOVERY EQUIPMENT 

Hcai-rtcovfry equipnutU is apjiaratus roriiung pait of a stcani-gfuieratiiig unit but 
which is not part of tlw^ sleani-geneiatmg or siipcibcnting soctions. Fi‘ed-wa(ei- 
heatmg and an-heating apjiaratus, ai ranged lo recover heat fi*oiu flue gas leaving the 
bteam-geiieratuig si'clioii of a unit, are known as ‘'(‘CononiizerB” and “air heaters,“ 
respecliMly 

Economizers. 'Du most suitable inatcruil for h-p econonuzers, e\cept as regards 
curroHJon, is steid tubuig lucause of the following advantages: tturincr tube walN, 
smaller djaiuetcr, closer spacing, more compact arrangement ol heating surface, 
belter heut tnin^iuisMon for a given weight of surlaer*, and lower cost. 

Tlio Uunperaturc ot ff‘ed vvaliT entering any tvjie of econouiizei should nevcT be 
less than 125 f‘ if sw(*atuig and resulting external corrosion are to be avoided 

IntiMiml eoiiosioii m steel (soiiouuye^s is most fiequeiitly due to dissolved oxygen 
in the teed water which must, therefoie, be proy»eilv conditioned lo overcome tins 
dilficulM 'liie method employi'd for this eoiiditioinng sliouhl be based on leeom- 
mendations of ihose who are well qtialified to advise on teinl-water trtiitniciit Som** 
lonn (d deaeraiiiig heatei may ndini tlie oxvgcn content tu the reriuired uuminuni 
tor the sjiecifie opemiiiig conditions. In some iiislaiiecs suppleincnL'iiv ilnmical 
tieatiuent may also lie imheated 

Steel-tube ecoiunnizers aic airanged m vertical or honzontal banks of tubes The 
veitieid lvi>es sue known as ’iiitegial e(oiiomi/ers“ 'uul the honzontid tv pes ii^ ‘aep- 
ur.ate ceonomizeii'.” 

IniiiVdl Ecohomizfri. liitcgial ecoiiomi/eis are iisid only n\ coiijunctjon with 
bent-tuiie boih rs 'I'hey iuv arranged like an adailioiud bank of boiler tubes and 
are l<*ca1ed within the boder setting Fithei theom-oi Iwo-driiiii tvjie may be used. 
The oiie-diiiiit t.>pe employs u lower diuin from which tlie ecoiionu^tr tube bank 
evtends upward io terniinale in tin lear sieam-aJid-wutei drum of ihe boiler section 
In this design the feed water is iiitjodiic(*d into lie' lowcv diuni, imikcs oiu' pass 
thri»iigh the tube bank, and is then dis<lunged diieeth fioin these tubes into the 
boiler drum. 'I'he flue gas is directed over tlie economizer tubes by properly located 
bailies. The ujiper dium of it two-dium integial economizer i.s divided into two com¬ 
partments by a partiiion plate w hicli hki wme divides the tube bimk into two sections. 
Th(‘ feed water is introduc'd on one side of the paitUioii and diflchaiged from the 
other side thiough connecting tubes into the ujiper steiim-and-watei <lrvun of tlie 
liiiiler. The watir therefore makes tw'o passes through the economizer m flowing 
from one compartment througli pari of the lube bank to the lower dium and then 
back through tlie roinamder of th<‘ tube bank to tin* other compaitiuent of the rear 
drum. An econoiniziT arraiigeiin'nt of I his tyjie is shown in I'lg 8-38. 

Integral cconoiiu/eis have a low water veloeily owing to multiplicity of parallel 
circuits and then>fnre also li.ive a low^ wateiside piessure ilrop. This characteristic m 
not conducive to good distiibution or positive circulation but is favorable to intmial 
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oxygen corrosion unless suitable water conditions are continuously and carefully 
maintained. 

Separate Economizers. Separate economizers are the most widely used type. 
They employ horizontal steel tubes arranged in staggered dowdy spaced rows, w ilh 
the gas flowing transversely to the axis of tlie tubes. The water flows progressively 
through the tubes, upward or downward from row to row, and usually in counterflow 
relation to the gas. Upward flow of w ater is preferred by some engineers, particularly 
if there is an.y possibility of steam being generated in the economizer. Many dowm- 
flow applications, ho weaver, are in successful use. These economizers are available in 



Fig. 8-38. One of several large steam-generating units equipped with tw^o-drum integral 
economizer and arranged for tangential firing of blast-furnace and coke-oven gas. Capac¬ 
ity 200,000 Ib of steam per hr at 325 psi and 700°F. (Comhuation Engineering . Super- 

heater^ Inc.) 

either the accessible type or the continuous-tube type which has no pro vision for 
access to the interior of the tubes. 

The accessible type is provided with flanged return bends or other means for ready 
access to the interior. It is used where feed water is jwor, and the ^Kioitomizers, 
therefore, require periodic inspection and cleaning. 

'I'lie cmiiinuous-tuhe type affords no access U) the tube interiors and is used where 
good feed w^fiter inakt'S internal cleaning \innecessary. The recent advent of inhibited 
hydn>chloric acid cleaning for mternal tube surfaces may lead to the adoption of this 
design for many installations wdiere provision for mechanical tube cleaning would 
otherwise be very neces.sary. 

An economizer is frequently located outside the boiler setting as a separately 
supported and encased unit The stoker-fired steam-generating unit shown in Fig. 
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into whirh the heating surface of tlie regenerative mass is fif ted. This surface is made 
up of thin metal sheets which are notched and undulated wi that when compactly 
assembled spac‘,e remains through which the air or gas can flow. The heating surface 
may also be arranged in two layers, as shown in Fig. 8-44, to minimize any replace- 
iiipiit of the cold end which may become necessary owing to corrosion. Sheets in 
these two layers may be of dilTcnmt materials, each of w^hich is best suited the 
conditions which exist in its particular z^me of application. Suitable seals are used 
to minimize leakage thitjugh the heater and thus maintain its performance. 

Heaters of this type may be of enther the vertical- or liorizontal-flow design as 
beat suits the particular application. Tlie^' are compact since 1 in. in height of the 
particular heating surface used will n^cover approximately as much heat as a 1-ft 
length in a standard plate-type heater or 2 ft in a tubular-type heater with equivalent 



Fig. 8-44. Vertical-flow dc.^Kii of roKcnerative air i>rehea1 cr. {Air Prthvaicr f'orp.) 

resistance to flow of gas and air. For the insialhitiou showui in Fig. 8-35, t^vo verti¬ 
cal-flow heaters are used for eacli steam-geiierafing unit, and they ore located side by 
bide above the boiler as shown. For the inslaUatiou shown in Fig, 8-32, two vertical- 
flow heaters for unit are located iu the roar of the boiler as show n. 

FURNACES FOR STEAM-GENERATING UNITS 

do <lcsign furnaces for steam-gemerating units properly requires detailed knowledge 
of many influencijig factors which vary from installation to iiist allot ion. For this 
reason it i« diificult to establish a ctunplete set of btaiidardsa w’hich can be applied to 
cover any and all conditions. In material entitled ‘'I’uel Preparation and Huniing 
Kquiijment” the preferred limits of fuel-burning and heat-liberation rates for 
the various typo, of equipment available were indicated. There was, how'cvcr, 
no dis<‘Ussioii us to some of the basie furnace design principles which govern 
in vurioub typos of iiihiallatLons. An abbrcA'iated disfu.s.sioii of these will follow in 
order to provide* a hackgroiiiid whi<*U should be of some assistance when making com¬ 
parisons or evaluations. 

Single-retort Stokers. Furnaces for inrjst .single-retort stokers are of the simplest 
form because they are devoid of arches and eon-sist f'sseiitially of four refractory walls 
(see Figs. 8-25 and 8-27b If the heat-liberalion rate is limit(‘d to not more than 
45,000 Btu per cu ft per hr, they will have reasonably low maintenance and very 
infrequent outages due U) refractory failure. In some eases water-cooled side-wall 
cUnk€*r chills at the dump-grate line will minimize clinker adhesion. With some of 
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the newer stertUi-gemTutiuR iiiiiiH, water-enoliMj furnaces lire a part of I be fitandanl- 
iz/cd In practicaiiy all tljose now avaiialile, ample furnace volume is provided 

so that at full capacily ht'at bberatioii is well below that allowed for Jess favorable 
eoiistruetioii. The aingh'-retort stoker can Ih) substituted for tht‘ spreader ty])e 
shown W’ith the packtigc-type unit »)f h'ig. 8-J53. In all cases the lu‘at-liberalion rale 
should be baaed on elTeclivc priiuary-furiiacc volume and not include parts of boiler 
pa^jscs or other similar ijii‘JT(‘etivo zones. 

Multiple-retort Stokers. Multiple-retort stoker furn!iee.s, exeept for size, were* 
originally quite similar in design to those used with the single-retort type. Aj>plieii- 
lion and use of vsaler-coobul surface, however, emibb'd (he eombustioii engineer to 
develop tlie full fiicl-l)urniiig capm-ity of these machines in removing the r(‘stj ictions 
imiKJsed }iy all refractory-furnace const ni el ion. More reeent de.sign modjficatinns, 
iriado possible through further <‘xt(‘nded use of water-cooled surface, have iiujjroved 
operation slill more by iiroviding added tiubuleiice lo the furnace gas to o\ejeonie 
stratification which existed because of slow rate of lk)w. Jb'gardlt^ss of furmua* 
design, the nuiximuin cunt inuou.^ h<*at-libenilion rate slumld preferably be kept below 
35,000 IJtu per cu ft per hr even though water cooling is u.seri. Tin* reason lor tins 
is that furnaces for Btok(‘rs of this type arc quite largi*, and, Lherefurc, tin* ratio of 
wall area to volume is relatively low' vvlxich, in turn, ineaus .somewhat higher iurmu i' 
tcmjieratiires. 

J'urnaee turbulence to break up gas .stratification jiiily lie prorluff d in a numbci 
of ways. Over-fire air and steam jcls are eftective, particularly wlien JocatefI in the 
bridge wall and directed forw'ard to blow aho\c and parallel to the fiu*! bed. 'riiey 
may be easily and ii>e\pen.siv(‘ly appln d to f*.\i.sting installations. Theji‘ ini*. bow i \ er, 
requires pow'er lo rlrive the over-fire-air fan or exbaiisl not l(*ss than 1 ]ii'r eent of 
the steam geiieruted up the stack. Tor mwv instidJalions it jiossiblc to build in 
fnrna<*e turbulence wo that it may be continually pnaluccd without an expenditure 
of power oi steam. Tin* nu'aiiH available for this ])iii[)os(' the reai-arcli tyjx* of 
construction, W'cli illustrali'd in l'’ig. 8-15. Wilh this design, an aieJi is loeatt'rl p.n- 
nllc‘l with and in close proximity to the fuel lied and extends forward frmn (he rear 
wall to cover apiiroxiinately fifty ])rT cent of the stoker length. Its ai lion is lo pic- 
duee lurbuli’nci* and mixing bx directing the prodm-ts of I'ombnstifjn, rising from tlie 
rear jKirtion o( Ihr* fiu'l bi'd, Ibrwaid iiL relalixt'ly high \,eloc‘ity and (‘aiising th(‘m lo 
intcJiuiTigb' with lJn>sc rising fiuin the lorwnrd part of the tuei ln‘d. Tins results m 
eliiiiiiiatioii of all stratilication and providi.i uiuloimitv ol gas coiiijio.silion anrl ti‘ni- 
peniture at entrance to hi*al-idi.sfii])iiig surlaee.-, of Mie b nler becnu.se ('nmbii^tion i. 
coiiii)h‘ted in the l()wer furnai i* zone. 

Spreader Stokers. Spreader stokers me iisuallx ii*sialli‘d in the conventu nal 
open-typo furnuees wh(‘re lieat-hbeialion rates, at cojilmuoiis ivqiacity, should j>m J- 
erably be held ludow' 35,Ul)0 Jitu jier i‘u fl pi'i hr. The oj)erntMm ul these stoki*is i-. 
sensitive to the aiuoiinl of waler-cooleil .siirlace wdiadi may la* insjalled. I'suallv 
bare tnbe.s on nlati\i*ly wide centers aie used to avoid the teurieiiey IrAsaid smoke 
which IS freijuently' pr(‘.s<'iit wlien too imieli cooling effect is usi'd. Owing to ilu‘ o]>en 
type of fmnaee, as well lu fuel-bed charaeti'iistics and fuel sizing, tiiere i.* alwaA« 
considerable &t rat die at ion of the furnace gas. 'Fliis may be ctfeeliveJv l>rokeji op 
through Ihr* use of steam jets or high-v<*k>eity' over-hreair jets. 

Spn*adex-stoker fuel beds are eharacterislieally .siii.sitne lo air flow’. I’liey^ (oper¬ 
ate best when approximately IK) jier emit or more of the air required for eombustion 
is Jlowing through tliem. Ik'canse of Hus the ainonni of ox'cr-fire air that can be 
used for cindiT-ieturii sy.*>ieiiiw and 1nrbii|ejic**-j)rodncing jeli* is defiiiiti'iv hmiled in 
volume and niiist llKTelort' bi* siqiiiJied at r(*lalively Jiigh pressure to be efieclive. 
When steam j(*ts are used tln'.v shouh! be of tlic iicjii-air-a.s])iiating turbillence-^iroduc 
ing type so that air siqiply is undiT control, witli the inaMiiinni i)ossiliIe anumi.l 
passing through the luel bed. 

The steam-g(*iioratiiig unit showm in Fig. S 3b is rcpreseiiiaiive of (ho dnmjiing 
typo spreader-sUiker application for the small industrial plant, for larger capacity, 
the continunus-diwchargi* dx‘sign as slmw’n in Fig 8-10 find.s increasingly freipiexit 
applications, particularly where low-quality fuels are availablix 
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Traveling- and Chain-grate Stokers. TTic basic furnace contour for traveling- 
and chain-grate btokcrs is practically the same, regardless of fuel burned Modihca- 
tions in height and length ol arches are, of couisc, necessary yvhtn the fuels have suth 
widely varying characteristics as those between anthracite and frte-buining bitumi¬ 
nous coal or coke breeze and lignite !No attempt will be made to fix definite standards 
for dimensions Several typical furnace arrangements will be shown, and fumaie- 
heat-liberation-rate limits will be presented merely as a guide to what constitutes a 
good furnace 



Fig 8-46 A two drum steim-gonorating unit equipiirl with rontinuous-disch pc 

spreader at >ker Cap uitv 150 000 lb of steam per hr at 450 psi and 750°1 (< ombvshot 

Enfftrieerttiff — i^uperhealfr Inc) 


Man> of the earlier install itionb were of tlc/^o^^^ar<^ t>pc m which the arch 
extended rearward from the front wall to co\fr from 30 to 40 per cent of th htokei 
length The piimary purpose was to assure prompt and rapid pciutrition of ignition 
by rcflectmg heat onto the incoming green fuel bed Tlu height of tht n h al>ovf 
the fuel be cl together with its length wen a function of volatile content in the fuel 
and the3 maxinium rate at whuh it wae hunied Pront-arch furnaces almost invan 
ably require over-fireiir jets to breat up gas stratificat on which re ults from low 
rates of flow A front-are h furnaec dr signed fe^r fire biimuig bitumiiioun coal is 
bhowm m Fig 8-47 With this installation a side-wall elinkei chill and an overhing 
mg water back are used to miiumi/e refraetorv maintenance Ovei-fircair lets are 
directed angularly downward toward the rear of the furnace from a pomt ju^t dlnm 
the nose of the arch 

At present a number of mstallations operatmg with Middle Western bituminous 
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poal have furnaces in which arches cover a portion of both front and the rear of 
the stoker This cmribinaiwii-arch arrangement did much to further stabilized igni¬ 
tion and improve combustion not only with those Middle Western fuels but also 
with anthracite, c okt breeze, and lignite 

Originally, when burning su(h ui«Uisi/p fuds as aiilhracite No. 4 buckwheat and 
river coal m front-arch furnaces, there was eonsiderable carbon loss in fly ash and 
ashpit, even at low combustion rates The combmation-orch furnace provided only 
a inrtial remedy Additional eApenmeiitiiig however, hnally resulted m develop¬ 
ment of the Kar-arch furnace With this design, well illustratt*d in Kig 8-3<), stability 
of Ignition is assurcel by utilizing the pnnciple of rammg particles of meandescent 
fine coal onto the incoming fuel This e accomplished through a inoelification m air 
distribution, coupled uuth the use of a long, low arch over the rear of the stoker 



1IG 8-47 A front-arch furiince for free-burning bituminous coals. (CoTnhustion Enginerr- 

ing hupt^hcatir, Inc 


evteuuliiig fon\‘ud from the lirnlgo uall to within n few fret of the front wall The 
arch IS so located that the gas from the rear eif the Moker flows at high velocit} toward 
the furnace throat It pu ks up the incandescent fines anti causes them to be con¬ 
tinually showcicd in the front end of the •‘tokcr This action, together with radiation 
from the nose of the oreh, assures positive ignition and further assists in reducing 
(ombustible content of ashint refuse The proyoiticmmg and arrangement of arch 
surlace are governed by the' fuel to be Immed, cnpacit 3 d(‘ve'loped, and stoker pro¬ 
portions The length will vary from 60 to 75 per cent of stoker lemgth, the height 
above the grate freim 2 to 4 ft, and the thiewit opening fiom 3 to 7ft Arches eif this 
t>pe lend themselves to the' niuMmum of wate'r cooling, and the amount of surface 
applied wtII be governed luigedy by the operating conditions 

Ovi'r-hre air may be used to advantage even with rear-arch designs and their 
built-m furnace turhulenee The operation of these jets maintains a high rate of 
turbulent mivmg duruig low-load operation, when gas volume and velocity fall below 
their e'ffe^ctive value's 

For the furnace design described the maximum conluiuoiis fumace-libcratioii 
lates should preferably be held to between 10,000 and 55,000 Btu pc'i eu ft per hr. 
Combustion rates per jioiind of dry eoil jier squaie' fo^il of grate per hour wdl vaiy 
from 30 for anthracite and coke breeze to 50 for subbitununous coal and lignite. 
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Pulverized Coal. Tlie pn'seiil-day piilverizod-coal-lircd fumaco, rcgardloas of fir¬ 
ing method employed, is of watiT-coolod constiu<-tion. Size of xinit togetlKT with its 
pressure and temi>eraturo, spneo available, fuel eharaeteristics, ash-fusion tenix»era- 
ture, type of burner, nn»l iiudhod of ash removal are all contributing factors. They 
not only determine furnace volume and extent of water cooling (‘iiiployed but also 
ultimate design of tlie steam-generating unit as a whole. The lunximum rontinu(uiH 
rate of heat liberation should preferably be h(‘ld to IjetvveiMi 15,000 and 22,000 lltn 
f>er cu ft per hr. 

The type and number of burners UH(*d, as well as their arrangement, will deter¬ 
mine furnace dimensions. Minimum front-to-rear depth is govern(‘d by tJie distance 
between burners and front row of tubes in boiler bank, -wbich is reqiured to assure 
conipleiion of the combustion process. Width is governed by the horizontal spacing 
plus the dislauce that must Ijc provided between the luiiJier and furnace siih* walls to 
miniinize the etTect of any flame impingement. TJic height is selccterl so tlinl tht* 
indicated furnace voluTiie is obtained, but in no case may it be le^s tlian the uunimum 
allow^nble distance betwetai the bottom burner row above the furnace water screen, 
W’ater-cooled hopper bottom, or slag hearth, plus the verticfil .spacing of burner row's, 
plus minimum allf»w’ablc distance betvv(*en top burner row and roof. 

Furnace volume is usually determined bj' using the allow'able heat-liberation rate 
for Hsh-fusiou temperature ami quality of the eoal to be einjiloAed. Wherev(*r pos¬ 
sible, there should be provided a combination of volume and water-wall cooling that 
will result in a furnace outlet temperature Avhich is below asli-fusion ttunperaiure of 
the Inw’est (luality fuel it may be iieec^^sary to use. W ith co'ilh having a high jk-i- 
eentage of low-fusion ash, it is ueci'ssiry to use gn^ater furnace volume so as to 
increase the amount of water-wall smface that can be installed and thi‘reb,v secun* 
comparatively low gas temperature at the eiitiaiice to the hoilfu bank. With liigb 
steam teinpiTatiire, the rwiuirenients of the sujurheater may go\rni furnace outlet 
temperature. 

After leqiiired volume aud juininuim dimension^ ha\e been deiemiined, tlic‘ fur- 
iiaee i.s proportnmi'd p'-o that length, height, and wullli liiiall} chosen will piovidi* the 
iiiost suitable design for available spare (ondiliojis. 

Finally to complete th(» furnace it is necessary to select thf' (3^)0 of runiact'-bottoru 
construction tliat will be best suited to tlie installation 

If tlie asli is to be collected and removed in a dry state, either the botU'm wnler- 
sereen or tlie hopper-liotlorn fiunace construction '-hoidd be used Wuh the uaUi- 
scrcca type of iustnlhitioii a seiies of tubes, tied iulo the ( irciilatinn system of tho 
water walls and boiler, is localed abo\e tlie furnace floor to provide a shii'lded and 
eooled zone in wbich the onllected adi is maintained at a tenipeialure below its 
fusion point. Tliis constnietion is u*>td for the unils shown in hig.s. S-29, 8-31, ami 
8-42, In the hoppir-’hotlom design the fiord- and rear-wall tiibi'S are bent, at tlir*ir 
low'cr end to provide a floor slojie greater than the angle of repose for ash. A s(‘lf- 
eleaning water-cooled floor is thus fomied. A transvenii^ gap is ])rovid(‘d in the laqi- 
per valley through wliieh the asli is discharged to an eiic'losed jnt This t3'iie of 
ronslructiun ia paiticiilarly w(‘ll adapted for tho a]ij)]ieation of vertically adjustabh* 
burners ns showm in lug 8-37. • 

When (he ash is to be rollocted and draiiu'd from the furnace in molten form, the 
continvovH’‘islag-tfip I'onstructiori is used. Witli IIur design a water-cooled floor, cov¬ 
ered with a layer of .special refractory, forms the hearth on which the molten slag Is 
collected. A slag-drip opening is Ineided in the bottom near tbe center of the Inearth. 
Around this opening a water-eoohsl ring is used to form u slag ctam and drip ledge 
80 that a relatively constant thickiieH.s of slag ia inaintaim'd over the hf'arth. Any 
excess slag accumulation continually drips through tliis opening and is quickly 
quenched and shuttered into granular form by dr[)])j)iiig into a suitably enclosed 
water-filled chamber. Thus construction is illustratf'd in Figs. 8-32 and 8-35. 

Liquid and Gaseous Fuels. When eonsideratioii Ls being given to th(^ installation 
of oil- or gas-burning equipment, it is well to renu'inber that results obtainable depend 
more on furnace dt'sig^n than on the bunier. For best results, however, the tw'o 
should be pro]x*ily coordinated. Practically nil units for either of these fuels are 
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arranged for the alternate use of the other. While tlieir iipjM^arnnee may therefore 
be the same, there is a marked differenee in h(‘at absorption tliruughout. With oil 
firing there is eoiisideTuble radiant heat transfer to the fiiriiaoc eooling surfaces owing 
to flame lummnsity. With natural gas the flame is nonluIninou^, and therefore there 
IS more eomeetion heat transfcT in the boder section. This is jmrtieidarly significant 
in .superlu'ater design, anil if uniform performance ia r(‘quired of either fuel some 
means must be provided for by-passing a portion of the products of combustion 
around the superheater. 

Furnace designs frequently follow acccjitcd imlverized-fucl practice. The extent 
of water cooling is governed by temperature requirements at the superheater inlet, 
and furnace heat-liberation rate's an jirefcrably Iv'ld tii between 20,000 to 30,000 Btu 
per cu ft per hr at maximum continuous load iHiiiit. 

Types of Wall-cooling Surfaces. The most eflective types of furnace wall-eooliug 
constnictions arc ones winch (unploy bare tubes, arr'iiig(*d to satisfy the requirements 
established by the several vanaldcs on which design is to he based. 

The ban-tubp tifpr of construction iniiy be dchncM] as one in which the w-all-t'ocling 
surriicc is composed of plain ban* tubes or bare tiilic'S having extended melallic sur¬ 
faces welded tu thc'm. The cooling suriacc is dircclly exposed to furnace tempcTature 
and capable oi absorlmig heat at an c‘\trc'mcly high rate. When jilain tube's are used, 
tlic'y may be siiaced on uiufornih close or wide ecliters to covei the furnace wall 
arc'us that n*quire pioleciion. In the baie-tiibe type's, with welded metallic extended 
surface's or liiis, Ihcic is unit metal eonstriielion witluml heat gaps capable of the 
same higli rati' ot lu'at abMuyition as llu' plain tube. Thi' tw'o tins, each 1 in. wide, 
an' loc.itc'd on dianic'tricall> iqijMisite side's of the tube. The tubes are then spac*ed 
bo thal the gap bc'lwc'c'n ailjacent fins ia * s m. Thus there is a coiitiimous metallic 
surfac'c lorining Ijje interior lining oJ the tuniac’e. 

With any type of W'lter-cooU'd const ruction, clow nc'oiner tubes must be provided 
to supply Ihe water-wall liejdeis Itiser tube's must also be providc'd to complete tho 
circuit and n'tuTii the ste.mi gc'ueialc'd in the walls to tlu' boiler. The flow areas of 
thc'se downconifis and iiseis depend on the airiount of wull exposed, the effective 
head of water on the wall, and the amount ol heat ab-^nrlunl. Illustrations of the 
bevernl Luge steam geiicratuig units clearly show the (‘xtent ol watc'i rooling used as 

Table 8-33 

T^pis ttf fiitl aviilaolc to |)ljint' 

\sli ronlinl 

A^h-fTit-ioii r'kluip 

C'ni} t fi.tl piikfs 

C nnijiii.itiM (u (lariii" iiridinr^ 

lower (fuuti Mmrulu) fml whidi it rnav he noeiviaarv to 
use if prjniiir\ fuel ■•ouuo cliioh up” 

( (uiiiMruiuc u|>i ialiii|iX lusU witli tlu *i\nilahle fuelb: 

1 or hMiuiliii^' 1ii< I 
I nt hiiulli'i^^ It fust 
I or rt'pHir-i and iiKunleniiiK ( 

I iti nuxih ii> jiowtI 
iMixiuiuin (oiiiiinious cjpn(i[\ 
r^vtetil, duiOioii, nml freipii nt \ uf peak loads 
Dtsicii or opi I ttin*; pn>.si’n 
Si (am tt inpornture if supi ilioal 1 “ lequirt'd 
I tisi-waler 0 iiipeiatuie 

('ulncal toiitenls (tf sp;u*e a\ niLMe oi itiptm'd 
Slupe of Fpiirr 

^C’umparatii e cos! of designj, (onsjderod 
lliirli- or low loLiI-faclor pLuit 
\ulu» of r('lla.hdll^ and flr\il>ililv 
Value of iiiinuuntol iniruise oi dferrasi in efliriency 
(^iu miluf; cost'' for ust iii etunoiuu it nhi.<(ir»ii.s 
Kxiwlionet or faniilnuitv ; 

In B inirtii tdnr plant or industry 
With a ei rt iin t\pi of fui 1 or equipmrnt 
Uiuformitv with old equipment sjiiad^ installed should not 
jeiqiardixf \aliu of plant (xtin*>itin or betteruipiit 
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well as the arraiigrment of doiMiconier and riser systems which tie the wall surface 
into the boiler circuit 

EQUIPMENT SELECTION 

The ability properly to select and coordinate equipment so as to produce a well- 
designed steam-generatmg unit requires not on)> a bioad background of experience 
which covers each stpaiate element and its relation to the others but also a wide 
variety of available designs in order that the particular needs of a given project may 
be satisfied No attempt will be made to discuss thci many details that enter into 
equipment selection The principal factors, howcvc'r, whuli exert most influence, 
togethci with some of the secondaiy ones, are outline d in Table 8-33 

Table 6"33a. Fuel-burning and Steam-generatmg Equipment Combinations 



* Up to Z?5,000 lb per hr on Coal and 300 000 lb per hr on Oil ard Cos 
Occosionally for capacities exceeding 200000 lb per hr 
Present maximum u^ed Design and materials available for higher temperature 

The most frequently cncountiud combinvtions of Juil-biinung and stram-gener- 
atmg equipment, together with cspicity, prcssuic, and sUani-tomptrifure ruigts, are 
sliown in Table 8-3^ Tins tabic is intended to serve no pujix>sc beyond providmg a 
convenient lompanson of the vsnejus e (iiiipinc'nt combin itioiis usi d foi the seviril 
operatmg conelitions There is no satistaitorj short cut to equipment selection, and 
filial decision should, therefore, always reflect the seasoned judgment of tAginecis 
who have specialized lu steam-plant engmeermg 
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LOCAL AND REMOTE GRAPHIC POWER MEASUREMENTS 
AND TOTALIZING* 

BY W. E. Phillips 

Section Hml, Engineering Dept.^ Leeds and Northrup Company 

Graphic hwiniiiicDts, make a f^raph of an electrical quantity as a function 
of lime, ha^ve become increasingly imix)r(ant in the study, operation, and control ot 
electri(‘al pow'cr syaieins and alst) to consumers of electrical power* The development 
of new princij)lefi, the demand for increased sptH'ds of rcHponsc, and the adaptation of 
established principles U) new designs have result(‘d in a wide diversity of instniments. 
It is the purpose of this subsection to describe well-established principles and designs 
uwd in the graphic metering of elcctnc power and related quantities and the tele¬ 
metering of these nieaHurements. 

Graphic meters are commonly referred to as “recording instruments’' or by the 
simpltT term “recorders.” 

Telemetering of electric power and related quantities will also be described. The 
AiTHTican Institute of Pdeidricnl iCngmeers d(‘fjnes ttdemetering as the ijidieatiiig, 
recording, or inU‘gra1ing oJ a quantity at a distance by ek'ctricai translating means. 
It IS jKissible to extend current and jioteniial transformer secondary or similar leads 
so that a reading may be obtained at a couMderabh' distance, but the extension of 
l(‘ad{' in this manner will not be considered telemetering. Totalizing of electric- 
power measurements will be df‘liiied for purixiseg of this text as the recording of the 
algebraic sum of several individual nieasunmicnts. In general, individual and total¬ 
izing recorders sviU be lit the sanie locution. 

UTILIZATION OF GRAPHIC POWER MEASUREMENT 

Graphic powi'r ineasurenients are found to be Ji^'cvssary to tin* operation of elec¬ 
trical iiower systems and industrial plants under normal as well as abnormal condi¬ 
tions. Their use can be liroadly classified imdi'r the hi'iidiiigs of electrical generatmg 
stations, electrical power syhtems, and industrial-plant operation. 

Note: For purpoM'g f>f iliin (JisfUH.Mon, the term “electrical power system” ih defined as 
a multiplicity of el(M'triraI geiicnitiUR staljoiis operated as au integrated systeiii under the 
supervn'ion ot a reiitral-sysiem operator. 

Operation of Electrical Generating Station. Tlie utilization of graphic power 
mcnsurcmcnts in individual electrical power plants is widespread, and the following 
applications are typical: 

1. The graphic recorder is used by the operator to ensure that the station is 
delivering its assigned scheduh* of electrical load. 

2. The grajihic recorder is an excellent medium for operating a remote indicating 
system of which the Solsyn systimi is typical. A system of this type provides a visual 
indication for the turbine and boiler rooms of the station load by means of large- 
dial indicators. 

3. Aubimatic control of unit and station load has become increasingly important, 
and devices have been added to the graphic iiistrumimts to pruvid(“ the necessary 
mtelligtmcc and liiniiing feiitun^s for the nutoniatic control, 

4. Graphic pow(T records an‘ helpful in the eronomie studies of unit and station 
efticiciicios since the grajihic record of power outjmt can lx* compared with the charts 
of steam flow, temperature, pressure, etc. 

* Superior numbers refer to spec Go referenres listed at the end of this Bul>seoiinn. 
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System Operation. The prarfciee of telemetering electrieal power and allied quan¬ 
tities to ii central point, usually the system operator's office, is now etmsidered to he 
necessary for the intelligent and etficient operation of power systcuns. Telemetering 
has been termed the "eyes” of the syateni operator since it enables him at a gltineo 
to dctcTiuine that the electrical power system is fuiietioning as desired. 

Some of the advantages of having station generatioii and major tie-line loads 
telemetered to the system operator’s office and tin trdalizing of these loads to obtain 
total system generation,* total int erehange, t system “net" load,! n-te as follows: 

1. ^\ilh the enormous growth of power systems, liotli as to the luindxT and the 
capacity of the gcmeratiiig stations, most of the syslt^m oiieralor’s time w^ouldbe ram- 
siimed in obtaining telephoned data if telemetering were not jirovided. Telemeteiing 
reduces verbal eominunieutions by at least 50 per cent, thus rj'licving both system 
and btation operators for other duties w it bout eoiistiiiit iiiierriiiitioii I’nder extreme 
conditions, when veibal eoniiiiuiiicntioii between Ihi* staliou and sjstein operator has 
been interrupted, it has been possible to ojierate for more than a day with telenipler- 
ing as the only link 

2. Telemetering provides n nn'aiis of loading a systiun on a ])rcanangerl basis 
Such a loading means iiiiglit conceivably consist of telemetering to each generating 
station the total system load and MS‘'igiiiiig to each station a scheduled output for 
each system load. Thus each station oiierator can determiiu niiinedifUely that his 
station load is correct. 

3. Telemetering is used to give the syshm opeintor a coiilimious n cord of the 
individual tie lines to adjacent systems, and !»> tolali/iiig ll»e tilgebraie sum of tlieso 
tie linos a reading of net intiTcliange is obtained. Tlius the sxsii’m ojierator is 
informed at all times as to the interchangi lojidiiig^ 

4. The value of telemet(‘ring at 1iim*s o] .s.>steni trouble or under abnormal condi¬ 
tions is not subject to any strict evaluation. It has Imc'h found in some cases that 
major hiterruplions and troulilc ha\(' In (‘ii prcvmtrd licc.iuso tlie sy^timi opi^inlor 
has had prompt and complete in formation regarding the loads on diffcieiit parts of 
the system, '\\ith this information it has been possible intelligimtly to isolate parts 
of the electrical system and contiiuK* operation without sciious outages 

5 The re(‘ords ol th«' grapiiic mstruments arc Imind to b(‘ of value vAhen ecemomie 
and load-giowth studies arc being minh' of a power system. 

0. The trend in automatic load-1 i(‘f|uenc> control at the jiresent time is to locati‘ 
the master control elements at the system »>peiator’s (dficc. Thus telemetiTUig and 
totalizing perform many fiinetimi^ in coniicctioii with tlie automatic load frequenc> 
control. 

Industrial-plant Operation. The utilization of grayihie meten for measuring elec¬ 
trical power and related quantitif‘s In industrial plants is l(*gion, und tlii'ir use is an 
absolute necessity if optimum ecuimmir and enicieul rchiilts arc to In* approached 
with resjieet to the eo.'it of cl(‘ctneal power 

In general, most eleclrieal raters coiiMst of an ‘‘laicrgy” and a "df'imind” fharge 
In addition, the rate scliedule may inelude other rluirgcs liased on power factor, fuel 
(josts, etc. 

The energy eliarge is based on kilowatthours eousumed during the month, and 
usually the cost per kilowntthour decreases with iiureased eousurnption 

The demand eliarge is usually basfMl on the maximum rale at w'hieh kilowattliours 
are used over a specified period, usually 15 min for indusln;d loads. Thi^ I'harge is 
intended to cover the fixed costs of the equipment w’hich the utility cniiipaTiy must 
provide to supply this mnxinuiiu demand A liigli maximum d. maiul oluii the 
result of a few^ peaks caused by almorinal ami perliaps avoidable coiidilioiis In 
Rome rases the monthly demand eliarge for an entire year may be based on tin* iii.ix- 
imiim demand which w’as register.‘d during a single fibiiormal period Thus Mk* cost 
of a single peak may be ononnous. 

riraphie power and power-factor recorders can lie iiserl to study and also provide 

♦ Total svHtom Renpratinn is ihi* sum of the loait- nn .oil p m rutois on tlm s^ 
t Total interchaiiKP im Ihp ala^pbruK’ s‘iiii of pnwei mU'ii liuiif^e ^iili adioiiuiif’' e< *.\ stfiiin 
t System net load is the total i»vstem (cenetution plus the po-rlm heiiiK fell into the s\ wlem minus the 
power being fed out ol the sxstciii uvei itb mteirouupeting tie Iuick with adjarcnl b\ sIptuh 
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a continuous rccorfl 4)f the plant load and power fat'tnr. In many instances a now 
p(‘ak demand may ho avc»i(](*d by discoiinorting » portion i)f Un» oleetrioal load for 
only a few mijuites. In other oases possibly a refvheduiin^^ of work to pTCv»‘nl coin- 
oident pt'aks in different departments may prodnee tin* desired lesult. 

Powder faetor may he improved by ensuring: that motors are not oversized, by 
installing overe.veited synchronous motrvrs, nr hy installing rui>aeitor banks. 

The graphic j»ower m(‘ter is also iist'ful in many proeess(‘s. A typical exaniple is 
one which oc'ciirs in the clnmiiefd industry in coiuiecf loji with stirring. An the chem¬ 
icals are stirnal they gu through a critical point where ihe vi^-ensity ehanges rapidly. 
A roeord of the pow'er injail to llio motor driving tlie stirring mechanism provides 
an excellent indication of wlicn this critical poiut is rcflch(‘(l. 


PRIMARY ELEMENTS USED FOR GRAPHIC MEASUREMENTS 

Direct Current and Voltage* The d\\rs4^nval fnioving coil, pcrniaiicnt-niagncl 
field) measuring element is used almost rxelusively for (he graphic metering of direct 
(‘iirrcnt and voltage. This typi' of jirimarj’’ element has been fiescrilicd widely in 
existing literaliiie, ami it is not felt to 
In* niHM’Hsary lo di'scribe i1 in this lc\1. 

Direct-current Watts. Tv>o meth¬ 
od.'* an* coninimily used for the giiiphic 
mcjisiireimait of d-c watts. Thf* first 
uif'tliod f'mploys an clr i t i ml vnaniomclcr 
as t he measuring element. Tla* ciirient 
coil is comu'ctcd to ti.e oMtjnit of a 
.shunt which is in serli vith tire load 
being nie-miiF-cil The pv'tt<'T(<;d < oil is 
eoniwcli'd in tlif* C'f»ii\eu(ioical manner. 

Siiiee eiilTcul is dl.iVN'i f>\er (lie leails 
Horn the* -hunt, it is jk'ccs ary that tin* 
meter ealihration tahi* into aeeoiml the 
r'\sistance of tlu'se leads Any change 
in the s]nnit-!'’ad n‘si‘'lanc'‘ will inlro- 
duc(* an erioi m llie i-eadi/'g. I’rrnrs 
are al*^o intnahici'd heeiiiisc of re^-iduals 
and slia^^ la'Id < fl'ei-ts so thal tla order 
of aceura(‘y is lower than when an 
electrorlyiuiniorui'ter is for a-c 

Mieasiirenu’iits. 

A .second method of ini'aMiring d-e watts, which overcomes the objections of li.av- 
iiig to take into account sfiimt-lcad resistance and i^'-ults in :i< eiiracies of high order, 
I’onsists of two rec(»rders connected ns showui in Fig S-t^. Tin* instrument that meas¬ 
ures current may be an auionialically liahmccd iiuliralor rather Ilian a ri'cordcr. 

The cunent recorder or imlicatoi (»pcrates t*n the iioleutioinctcr principh* from 
the millivolt drop of 11 j(‘ cuiTent .shiinl Since it is a couvcntumal potejitiomctric 
in<‘asun‘mciit, tlie accuracy is indi'iiendenl ol the lead resistance between the shunt 
and the reeordei or indicator. A iclraiusmittiug slide-wire is mounted on the current 
leeorder or indicator and moM‘s with ami assumes the same position as the recorder 
r»r indicator nn'asuring sUdc-wire. A jiotrmtial proportional to the d-c bus voltage is 
applied to this r<‘transmitting slide-wire. 

The output poicntial from rhis slide-wire, i.r., the potential bctw'cen A-A^ (Fig. 
S-tS), is proiiortionid to the current rcconler or iiidicntor position and tho d-c hiis volt¬ 
age. More e^ac1ly. it is propoi f iom.l to the product of the eurrcnl and voltage which 
is watts. It shonM be noted dial the voltage across tlic retransmitting slide-wire is 
independent lor all jiracticiil ]air[»o.sc'< of Ihe l■(^'istanc^* of the leads connecting the 
fcslide-wire to the fnis potential sines' the -IhU-wiie and its series coil, which are made 
of extremely low'-resistance t lujipe rut lire-eoetlieieiit ntaPriul, have a total rcsislance 
of approximately 60,000 ehms. 


O-C bus 



or indicator 

8-ts. Mciisiiremciit of d-c watt" 
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Tho output of tliLs rotranmniiting slidi^wirf* is recorded potentiomctripftlly by the 
kilowatt recorder (Fig. 8-48). 

The measurement of kiJowatts is based entirely on the jMjtentiometric principle, 
except for the supplying of the bus potential to the retransmitting slide-wire, and 
consequently the accuracy is inherently of high order. As was pointed out previously, 
the method of supplying the potential to the slide-wire introduces no practical error. 

Altemating Current The jirimnry elements used in connection with graphic meas¬ 
urements of a-c power and related quantities are the thermal wattmeter, the electro- 
dynamometer, the induetion-disk waM-hour met(T, and the Kelvin balance. The 
principles and theory of the latter three have been thoroughly explained in previous 
literature, and it is not necessary that they be repeated. 

The thermal wattmeter, which is the ncMresl of the primary elements adapted 
to graphic metering, produces a d-c millivoltage proportional to ini>ut watts. It is 
in all respect.s a true wattmeter—^the polarity of its output reverses with reversal 
of watts; it measures the product of voltage, cut rent, and the cosine of the angle 
between tliem; it is inde}ierident of wave shape to a high degree because of the fact 
that its output depends on heating (root-mean-square) values. 


current source 

_I I_ 


f P —“h Heater 


To poterrtial source 9 

ijij 




-Thermoooipies 
Heater 


-^WWWW^AM^- 
D-C output 


Internal potential 
transformer 

Fig. 8-48a. Thermal wattmeter. 


The theory of one typ(‘ of tJiennal w'altmeter, commonly referred to as a “thermal 
converter”—w'hich is typical of all—^will he readily iimlerstood from the following 
explaiial ion. 

A single-element tlieniial eon^erier, eomplete with its internal potential trans¬ 
former, is shown in Fig. 8-48o. Two such elements are used for conventional three- 
phase, thn‘e-w'ire metering. 

The current and potential eireuits are eoniiccled to the th»*rinal converter as indi¬ 
cated in Fig. 8-48a. The curient / divnles as shown so that one-half (lows through 
each heater. The potential causes a curjenl designuled as K to flow through both 
heaters in series. It should be noted that the‘^e two (‘urrents are in the .same direc¬ 
tion in the top heater and in op])osile directions in the lower hi^ater. 11 will be clear 
Viy inspeetion that the vector sum of the currents in the upper heater will be gr<*ater 
than that in thi* lower heater when the jdiase angle* between the two currents I anel 
E is less than 90 deg. Thus more heat will be produetal in the upp<*r heater than in 
the lower heater since the heaters have equal and constant resistance's. iS»*iall ther¬ 
mocouples are located adjacent to the heaters, and the thernu»rouple junction at the 
upper heater is raised to a higher tempe*raturo than that located at the low^er heater. 
The output eiiif of the thermocouples is projvjrtional to tlms diffenmee in h(*ating 
w'hieh in turn is proiiortional to watts inynit to the thermal eon v’crler. This is demon-. 
Rtrat**d mathematically as foJlow.s; 

Using E as H. reference vector, E and 1 iiiaj be expressi'd as follows when tho 
current is leading the voltage by B°. 

V^octorial E = E ^ E jO 
\''eeturial 1=1 — 1 cos B -|- jl sin e 

The eurreut in upper clement is 

E ^ 2 / = VlF + cos Bp 4 sin Op 
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The heating in the upper element is proportional to the current squared. Thus 
Heating in upper element = (£: + cos 9}^ + «in (1) 

The current in the lower element is 

E — coH tf)® -f (—jl2^ sin 9)^ 

The heating in the lower element is proportional to the current squared 

Healing in lower elem(‘nt * (E — )il cos 9)^ + {—PiJ 9y ( 2 ) 

The difforenec in heating is proportiorinl to Eq. (1) — Kq, ( 2 ) = 

{E^ + El (‘OB 6 + COH* e - > 4 /* sin* 9) 

— (A'* — El eoh 9 -|- ^ 4 /* cos* 9 — ’ 4 /* sin* 9) ^ 2EI cos B (3) 

Sinee 2 is a constant of calibration, the' differenee in h('atiiig is proportional to the 
product of A', /, and the cosine of the angle b(‘tweeii tlieiii, whii h is powiT. 

CONNECTION OF PRIMARY ELEMENTS 

Alternating-current Watts. The connection of the i)riiiiary elements for measur- 
hiR polyphase a-<‘ i>ower is subjeel to consultTable latitude on the part of the engineer. 
In general, tlie probl(‘m resolvi^s ith 4 ‘lf into the (‘quating ol cost agniiisi requirini accu¬ 
racy, keeping in mind the di'griu^ of unbalance between phases which may be 
experienced. 

Totalizing current transformers are sometiiiies used so that the currents of several 
circuits uiny be totaliz('d. This juTmiis th(‘ use of onl> one priniiiry measuring ele¬ 
ment for the Tiieasurernenl of several circuits. Tin* use of totalizing transformers 
introduces eerlaiii hazards 111 that siweral eurrent-trfin^rornier seroiidary circuits are 
brought into a eoinnion piece of equipnieni, vi:., tJie totalizing transformer. The 
jKissniility oi trouble spreading from one seeomlaiy circuit to another is thus inereaHed. 
Also the use of totalizuig translcjriufTs is hinited numg to the fact that all circuits 
must be in paralhd, t < , supplied from a (‘ommon bus. 

Many dift(*reiit and special eonneciious liav(‘ been used for measuring a-c power. 
However, the ' oiiuectioiis enqiloyed in most cases are those described in the following 
paragraphs. Only three-phase metering will be coiusidered smee practieally all graiihie 
inetf^ring is confined to t hre(‘-i)hase systems. 

The hindaineiital principh' upon which poljqihase-power measurenumt ia based ia 
that enunciated by Hlonih‘l- I'liis tht'orem states that for a system of N conductors 
the total pow'cr can be m(‘a>uicd by means <»1 A — 1 wattrneti'r elementfl. 

As jui illustralam of this prineiple, if a three-pliase system ha\ing a grounded 
neutral return is examined, it wall be s(‘en tliat it ls in regality a four-wire system, and 
eonHeqiu‘ntly thn'e i‘i(*ments aix' ri'quirod for correctly measuring the power under 
any eomUtion of load unbalanc 4 ‘. J 1 we consider the above system further and state, 
as a premise that no curnait Hows through tlic ground-return circuit, it can be c.on- 
siderod to be a three-wire systt'iu, and the jx>wer can be measured correctly by two 
wattmeter elements. As a furtiier step in considt'nng such a system, if we state 
that the load on all LIuxm* pha.acs is identical, I'.e., balaiiri'd voltages and currents 
and the same value of power factor, one element measuring the power in one pha.se 
only has a constant relation to the total tliree-phast‘ power ajid can be used as meas¬ 
ure of total thr(H*-phas(' jx>wx*r. 

The coiineetioiis and vector diagrams for these typos of metering are shown by 
Figs. 8-496, and MUc. 

A modificntioTi of a two-('lement meter is quite often employed wdien measuring 
the power in a thrf't*-phase circuit with a groundi‘d neutnil. This is commonly 
roft'rred to as 2 ’ im'tering and has the advantage that it measures the three- 

phase power correctly for uiibalamuxl currents. 

The connections and vector diagram for this type of metering arc shown by Fig. 
8-50. The vector diagram show's balaneed voltages. The currents are unequal in 
magnitude and displaced by different phase angles with their rcspi'etive voltages. 
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Tho rurn^nts in pJuises 1 ami 3 rcari wilb tlu*ir rcspoctivc voltage’s, and the current 
in phase 2 is revers(‘d and rcaets with lJu* potontialb nf phiiseh 1 luul 3. 

The iiiotering oaii lir oxpn'HseJ a* follows: 

Molercd pbanc 1 ptn\«‘r ExJi rort (4) 

Mfderrd jihasn 3 povMT - K,J x eos 9, (5) 

Mpk'i'od phas(' 2 powf'r = EiJi eus iGO° - 6.) + EzJ2 eos ((>()“ 4 6.) (6) 

If Ihe v<iltafti'S are equal in inagiiilnde, *hon as far as inagnitmle is roneorned we 

rail wrile /i'l,, = E^,, = A’•«, and Va{ fG) redijcos to Evnij «‘os Bt Tho total for tho 
throe plias(‘s is the sum of th(‘ ]K)\\or inoasurod <in tho individual phases \^h 1 ^‘h in this 
oabo is oorroet for total thur-pha'>o power. . 



^2H 


Vector diogrom 


f/on' 



I lO T\\o and uno-Ji'iIl-olemenl prins- 

Reactive Volt-ampere Measurement. Vs in tln^ moasuremeiit a-e watts there 
IS i*-msidi*ial)lf litilndo m tlie < ojiiioetjtais whirh inaj l>o einj>loyed in tho measuro- 
mont of re*n tn (• \ ()l(-!imi»‘To-», hul tl'(‘ imdhod whnh iK used univorsally for tho 
mi'a‘'iiroim 111 ol rf‘aiti\o voH-aiiijiores on lhro(‘-phasi* om iihs is tlial of ctokSS phasing 
thi‘ jiotonlial oiToinU with rosjioot to tlie cm rent ciicuils. This cross phasing may 
Ik* accoTOjilisln d iiieroJy h,v oonnoidiog the* voll ige coils across the phases opposite to 
(hat in whuh ti e I'liircnt coil is oornioetoil as shown liy Fig. S-51f/ and 8-51?) oi by 
iirting phasing t”;insf()j mors ns sliown by Fig 8^520 ami K-52I>. Tho latter method, 
winch IS most gi‘iiondl> employo<l, inis the mUantagi' of greater accunicy but is some¬ 
what inoie conqihcated. 

lhilo[1unatel> , there is no inelhod .‘nailiihle for aecuratclj metering reactive volt- 
ampOH's of a thret-pliiise circuit when both eurrents and voltagr^s are unlmlanceii. 
A detailed analysis ol tlie errors is beyond the scope of this section. The errors ariSr^ 
ing from unbalanced load conrlitions aic most remlily determined by the use of syni- 
inetrical components. This is covf»red in a very eonipri^hensive inannor by A E. 
Know Itoii. * 
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Power-factor MeasurementB. Power-factor meters at the present time are most 
generally used in connection with the metering of industnal loads. (On power sys¬ 
tems power-factor molars have been, to a large extent, replaced by kvar meters.) 
Power-factor meters arc (1) accurate only on balanced loads, (2) primarily for use on 
circuits where the power flow is in one direction, and (3) their sensitivity decreases as 
the current flow decrejises Crosscd-coU electrodynaniomctor type* of meters are 
used quite generally for measuring power factor. They usually employ two potential 
circuits and one current circuit. 




(o) (b) 

Fio. H-51. (a) Ueartive* volt-ninpere nieabureineiit of thrco-i»has 0 , three-wiro cirrmt 

ciosb phasing (fc) Iteartive volt-aiiipeie iiieiiburcMiient of thrrp-pluw, foui-wire I'licujt 
using cross phasing. 


A method employing a thermal converter, i^hich is connected in the samt* manner 
as a two-clement wattmeter, measures Ihe ratio of the millivolt outputs o’ the 
two elements The eonneetious of the primary element and the recorder for irieasur- 
iiig the ratio of the millivolt output is shown by Fig 8-53. 

The output of tli(‘ element 1 is proportion hI to El eos + 30^), and the output 
of element 2 is proportional to El cm {0 — 30") When 0 is zero (unity jMiwer fac¬ 
tor), the outputs of the two elements are equal (balanced load eoiiditiona assumed), 
and the ratio of the two outputs is unity Thus the recorder balances at its mid¬ 
point. This mid-pomt on the scale is marked unity |K>wer factor. When the power 
factor is 0.5 lag, is 60 deg, and the output of element 1 is zero. I’hus the recorder 
moves to the high end of the scale which is marked 0 5 fiower factor--lag \^heu 
the power is 0.5 lead, the conditions of output are revetf»od, and the recorder moves 
to the low end of the scale which is calibrated 0.5 power facW—lead. At intermedi- 

418 








lie. 8-52. (o) R«>artiv** voR-amprrp measurement on three-phase, three-wire circuit using phasing transformers, (b) Reactive volt- 

pere meaaurenient on three-phase, four-wire circuit using pha'^lng transformers. 
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aip laUiPH of powpr fiu tor tlio rofordiT l»alanr*oR at intermodiato point,s altmg the 
scale. 

Alternating-voltage and -current Measurements. I'or the inivisiirmoent of alter¬ 
nating vollage or ourn'iit any of the primary plcinents lisl^'d for n-r mcasiirenicJits 
under rriiiiary EU'inents l^sed for (Graphic Mensurenicntri (an be u.s(‘d. Tli(‘> all 
produce a squart'd scali' for both voltage and current. 

The thermal type of priinaj-y element offers certain aclvaiifaKe.s in that it.s output 
ran be conneett'd directly to a full metallic Iclcnietering cl^Liimel ^\itbout the use of 



Vector diagram unity power factor 


Riwerflow —•• 



I'uj. 8-5, ‘i. Me.iMiJeuu'nt oj jniwor bn lor b\ nuanis fif ..i liicnnal converter. 

auxLliiry ('(juijjinenl. It also (tbeis cerbun advaiitagt'i \\lK'n it is flc-iied tn record 
HcveraJ 'voltagc'.s ,iiid ov ciiitc fits on a Miigle cliait wlucli is coniiinndy dune b^ inoans 
of a niulliple-poiJil recuid'T. 

TELEMETERING PRINCIPLES 

The sysUmis most commonly used for Ihe tchmetefing of dcM-tiic po\\<r and 
relaU'd quant it ic.s may b(‘ (la>i.silicd as follows s: 

1. Direct-cunent hy-timiiS 

а. Current 

б. Volt ig(* 

2. Impulse Sy.sb'ina 
a. Time duration 
ft. FrcqueiJi'y 

r. IrnpuJrfc iniitf’hinu; 

Direct-current Systems. Tlo' .a3^stein of If huuderiiiR which employs direct (Uir- 
rent a.s a translating means mav' take* several diflercnl forniH. The isyL'.lems f*mploying 
this translating means jirodiiee the neensary d-f voltage so as lo cause i\ direct cur¬ 
rent to flow in a teli*ine1eriTig cl.'innel. "I hi** cuirenl is nniintaiiK'd at a definite ratio 
witli the piiui:u,v (luantity being iiMMsiiied. Tlie eurrent (‘orri'qionding to full-scaU^ 
reading varies f/oiri 5 to IK) ma dependiiif! on I lie manufacturer. 

The tran.^mitting principle with all svslfin,, is smli that changes in the circuit 
resistance through which the current llous an 1 also changes in supplj' voltage to tin' 
power supply arc; auloinnticully compensated. 
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The Esterlme-Aniijus lonR-tliHlniice rm)rd<T, llir* General Kleetric Company torque- 
balance tranboutter, ami the Leeds anti Nortlirup Company eurront-balanee trans¬ 
mitter are typical of current-balance transmitters 

The first two cmmiernted abov(‘ employ prid-controlled vacuum tubes t-o produce 
the required telemetcnng current The torque-balance transmitter (Fig. 8-54) coii- 




'H»C6mng mstrument 



tf$ V A-C suppfy 

] IG '^-51. Toiqut'-bAlaiire triinsniittei 


si^ts of Jin optical svsteiii, .'i lamp, tuo photocJeetnc tubes juul two tliree-eJemenl 
Viicmim tubes Tlie resti’uiiing <leiijent, tliiouali \^lucli the telcmetenuft nirrerit 
flows, sets up a toiqnc opposjnf> Hut of Iht' (►peratiei; i*Ieirieiit If llu'«e two tttrques 
are not eiiunl, tlu* su^pui^'Uiii on which the mirror is mounted Mill turn to a new (Hisi- 


tion and deiiea^e the li(j;iit on om* pln^ 
toeleelnc lube jiml inenase the light on 
I he other The pliotoeiectin tubes by 

ni(*a,ns of tlnsr hgh I-sensitive eliaiaclcr- 
istics will Inas one lliiee-eleiuenl lube 
to eomiiiel h‘h‘> euricnt and will bias the 
other to cniidiK t luore. Tlie dillercnce 
111 these two ciinents is llu' cuneiit 
v\hichflow-N m (he leli uieti iing i luiiinel 
and also tlie le'^lriiinuigelerimiit When 
the toifpii' of the restrainiUR eleineni 
equals that of llie operating eleineni, the 
inirroi nuiuins slalioimr^ m the position 
it‘qinrefl 'I’lic svstrni is suitable for 
(qvTitliiig wiUi a yero-eentei wiittineter 
Tf'verse witli a r(‘V(‘rsjil of powder flow thi 
Till' Leeils and \orthrup Company i 
Lincoln Iheniial converter aa a prim-sr 


D~C oufth/f -• Current balance controller 



To remote reiver A'O 

smily 

Kig R-5.). C'uiieJit-halanec tiaiiwoiLler. 


The polaiity of the telemetering eiurejil will 
oiigli the waltmeler 

■nrrent-balaiu e tiaiifimitler il’ig 8-55^ usiss n 
V element 'I'ln* d-e output of the thermal 
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converter is compared with the voltage across a **drop" coil which is connected in 
series with the telemetering circuit so that the d-c voltage across this coil is propor¬ 
tional to the current flowing in the telemetering channel. 

Any difference between the thermal converter and “dnjp"-coil voltages will be 
detect«l by the galvanometer and by means of the mechanical (Microinax) amplify¬ 
ing system will vary the voltage, which sets up the telemetering current, until a 
balance is achieved. Thus, a de^itc relation is iiiaintaincd bctwi'eii the thcnnal- 
converter output and the telemetc^ring current. 

Any number of receivers may be connected in series with the d-c system so that 
the same reading may be obtained at widely separated locations. The receivers may 
be recorders of the milliampere or jiotentiometer tyjie, or an indicating milliammetcr 
may be used whc'n a record is not desired. 

The d-c ^lystcm is used with metallic circuits up to 100 miles in Icuiglh and has 
certain advantages when the noise level of the circuit is high. It is readily apparent 
that the noise voltage across the receiver terminals is the product of the current pn)- 
duced in the loop telcnicloring channel by the noise voltage and the reccivei resistance. 
The receiver resistance is usually in the order of a few (dims so that the noise voltage 
across the receiver is only a small fraction of the total noise voltage in the circuit. 
For example, if the total telemeteriiig-channeJ resistance is 1,000 ohms ami the reciiver 
resistance is 10 ohms, only 1 per cent of the noise voltage api)ears across tlic receiver 

terminals. 

Direct-current Voltage Systems. 

Direct-current voltage systems use a d-e 
voltage, usually of small magnitude, as 
a translating means. The d-c voltage 
system usually employed, >\luTe the dis¬ 
tance does not exeei'd 20 to 30 miles and 
no unusual noise voltages aie encoun¬ 
tered, IS that empluyiug a thermal con¬ 
verter as the primary elemenl and a 
IKitciitiometer recorder as a receiver. 

When distanci's are gr(‘atcr than 
noted above, a voltage amplify in g sys¬ 
tem can be used to extend the penuih- 
siblc distance. Such a voltage amplifying system is shown m Fig. 8-50. The galva¬ 
nometer through its mechanical amphfying system adjusts the cnnlael of the 
shde-wire until equality is obtauied betwi^m the voltage across R\ and the voltage 
output of the jininary element. The voltage ampliheatioii obtauied is Ui/ Ri. 

When a potentiometer receiver is used, the voltage sysh'iu is also uulejiendeTit of 
line-resistance changes since when tlie receiver is bMlaiieed no current flows ovit the 
telemetering channel Changes in the telemetering-channel resistance duf' to tem¬ 
perature variations affect only the sensitivity and not the inherent accuracy of the 
sysU'in. 

Slow-rate Impulse Systems. Timp Duration. Several telemetering systems ni*- 
lizing the length of impulse in a cycle repeating at conatant intervais are now in 
general use. 

Tht'S(‘ are typified by the Builder’s Iron Foundry Chronoflo sysitmi, The Leeds 
and Northrup Company Micromax Ballistic system, and the Bristol Ckmipaiiy Motam- 
eter system. 

The principle employi'd in the Chronoflo and Metameter syhtems utilizer the time 
between successive impulses as wtU as the length of the impulfwx It is evident that, 
for the constant teieineteriiig cycle, if the impulse become longer, tlie time between 
imjmlses becoinc^s shorter and vice versa. The transmitter (Fig. 8-57) consists of 
cam, synchronous motor, rocker bar and magnet, ami cam shoe and arm. 

In operation, the cam rotates at a constant spewed making a complete revolution in 
16 sec (1-min or 4-si*r eyelea are used for some servif'es). The cam-shoe arm swdngs 
in a plane parallel to the face of the cam and ridea Ijctween the cam and the rockiT 
bar. As the leading edge of the cam engages the cam shoe, the rocker bar is moved 
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fiG. 8-66. Voltage amplifying transmitter. 



TELEMETERING PRINCIPLES 


[Sec. 8 

forward, carrying the magnet away from the meniury Hwit^;h and causing the switch 
cojitai'ts lo close. 

Since the cam-shoe arm is positioned by the measuring element, the length of 
time that the cam shoe rides on the cam, 
and consequently the length of time that the 
switch IS closed, will vary in accordance with 
the quantity measured. 

The receiver (Fig. 8-57) eonsists of a 
relay, magnetic “up" and “down " clutches, 

Rynehroiious-motor clutch driv(‘, and pen- 
arm positioner. The motor, running co*i- 
tiiiuously, drives the clutch gears in opposite 
direct ions. When the 1 wo-wirc signal circuit 
from the transmitter is closed, the relay is 
energized and in turn closes the circuit \v' ich 
energizes the “up" clutch, and the pen-arm 
positioner travels outward as long as this 
clutch is engaged, ('ouversely, when the 
circuit from the transmitter is open, the reday 
is deenergized, thus energizing the “down” 
chit(“h, and the pen arm positioner moves 
inw'ard. Once each cycle, therefore, the jieii 
(or pointer) is accurately and positively 
jKisitioncd to the correct reading 

If the frequency of the supply to the 
transmitter and receiver are tlu' same value, 
then* is no inherent ciror in thf* t^•lelneter- 
ing system. If the fr<*qucncy applied at the 
transmitter is higherthan that of the reeou er, 
the receiver will be proiKirtinnately insensi¬ 
tive. When the freiiueney at thf* receiver 

higher than that at the transmitter, the 
receiver will oscillate or hunt around the 
correct reading pnqwrtionul to the diffeience 
of the frequencies. 

The Leeds and ISorthrup (^onipany 
Microtnax Ihillistic Bysteui of t<*lcinetcriug 
operates ort a 2.4-sec cycle. The transiniltiT 
consists of Micromax p(»tcntiomcter-type 
load recorder which gf'iKTates inquilbcs pio- 
jKirt ional in length to the transmitter reading. 

The recfdvcr consists of a standard 
Micromax halimeing mechanism operating in 
c(»njunction wnth a ballistic galvanometer, 
h( nee tlie name Mieromax liallihtic system 
r>f Iclometermg 

The receiver measuring circuit (Fig. 8-58) 
takes the form of a bridge which is supplied 
iroin a rectified d-c source The bridge form 
of circuit makes the measurement indejiend- 
< nt of drifts in the voltage supfjJy. 

The relay contact Fi is clos<*d by the 
transmitter and remains closf'd for a time 
equal to the length of the transmitter im¬ 
pulse. The closure of F\ charges capacitor 
C through the high resistance R. 

The voltage across the capacitor at the end of the transmitted impulse, which 
bears an exponential relation to the length of the impulse, is measured ballistieally 
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Fig. 8-57. Chronoflo telemeteriDK system. 
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tht‘ flosurr of iii(orriiptPr Ix. If lhi‘ papaoitor voltaRO diffors from that obtaiiuMl 
from the alulo-win* at thr iMuiit of ronlact, the ^^alvaiionictor rocoives a Imlliatip 
“kick’' Avhen ijjtprruj>U'r lx rloHo«i. Jmuiediatrly after the ^^alviinometer deflects, 
the MiiToniax mc'chaiiism clamps tin' Kalvaiioiiieler jnhjiter ^Uieu it has deflected tc> 
its maximum ]K>Mitinii ainl moves Ihc' recorder slide-wire—pen moves w^ith (lie slhle- 
winj—to a ixisition ^^lK're Ihe l\>o vollaKea are (‘(jnal. If there is no furth(*r ehaiiKe 
in the length of the transmitter impulse, subsequeni closures of I\ will not cause the 
galvanometer to deflect since the eaiiacitor and the slide-wire voltage at the contact 
]>oInt arc equal. 

After the voltage of the capacitor has been measured, the cajiacilor is discharged 
by the shorting interrupter /j so that the capacitor starts the next charging cycle 
from zero voltage. The time conslant of this RC circuit is aiiproxinmtely ten seconds 
so that for tho maximuiii length of impulse— !ip])ro\iiTiMtely two Kci*<mds - the capiic- 
itor voltage is still on the mon* linear part of the (‘xiHcienliEil ehargiiig curve' The 
effect of tins small departure from linearity is eliminated by shunting ii iKirtion of 
the slide-wire by moans of resistor Ri. 


A-C supply 



Kiq. 8-58. Microiiiax Ballistii tcleiui tcriiig receiver cjicuit. 


Menus are provided for iiutomali«’nlly s^m hroni/mg llie recuM-r with the Inuih- 
initler so that the inleirujitrT.s clo'^e at the corn r*t point in tin* lelemeteniig cycle. 
This synchrojii/iiig itji'ans aNo j)crniii-i tin op» latiuii (»l tins tclcmeli niig '^^slem wdieii 
the ftetpieiicy at the transmiltcr and rm i\f i diJlct )iy a^. much a'- '1 4 evch s. rjuler 
these ahnnrmal fieipiency conditions the rcrciver iceonl will l><‘ displai ed witli lespcct 
to the U‘ansmitter but w'dl otherwise- faitldully rcpjodiuf the IlaiiNirutted <iuantily. 

Impulse Matching. A type ot telcinefenng in wheh both tin' naiiMuitter and 
rfccivr'P generati iinpulsr's pnrportinnal to their lespi-clnc* iradings is l^pifir'il b\ the 
liaile3' Crnupaiiy SyncIiro-nict»T and tin' I^rM'ds and Njulhnip t’oin|ian\ lyfx'-Ml 
tr'Jemetenng. 

The “Syncliio-nietei ” thiff. S-rjlt) coiiiists of a ImnsniitfM- and a n i*e’ (t which 
are operated from p<iwTr source's having the same fierpK'ncN so that Ihe can Ux ami 
C’i! have the satiu' tiiiu' ejn-le, Tlie cuntards at flu' liaiismilti'i are pivoted at (xuuts 
C and M so that, as tlu' (pianlity bc'ing iiu'aMued ini reuses, thi' upper eoniact niovew 
upward, and the lower contact iiiiisl coiMei)uently ino\e up farther to r-lose thesi' 
contacts. Thus tho lime of contact is later in the I'ain cjcle. Tlie receiver operates 
in essentially the same iimiiner exceji* (hat uppf'r eoiitael in poMtioiii'd with thr* 
pointer of the iecei\(T. If the transmitlir and n‘^*eiver havt' the sanu' Kuding I'on- 
tacts, Mr and Mt will close Himullaneousli^ it is assumed for the monu'iit that tho 
earns are synchronized as regards phasing in the cycle—and close' both sluiding-eoil 
circuits of the induction motor with the n'snJt that the receiviT does not tik'VC. As 
the receiver cam advance's in its e'ycic, the im'iTur^ swdich is ojj^ni'd lu'fore e'ontacts 
Mr and Mi so that it is imt ne-ce'ssary for these contacts to break any current. If 
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ilip iransmitUi ii ading decuaHca, contixt) Mt close btforc contacts Mr and close 
the circuit of oiic' shading cod oi the uiduction motor, causing the reccivti to decrease 
its rciidiiig AMieri contact a AT c lose, th(\ ' ill close the circuit of the second shading 
(Oil ot the luductioTi motor, and the inotur stops The iiiovcinc/it of the reeciver is 
thus piopoTtunitl to the diftcrciue in the readings ol the tnnsniittcr and Keener 
When the tr inunittei reading men ws eoiit lets Mr close fust, c lus ng the receiver 
n iding to mere ise \s noted in the foregoing the c mis iniist be eorieeth phased 
m the eyile 1 his is lecoinplished by me ins eil ui luxili iry e iieuit \ehi(h h\ irite r- 
ivip(mg th( bed to tin neeivere ini rtioloi e inses the rceentr evile to In ictarded 
mild it (oiiK 1 [( s in ]ili i e v\ith the tiansmitter i-^iJc Ihi uuMlmy cueuit roquirea 
itlilidwiie b(t\’i( n (he truisimltcr ind l e( ver 

J lu (>p( All (i le iiK t( ling of the 1 ce els iiid Noithrup ( ninj) iny o]m i ite s on the 
siine piineiple I iit oid\ i single cinmt is nquiitd Inlvvicn thr tmiismitter md 
retenei lln Jiffiicnrc in the st irt ot the impulses is used for iiehroni/ing and 
(he dilleniiet it the enej of the iiripulsis i*- utilized tor hiliiieing the receiver 


Feceiver Transmitter 

7 b ope/ut/ng e/emanf 



USV A C supply H5V A C supply j 
1 10 S I hr iiiitii tclii H tciJi 1, ^ tt m 

'These s^sldii ol (cle Tin le iing u n t ilneteelM lie eiiu ne > a ii latioiis ^vhen the 
lr((|l 1 eTll^ IS the sum it both 1 lie t^m^'iiiitiu iiidrfernii Ihf T^jx Ml teleimtei- 
ing systiii) IS irinigeel to piodu e i I iitldul leioui ol tin ti iiisniitled quiidit\ — 
dthoiigli slightly displucd \ilieii the luepienrles ddfei l> nil amount is great as 
2 ■) e.\e le s 

High-rate Impulse Systtms High r ite impulse >stini eii gtjuriiU’v uncle istood 
to In tehneteiing s\slirns wimh smd fiom tin to approMiiutil^ two hundre^d 
impulse spe minute 

The V\ istirigliouse s>st(inoJ iiripi be (ilcnie le ring nhich ojn rule s o\cr i rnigo of 
41‘ ro 2()0 impulses pi i niirmle is in i\imi»le f>t lliis t>pe of (i Ic'ine termg 

'The (i insmittir rorise-sts ol a convc iitionil polvpliiise indue lion disk w itt-honi 
1 (cr c irrying e ii the iippci end of its sliilt a eemiimit itor siiiiilir to tint used on i 
e c w ett houi luitci \lt(rnilt bnsol the coiuinut itor iif e onne e tccl to a slip iing 
in or fie 1 (hit the it rc iMiig i (impinriit den s not h i\( to ope i ate down to zero impulse s 
ml ilso lo t ike ( lie of instdlitions wlitit powci ilow ni i\ be in eithci diuctioii, u 
vnehioTious motor dints i brush iiound the coiiunututor, making iml breaking in 
thr (iieuit whn b SI oils out tho iinpul s Whentlii w itt hemi me te r is luniiing, the 
1 lie of impulse \ is pioi oi tioii il to tin ilgebi in sum of the speeds of the brubh and 
initd When the n ill hour nutei i s( mding still a soeilUil besc riU ’ of 
impulses is ge iid ted wbn h is ptopoiiioii il t< tin h\in hionoiis inotoi H|>ocd 

The KidAcr uses the piimiple ot lele i iii|. i const ml quantitv of elertneiti feir 
c nil imjmlsc These dnigC' in smoothed out into \ ste idy inetd le iding by a 
Miiootlnng ( iidiit lln re e c m r is eoiistruc te d is tun unitone contaming the 
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glow-tube coufitant-voltage device, relay, and capacitors and the other the indicating 
or recording instrument. The schematic diagram is shown in Fig. 8-60. 

The impulse operates the relay which transposes the leads to the 0.2-uf capacitor 
on a 90-volt d-c circuit. Since the capacitor is discharged and recharged in the oppo¬ 
site direction, the total charge represented by a change in relay pobition is 30 micro¬ 
coulombs. The smoothing circuit consists of a choke coil in series with the meter 
and a condenser and copper-oxide rectifier in series, shunting the coil and meter. 
The impulse of current from the operation of reversing the condenser pusses through 
the rectifier in the forward direction and Is stored in the large capacitor from which 
it flows into the meter through the rc*ctificr in the backward direction. The action 
of the rectifier in the charging of the capacitor is to stretch out the discharging time 
over what can be obtained with an ohinir resistor. 

The ehoko coil serves mainly to reduce the ballistic kick given the meter jHiinter 
when an impulse is received. The receiving meter is designed with a vi‘r> strong 
field which permits a high cemf to be developed with small mption and further serves 
to reduce pointer pulsations. The glow tube UX-874 is U 8 <‘d to keep the voltage 
constant for charging the capacitor. 


y^^tagB re^ktHng 
tube (UX 874i 


1 

D-C ^jppfy 90 V 

J_ 


-Mr 


Choke 


I 1 


i.Recftfter 


Reversing r^ay 
(DPD T) 


Storage 

capaettor 


Cafibrating 

rheostat I-1 

Indicator or 
recorder 


Fia. 8-00. lligh-rate iiiipiiKe telemetering receiver. 


Telemetering Systems Using Frequency as a Translating Medium. Frequency 
as a translating medium for telemetered data offers excellent jM>shibiliti(‘S for high¬ 
speed telemetering systems. A frequency sy.steni can be consitirTcd as an extremely 
high-rate impulse system. The use of an oscillator as a frequency source permits th(‘ 
rate of impulsing to be changed smoothly and, for the most practical t'orisiderations, 
instantaneously to a new value. If the primary measuring (dement wliieli changes 
the oscillator frequency is f!l^t, there is little delay in getting th(‘ rhange in frecpieney 
to the remote receiver. 

With a continuously balancing type of receiver it is entirely po.<b.sible to reduce 
the over-all response of the telemetering system to less than sec. 

The idealiz(^d system should have the following characteristics: 

1. The frequency used should be botwetm 20 and 100 cycles, und the baiul widih 
should be in the order of 20 per cc'ut of the base frequency used. Fur example, a 
range of 20 to 25 cycles or 80 to 100 cycles would be ideal from the standpoint of carrier- 
current transmission. Frequencies of this order take up very little spate in the 
frequency spectrum, which is becoming more crowded as time goes on. Fiequeucies 
in this range also have the advantage of low attenuation when used on telephone 
circuits. 

2. The receiver should, U* a high degree, be independent of change's in llie w'ave 
form which appears at its input terinLials. 

3. Variations of 40 db (100:1) in the amplitude of the voltage input to the receiver 
should not cause appieciable errors. 

4. The speed of resiwinso of the components which constitute the telemeb'ring 
system should be such that the over-all r(*spotise does not exc(*ed } 2 sec. Tin* use of a 
frequency lower than 20 cycles means that delay must be incorporated into the 
receiver, which shows up the response of the system. 
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5. Tho iclemcteriiig Hystem should be independent of ambient temperature 
changes. 

Some of the disadvantages uf frequency telemetering systems employed in the 
past were; 

L The use of too high a frequency for translation 

2* The use of too wide a band of frequencies 

3. Insufficient stability as regards ambient temperature ehaiigt^ 

4. P-rrors introduced by wave-form changes 

6. Krrora due to voltage variations 

DIRECT-CURRENT TEIEMETEAING CHANNELS 

All teleuiel(*ring systems which employ cither direct ciirrc*nl or voltage as a trans¬ 
lating mediuin require a full metallic circuit. In special casc‘s the earth may fonii 
the return conductor. This, however, is the equivalent of a metallic conductor. In 



7& receiver To transmitter 

Fio. 8-01 ('’oiripowle telephone cirfuit for telemetering. 



Telemetering 

receiver 




P^io. 8-02. biniplexed telephone circuit for tele motoring. 


fill cases the insulation of the telemetering channel should be as good as the standards 
rcfiuircd in teh'phonc practice 

The distance over which a reathiig may be telemetered is limited, from a practical 
htaiidpoint, only by the cost of the telemetering channel. Telemetering readings for 
a distance of 1(X) miles is common practice. 

Direct-current Voltage Systems. For all d-e volingt systems of lelemctcniig 
which operate either on a few millivolts or several volts, a full metallic, ungrounded, 
circuit is essential. The circuit should also be balanced within commonly ac<-epted 

limits. . .TO. • 

Under speeial eonditioiis it may be possible to use a composite circuit. The cir¬ 
cuit as shown in Fig. R-dl is typical. . . , -i j i 

Direct-current Systems. For diTvcWvrrerU systems the circuits described under 
Direct-mirreiit VoItaRe Syst. ins niny be u«ed. aud in addition, under rortain condi¬ 
tions, a sinplo wire with Rrouiid return or a simplexed telephone circuit as shown in 

^th d-c U-lcmctering circuits it should be undearstood that the moat 
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reliable and inteijcrcnre^fttr rratiniga are obtaineci -wboii a twisloci pair in lead cable, 
which is not simplexcd or composited, is used as the telemetering channel. 

IMPULSE-TELEMETERING CHANNELS 

Impulse telemetering may be used \^^th an> circuit v^hich will pass an alternating 
current. The circuit may be of the mclallic tyjK* completed through a magnetic 
circuit or a dielectric circuit. This means that, in additimi to the circuits which are 
used for d*c teleineteriiig, lower grade mctHlhc circuits as w('ll as carrier-current cir- 
cuita may be u.s(‘d for triiiisnutting the tehuiieleriiig impulses. 

With carrier-current channels, which in mo.st cast's ust* t‘\i.sting higli-tciisinn lines 
for transiiiLssion, the eosl ol the Iniiisinissioii circuit is not a I'aetor. C'onsecpiently, 
the transmission of teleuK'teruig signals a distaiicf* of 30() or -tOt) unit's is not uncommon. 

FACTORS AFFECTING CHOICE OF TELEMETERING SYSTEMS 

The factors of reliability and o\cr-all t‘ost (cbaniii‘1 plus telemetejing equipment) 
determine largely whelher direct current or impulse tt'leini teiing is used. 

Reliability. DirecL-t urrent s^sttuiis cd‘ ttlemt'tenng are inlu'renlly more rehablt' 
than inqmlst'-telemetenng systems. In lU simplest Itjim a il-i* telemelei ing .s>stem 
may have as its traiisiuitter a thermal waltiiiitJM- whosf' d-c millivullage outpul is 
eonneeted directly to the telemelenng ehaniiel Thus then' are no moving parts anti 
no auxihnry supjdies required at the transimttt.r. 'J’he ri‘ct‘i\er ctmsisls ol a staiidarrl 
poteiitioiiiett'r rf'coi der. 

All impulse system of leleiiu'ttTiiig, in its siiiiplt‘^( foim, consists t»f a primai> 
meaHuring t'leineiit which aetiialt's a etmtactmg dcMce t\ith tire eonstapitnt wesu on 
the contacting device and relays. Also one or more au'vihai\\ power siijiplit'S is 
required for the ojieralion of the system. In gtamal. the meiving recorder for 
iiiipulst' SNstt'ins is more roinj#hea1ed than tiiat used witli the d-e sy^ltuu.s, 

Sinee I lie d-c systi'iii has fewer moving jiarts than the impulse s^^s1eln, the tuder 
of reliability is liiglier. 

Telemetering Equipment Costs. The etist of equipment retpiiretl for d*e tf lenit'- 
tcririg Hystems is h'ss than that ft»r a cnmiminble imjiiilse system so that, if tlie tele¬ 
metering etjuipmeiit were the pniiiaij cost, llie tl-e svstem woultl be usetl eselusivelj 
ThiH cost, however, is ur^ually not a ver,\ gieal item. I’he i-ost of tli(' telemetering 
ehaiiiiel usually dictates the t>pc* of telmm t» luig system used 

Telemetering Channels. Jn luetropidilan ari'as whrai' the distances imssibl}^ do 
not pxc<*ed 20 to 30 miles, it i.s impraelicaj to ii>( anytljing but teleplione lines to 
bring tlio telemetering .signals to tin* .■‘Astern ojicnitoi’s olliee siin-e tins is usually 
located centrally in the area. In geiieial, the gemiating stations and mterchaiigr' 
points radiate in all clireetiuns fn>iij iin* system ojieiatoi’s ofliee .so that a '•eparate 
telemetering channel is reijiiiied for each point. (VuiM'qucnIly, the d-c .'•^stein ot 
telemetoriiig is u.su:illy used because of lower lirst cost and higher r(.li.d>ilit>. If il 
were di'sirctl to traiusmit a multiplicity of ri'ailings between a gemialmg staliiui and 
the system operator's olliee, the use of carrier frecpiency on the teli phoii caliles, In 
eonjunclion with impulse teh-metering, might >»e eeunomically ju.stilied depemling on 
the basis used for computing the channel teiital. 

When the telemetering is not in a conge.s1cd are.'i, the jirolilein generall, resolves 
into equating the eo.st of the c-arrier lieqiKMicy and the imiml.se-tideimlr ling (‘(luq)- 
ment to l)e iisr-d over OMSting high-tension ein uits to that of the rental of a teh'phoiic 
channel and the cost of the d-r teleinetering equipment, ^j'he factor ot reliability 
should Vie given pniper Aveightiiig in this eoinpari.son. 

AUTOMATIC INTEGRATION OF GRAPHIC METER RECORDS 

In many instances an integration of tVie quantity bting n'corded at the receiving 
end of a telemetering sy.stcm is required. Also in some installations the iniegratioii 
of the total of several of iVie telcDK'tcred quantities us recorded on a totalizing recorder 
is nceosRary. S(*veral methods, both mechanical and electrical, liave been extensively 
used for this purpose. 
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All fit ctijj £ii ituthod (»i inUg;i ilioii roiunionl) c iiiplovrci (on^'ists of a il < i( trans¬ 
mitting slide win tuouriUd on tin ncoidu (1 ig S (>3) v\bnh ryjm ronjiiiutiaii 

with an c (iui\ dm! watt lontiolln to pioihm in -r w ittjipf wliirh is proportional 
to the leroidtr n idmg \s tlx d( m iliAolt jge ot tin n ti uisniiltr i (lunges, it 
unises tin gih aioinetei of tin e fjiiivuhnt wntt eontiollei to defied jiinl !>> me ins 
of thi Hied) line il unjilitMiig system e)l the eoiittulle i tin dUuutui); eurrenl to the' 
eurrent dement of the theeiiid wattmeter !■> Mine 1 uitil ts d-e output balaiieos 
thit set uj) by the idi insu ittmg slide wire \ e oii\entioinil single ph isc indue'tiem- 
dish w itl houi mdeT his ns luiiriil eoils ui sejny and poUnfiiJ coda m parallel 



11 S (i il I n I I i( I Ilk I L le 1 11 K yt 


with tin 1‘niiiiil witlrnt i 1 li is the dt uiipoM I on the itl-houi me tu 
iM tin line IS those e \ tin therm il w ittiint ; in I m tun tin w it* hum nietei 
lo lei Is proi>uitiem il 1 > dn pejsitn n ot the leti insniitlinK si h mh lln w ilt-henii- 
mdii legist! ition is thus iii nte i iTiem ef he leeenil rdurl r lobe more t\id, 
is in in igMtiun ei tin eledii iJ 1 nl bunt»' lei nnlereil Jh w itl henir metei, 
w In n ((pii))iu (i yvi li onl n op ? it (leTirlnei is m tin ei me ntioii d m ui lei 
\ ty i)U ' Tin I )i iiiK il t y }n u( mte ui iloi I h<»| lus i pi\ ot illy jinmnte el me rn- 
bi 1 I whii' lot did it f oil t ml spi e I ti nuiel t» i i until Me nbe'i 1 when in 
itsloweiuli utiem IS shown in J ig Slil peiiiiit kmte eelge llloeTigiy the toothed 



Xiei 8 til Medi nin II in*e{.i dor feir teloincti ttel fo erling 

gear 8 and enusts iL to lot ili with I m i duly i e eln eU n u itil the pre petioii 12 
tuuduh i fixed pin not she>wn) and lilt-- i suiibly I \Mic n Ih u>( lubly is lifUd, 
tile flippci 10 owing to Its spline u Uem i nine s a pei iLion w In le by issi mbl\ 1 ind 
tliL knifi edge 11 iic liltul ind the leiutluil |?e it 8 is elisrngiged and then ih no 
rijilln i u1 ition of S II shoi Id be mteel tli it tin thpiiei lOiotiU withassunhlj 1 
\s the tlipiier red tos iiiitlnr il eoiiie^ ui e outlet with noleh 11 on llu hake hie disk 
7 When the Oippu drops into notdi 11, it issumes lln position diown, and tho 
toothed gear S u eiigigid The position ol iioteh IJ is goveimd by the reading eif 
the lee Older llie nio\eiiiu tsol toot he el g< ti 8 lie suinmedupon i li il (not showfO, 
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and thus the dial reading is an integration of the quantity being measured. Con- 
tacts for the operation of demand meters are mounted on an extension from the dial 
shaft. 


TELEMETERING APPLIED TO AN INTERCONNECTED SYSTEM 

Local and remote graphic power metering for a typieal Interconnected electric- 
power system may incorporate several types of primary elements and methods of 
transmission (Fig. 8-65). 
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Fig, 8-65. Typical installatinn of telemoteniig ou an electric power system. Syste 
operator’s office not designated. 


The equipment at generating station A consists of a torquc^-balante Ir.'Uisiiiilter 
whose d-c output eurnmt ojwrates a local “station generiition recorder/' and in 
series with this is the 50-iiiile telephone line and a '‘station A generation ecorder” 
located at the “lysteni opeiator's office. The station generation n^corder at station A 
operates a eelf-syiichroiious transmitter (fielsvn) 'which in turn causes tlie large dial 
indicators driven by the self-synchronous recciviTS to assuiin the same ;^«Bitions as 
the transmitter. The use of those indiratorn gives the boiler and turbine rooms an 
instantaneous indication of any change^ in tbe station load-recorder reading. 

The telemetering equipment for generating station B p<*rfonn8 the same functions 
as that of station A. The difference is in the method of luaking the mcasurementH. 
The thermal wattmeter develops a d-c potential srhich is measured by the local 
recorder. This local recorder retransmits a d-c potential—of the order of 1 volt—to 
the station B generation recorder located at the system operattir^s office. 

The telemcU^ring equipment for station C does not provide any record at the 
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goncrating Btaiion. In ihw instance the output of the thermal wattmeter is con¬ 
nected directly to the telephone line and is measured by the station C generation 
recorder at the system operator’s office. 

Station D is shown hi consist of two generators with the output of the thermal 
wattmeter of each generator recorded on a separate instrument, and thus a 
record of (‘ach gi^nerator output is provhled. The d-c outputs of the retransmitting 
circuits of thesi* two recorders are connected in scries so that the station D generation 
recorder at the system operator’s office recortls the sum of the two generator loads. 

The iiiten‘hange with system X is transmitted to the system operator’s office by 
impulse telemetering over a earrier-eurrent rheimel. The output of the thermal 
wattmchT is recordt*d at the point (f interchange, and th(‘ impulses generated 
by this recorder are received over the carrier-current channel for the operation of 
“X interchange recorder” located at the system oiM'rator’s office. 

The method of the nieasuremeiit of the intenhange with system Y is the same as 
described for station V. 

At the system operator’s office a record of the output of each generating station 
is provided os well as a separate record of the interchange of systems X and Y. Thus 
the dispatcher knows at all tinu'S the conditions prevailing at the several generating 
stations and interchange points. 

The summation of the outputs of the several generating stations hy means of 
retransmitterh on the individual lecorders pro\ ides a record of total sjstom generation. 

The algebraic summation of the two interchange recorders furnishes a record of 
the net interchange with adjacent power .sj stems. The n id-interchange recorder is 
provided with a irieehanieal-type integrator with demand contact^. From this infor¬ 
mation the system opiTtilor can dcdeniiiiie not only instaniaruMius values but inte¬ 
grated values as wf‘Jl. lie also has an indication, by means of ll'f^ demand meter, 
as to how well he is holding the demand to contract values. 

The algebraic hurn of the total sy.'*tem gem ration and net-interchange recorders 
supplies the system operator with a record of the total load on his system. 

CONCLUSIONS 

The ramifications of local and remote power measurements are many and varied 
as piiinled A in this diseuasion. It will .suffice to slate that the many inethoda 
available pi mit the metering and eombining of the quantities to solve almost any 
problem which exists in the field of local and remote graphic power metering 
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STEAM-TURBINE GENERATORS* 
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INTRODUCTION 

Of all thf il ftii\t 1 itinp; cipicilv A\hiili (\is1s m tin I nitcd ‘Stitts (over 

70 miliioiJ k\) »p|MOViirnt(l\ (>5 per (cnt ol ste mi torbiiu t^cnnitors of 

vhuh 11^'' 8-00 iTiti SOT irt n piesenl itive 01 tli( nni under ippreixjui ite l> 33 
per cent is rtprtsrnltd by h^didulie powei wlt^l-^\heel turbines, and but 2 
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per rent is iviilible Iroiii llu use of diihels {'is eiit,iji(s ind leeij^nx iting ste ini 
engines As a eonsequeuee, povvei-piuit eni^uueis ir ilniost eirtun to come into 
e out let with ste iiu tuibine jniui itois md i knowleelge ed the hiMi print iples fen 
tlu applji ition opeiitieni iiul in iiidui ujm ol tl •‘tunitswdi inqilily the e ngine e r s 
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This subw r lion is de vede el to i jiiese iit ition of the se fund mu ii ds prim iiily as the > 

* SuT e nur 1 un I isrtfeiU si t riin n ftnnres hut 1 at the iiul uf thi** <4iihH( itun 
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apply to units ranging m capacity fnun 75 to 15,000 kw, but they apply in general 
to eteam-turbme generators of any capacity 

APPLICATION OF STEAM-TURBINE GENERATORS 

Turbines 

Types of Turbines. Steam turbines may l»e broadly olaftsified into two types: 

1 Condensing ^exhaust pr(‘'?s»ure less than atmospheiiej 

2 Noneondonsmg ('exhaUE^t pressure atniospherif orhiglur) 

Condensing turbines, illustiated by Fig 8-08a, concert a higher percentage of the 
available energy m the steam into useful i;iork and thus for the same imtidJ steam 



Fici 8-h8a Straight condensing turbine. 


conditions give greater pon<i output than a iioiicondensiug turbmo per pound of 
fuel consumed Coudensmg turbines, however, usually furnish no steam for heating 
or other industrial use. The heat remaining m the exhaust sU'am is ordinalily dis- 
k arded to the condenser cooling water and serves no iiboful purixise 

Noneondensing turbines, represented by hig 8-686, although making less use of 
the available energy m the steam for clei trital power gem ration, are geneiallv designed 
so that the exhaust steam is at a pnssun and tempeiatme suitable for heating or 
other industrial use. Thus, the heat lemaining m tht exhaust steam serves a useful 
purpose and IS not charged to tin turbine as a loss In sueh a system, the electrical 
|K)wcr geneialeil may be coiisidert'd a by-product of the uuliistnal process for which 
steam ib supplied 

(^oiulensiiig and noneondensing tuibines may be subdivided further into extraction 
turbinea of eithei the nonautomatic or automatic type Turbines of the nonauto- 
matic-extraetion type similar to Fig 8-68< provide steam at jiressures varying with 
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I TO 8-C8f ])oublo-autoniatio-extrai lion coiidonsmg turblue 


load, usually for fttd vntii hi dnip is ilisdibffl lain liut also for other industrial 
purposes whtre the quanlih ol sli mi nquind is coriipu ducly small \utomatit- 
ixti ictlon units with (ithr r oru oj two (xti iction nptiiinps is shown in 1 igs 8-68rf 
tnd 8-f)br, usually fuinish piouss steam at a constant p-essun oier the rated load 
range of the set If the unit is none ondensmg, the txhaust flow may also be used 
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for i>rocP88 Bteaiii, If, however, llie pxtractioii-proceHB Btpftin flow is not sufliciriit to 
carry the electrical load rcquircinontfl of the plant, the exhaunt end of the turbine 
may be made condensing, and the additional steam required to carry the electrical 
load is passed to the concieiisor. 

Standard Ratings. (Standard ratings, in kiJowatts, for both a-c and d-c turbine- 
generator sets are listed in Table 8-31. Units of larger rating are also available. 

Table 8-34. Standard Kilowatt Ratings for Turbine-generator Sets 



Pressure and Temperature Ranges. Turbiiu^ prices are generally uu reused ui 
steps as the initial piessure and temperature are increased. I'br turbines rai(‘d 10 
to 400 kw, the standard pressure and temperature steps are usually as shown in 
Table 8-35. 

Table 8-36. 10- to 400-kw Turbines Table 8-36. 600- to 7,600-kw Turbines 


Httxndard inlet 
presvuri, jmfi 

250 and lowor 

251 400 
401 COO 


.Standard inlet 
e, degF 

500 and loiter 
AOi-000 
601 750 
761-B26 


Standaid inlet 
pniinrc, fn>ig 
101 250 
251 4<M) 

401-btH) 

001 '401) 

901 1 500 


f^tavdard mitt 
temperatun, dty V 
500 and 
601 750 
751-825 
820 (H)0 
901-960 


For turbines rated at 500 to 7,500 kw, (he standard jnessure and tempeinlure 
steps are usually as shou n in TaliJe 8-30. 

For turbines rated at 10,000 kvi and larger, the pressure and t<*mp(Tature s1<*pH 
(condensing and noncondensing) are usually as shown in Table 8-37. 

In general, pleasure and temperature arc considered independently for pi icing 
purposes, and the price of the turbine based on the upper limit of the inlet piessure 
and teinperalure group in 'whudi it fall.«, i.r,, u turbine designed and construidi'd for 
normal operation and most eflicient performance AMth a giAU*i\ inlet pressure and tein* 
p<*ratun* will also be di^sigiicd and constnicted so as to be s-itisfaetory lor optTation 

with minor changes at the maximun pressure 
and tcinjierature of the group above in which 
it falls and a\i11 be priced accordingly Thus, 
a 4,000-Uw tiirliine to be purchased for opera.- 
tion wdth 375 psig 80U°F total temperature 
Btcam at tlie throttle would be prieeil the 
Hame as a turbine purchased for operation 
with 400 psig 825‘‘F total temjK'rature si cam 
at the throttle and would be eonstruetcal so as 
to be satisfactory for continuous operation at these up[x*r limits with but minor clianges 
to the steam-path parts such as nf‘w valves, val\e seats, and first-stage nozzle plate. 

Steam Performance. Turbine-generalor-wd performance h generally quoted in 
terms of steam rate. The steam rate is the pounds of steam that must be supplied 

436 


Table 6-37. 

standard inlet 
preesv/e, paig 

450 and Iq^bf 

451 050 
051-860 
851 1,450 


10,000-kw and Larger 
Turbines 

Standard iltd 
temper at uie, degF 

750 and iuwer 

751 825 

82(j 000 

901 950 
961-1,000 
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to the turbine inlet per kilowaUhour of generator electrical output. The throttle 
flow, in pounds per hour, equals the product of the electrical output being delivered 
by the generator and the steam rate at that load. 

The approximate full-load and half-load steam rates of condensing and noncon- 
dcusing, nonautomatic-extrartion, 6(>-cycle, a-c turbinc^-gcnerator sets may be 
obtained by multiplying the theoretical steam ratc^ by factors obtained from Figs, 
8-69 and 8-70. 



bO rjilo, a-t tiirhine-Koncr.'itoi sets. 


The strain rales of 50-e}cle and 25-cyrle n-c sets and of d-r sets ^ill be approx- 
mutely 3 to 10 pi*r cent greater than those for the corrpHix>ndingly rated 60-cycle 
i-e sets 

Feed-water Heating. \\ hen required, turbines, either condenhing or non<*ondens- 
\ng, will be furnished with oiH'mngs for the 
noiiautomatic extraction of steam for leed-water 
heating or fr>r any ret|iiin‘d indiislnal use suth 
as the operation of an e\aporator. 

The number of openings whir h Avill be 
furnished without a price increase is as showm m 
Table 8-38. 

The flow which may be extracted is limited to 16 per cent of the nonextraction 
throttle flow at any given load Iroin one opening or a total of 30 pt»r cent of the non- 
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Table B-38 

Rating of ja/, &u> Numhtr t>f opentnga 

10 400 None 

500 1 500 1 

J,OUO-.{,600 2 

4,000 7,500 3 

10,000-15 000 4 


looo'fir 
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oxtraotiou throitlo flow at any ftivcn load from two or more openinga, except for 
maehiiips rated 10,000 kw and larger where the uneonirolled extraction flow may 
<‘qual 35 per rent of the throttle flow at any given load. A price addition will be 
made for quanlitic*'- of oxlmotion steam in exoetjs of these amounts or for more open¬ 
ings than arc shown by Table 8-38. 



Fig, 8-70. Approximato bioain-rate fjwturs for noneoudenbiuK, nonautoraatic-extrartion, 
GO-ryrle, o-r turhine-geiierHlor seth. 


When steam from pow<'r-plaiit auxiliari(^s is not available for 0*ed-watc‘r healing, 
the approximate fuel saving which may be made by extracting from the main turbine 
will be approximately as given by Fig 8-71. 

Figure 8-72 gives a means of fiiidmg the approximati' optimum turbine-flange 
pressures for feed-water heating extiactioii with any turbine inlet pressure -inrl any 
number of heatiTS. 

To use this eliart, (1) enter with the turbine inlet pressun^ as the hoiizonlal coor¬ 
dinate and go vertically to the line la Deled with the number of feed-water heaters 
desired. (2j Draw a straight line from the pc»mt oblained in (1) to the load con¬ 
denser pressure in inches of mer(‘ury absolute. (3/ Where this line crosacs the heaters 
designated on the coordinate, read the rcspc’ctivc approximate ideal turbine-flange 
pressures for extraction to the feed-water beaters. 

The turbine manufacturer may be allowed to deviate several per cent (say 10 to 

438 








APPLICATION OF STBAM-TUkBlNE GENERATORB [Sbc. 8 

20 per cent or more) from the ideal extraction pressures with little effect on the fuel 
savings resulting from feed-water healing extraction. 

Turbine Governing. I’ho eontnd arraugemcjit with which a turbine generator is 
equipped is generally rlietat.(‘d by the requirements of the applieatiou, ? p., by the 
service and rcbults intended. Fundairiciital safety deviech such as an overspecd trip 
(Fig. 8-73) are common to all type's. 

The control of ap»*ed anil the control of steam pressure are the two most common 
functions of turbine eontmls. 



NumbSr of Feod-Waftr Hearers 

h’lo. 8-71. Approximate fuel saviiigH resulting from the use of feed-water lieaters. 

On very small turbines, paiticularly il exceptionally accurate (‘ontrol is not 
require'd, the speed or the pressure-senhitive eleni(*nt itself may be used to operate 
the steam-control valves as illustrated in Fig 8-74. On larger turlmieb and where 
more accurate coiitml is ref|uin‘d, the iclatnelv small foices available in the spetsl or 
pressure-scnsilivc eleimuils must }>e amplihed to provide p(»sitivc operation of the 
steam euiitrol valves. AmpUtieatioii of foicc.s is generally aeeomplished by the use 
of rela vs coinprist'd of a pilot valve which regulates diiid-pressure supply and discharge 
on a power piston of ample capacity to operate the control vnlve.s. IJ'igure 8-75 is 
reprcrtcjntative of such a control arrangement. The governor element supplies only 

439 



Sec. S\ 


STEAM-TURBINJE! GENERATORS 


5 fwafwrs 


Shooters mtet pressure 
Qf 400 psta and BP 


4 heofdrs 

.K),OOOhl5fiOOkw 

J hpaters 
-4fiOOt07,5OOkw 


Utoal extract flonae prt 
No 3 heater^lJp psta 


2 heaters 
2,000 to SfiOOkw 


No 2 hea ter 
36 psta 


tm r nearer j_ 

72 psta 7| 
/■ 


I / heater 

■T 500tet,300kw 

XKw's shornn indicate the kw rating 
\for which the giren or matter 
~’\numher of feed-water heating 
\eMtrattiQn openings usually may 
\he obtained without turbine price 
xaddition 


•i 2 2^ 3 9 K) 20 40 100 200 400 1000 2000^ 

Condensor Press Inlet and Turbine Extroction Flonge 
in Hg Abs pressure, psiQ 


0 100 200 300 400 500 600 700 

Saturation Temperature, *F 

■pifi. S-72 Chart for nblainiiig; approximate ideal-extrartion turbiiio-flaiiKe pressuroa for 
foed-wntcr heating extrurtion. 



J'lG. 8-73, Emergency-governor and tlirottle-trip arrangement. 
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tho required to position the pilot valve, and the largt furees are obtained 

from the nuid-prestiure supply. Oil at the proper pressure from the turbine's oun 
Dll system is most generally used as the opr^rating medium Other operat ing mediums, 
such as steam, are used successfully. 

^ Governor Regulation Tho speed or prehsure (whichever is being controlled) vari¬ 
ation permitted by the governor, as load is added or subtracted, is known as the 
“governor regulation.' 

Speed-govtTnor Regulation Speed-govenioi itgnlation is gcmcially not omm 2 per 
lent speed (diaiige for one-half rated load change or not over 4 per cent for lated 



Fig R-74, Direct-acting bpe^ed-governor r ontrol of valve gear. 


load (hange Speed governors are oc(ahionsU> euuipped with collectors or compen- 
salois (lig 8-70; whnh as the iianu iniplus, lointl foi tin speed (hange inherent 
in the rc'gulntioii and gne in actual practui siibstantialh ^eio regulation It is pos¬ 
sible to operate onh one smh unit on a '«Y3ttin at a tmu with its coir(‘ctoi m seivice 
Such a unit absorbs all stem-set tied load changes (*xirpt as load ma> be redistrib¬ 
uted among units by the oiicrators, and all othei Bpeod-controllcd units operate at 
siibstaiitiall-v base load 

PfCbiiurt~goi>(rnor Regulation, Piessure-governor regulation is generally of the 
oidei of not ovi r 4 per cent pressure change for a total change in the controlled steam 
flow Thcsi* govcrijois (Fig 8-77) also are fjecpienth equipped with eorrectors or 
compensators. When so equippt'd, stability is enhaiieed bv a governor with a broad 
basie regulation and with sutheiently fast corrector action to produce over-all control 
Within acceptable hmit^ 

If the entne steam flow to a turbine is under the control of a pressure governor, 
the generated load is determined only by steam demands, and the speed must be con¬ 
trolled by otlier a-e generating units cdectiiialh in parallel The speed governor 
Would generally be set as a pn eincrgemy governor and would interfere with the 
steam flow only on an abnormal rise m system speed 
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Preasuro governors arc used to control exhaust i»-cb5uro, extraction pressure, or 
inlet pressure, as the case may be Exhaust-pressure governors are generally used 
to balance turbine steam dow against piocosB-heating steam demand, thus passmg 
through the turbine only that steam required for piocess and thereby grneiating 
whatever power may result I/ikewisc, initial pieshure go\einors may be used to 
pass through a turbine whatc\eT steam may be generated in a waste heat proress 
Initial piesbure governors aic also fiequciitly used to unload turbines automatically 



J lu 8-75 OiJ u] ivrcl specd-K()\CMiiur ton!ml of valve gear 


and thereby rdlure buihr how on high jiressurc boilers upon diopping of tin boiler 
presbuie for any leasoii 

Combined J^pifd and Fre^isure Governing On automatir-(^\(ra( lion tMie tin bines 
man> com lunations of tlu functions of speed and piessuri (untiol o«eui depending 
on the seivn t inl« inhd 

When bptnd and (xtraction pressure are controlhd sunultaneously, the speed and 
pressure controls aie fiequently mterconneited in such a way that cbangis taiised by 
one do not require that major toirerlions be made by the other Thus, 1 ig 8-78 
diagrammatn all> mdiiates how a ch.uige in the position of the speed governoi will 
automatical]} reposiTJon the thite lontiol valves in the same diiection (towards the 
wide open or the dosed position cKiHnding upon whellur eicftmol load is bung 
uddi^l or subtiadid) and thus jiuvent a major disturbance m the piessuro at the 
automatic-extrartion openings due to the cliangr m total steam tlpw through the 
turbine In this way, variations within the governor regulation are reduced to a 
minimum 

Likewise, a decrease m the extraction-flow requirements at either of the extraction 
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points will tend to raise the prewurp at the automatir-extraction opening effected 
and thus activate the pressure governor which, as indicated in Fig. 8-78, will move 
the control valve (or valves) ahead of the extraction point in the closed direction and 
move the control valve (or valves) after the extraction point in the open direction. 
Thus, although the amount of steam passing through the tiu-bine up to the extrac¬ 
tion opemtig involved is decreased and hence the power output of that section is leas, 
additional steam is passed through the turbine below the t‘xtractinn point, and the 
power output in this section is increased correspondingly. Thus the loss of power 
in one section is offset by the gain of power in the othnr, and as a consequence little 
or no change in speed results. Upon au increa »c in extraction-flow requirements, 
the operation is similar but in the opposite ordci to that indicated. 

The simull aneouR control of speed and the extraction pressure at two automatic- 
extraction or admission opiuiings is not uncommon. 

Generators 

Turbine-driven generators (Fig 8-79) are available in sizes from less than 10 to 
over 100,000 kw, and single units have been built for ratings as high as 165,000 kw. 



Fio. 8-79, Sixt>-cycle, &viichronou'», a-c turbine generator. 


The following dcscri]>lion applies to units from 75 to 15,000 kw, inelusive, represent¬ 
ing ihe sizes eneountcreel in most industrial plants and in all but the larger central 
stations. 

Types of Generators. Tn tlie ^ize range from 75 to 15,000 kw, a-c generators are 
all of the revolviiig-ln‘ld type and aie generally fumislied in cither of two general 
Ivpcs, as regards generator speed, as shown m Table 8-39. 


Table 8-39 


Kw raliiit; 

T3i>n 

Polls ^ 

Cieneratnr 8|>i*ed 

1 00 rles 

50 c\rl«i 

75 1 500 

Goarrd 

' « 1 

1 1 200 ipm 

1,000 rpm 

2 000-15 000 1 

Diri'ct t*iinncrtf>d 

Z 

1 

1 3 GOO n^m 

3.000 rpui 


The six-pole generators are of the so-called “salient-poletype (Fig. 8-80), while 
the two-pole units arc of the “round rotor” or nonsaliciil pole type (Fig. 8-81) 
required bv the higher speed of operation. A six-ptde generator can be built for rat¬ 
ings greater than 1,500 kw if necessary. 

Geared-type six-poU* generators are air-i'ooled and are generally furnwhed with 
opeii-tvpe ventilation. Two-jiole direct-connected generators from 2,000 to 11,500 kw' 
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are ak“«Pokd and are generally made totally encloaed with air coolers mounted in a 
reckcuJating ventilating system. Air coolers may be mounted above or below the 
iOopr line as desired (Fig. 8-82), Generators 15,000 kw and above are generally 
hydrog^-copled. 




Flo. 8-81. Two-pole, “round-rotor,"' totally enclosed generator. 


Standard Voltages. Standard terminal voltages of a-c generators in the size 
range from 75 to 15,000 kw are as shown in Table 8-40, 

Table S-40 

Kw Tilting Utandt^rd vcdtagwi 

76-400 240; 480; 000; 2,400 

600-1.500 480; GOO; 2,400 

2.000-7,600 2.400; 4,160; 6.000 

10,000-16,000 6,900; 11.fiOO; 12,600; 13,800; 14,400 
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Turbinodtivcn ^l-c generators arc always of the geared type with standard spcedei 
and voltages as listed in Table 8*41. 


Table S-41 




HpcmmIb, rpiu 


Kw 

-- 

— 

--- 


125 V 

1 250 \ 

000 V 

160 400 

1 200 

1 200 


500 

750 

)U)0 

900 

760 

1 1 

000 

DUO 

1,000 


76U 

750 

1,500 



514 

2,000 


750* 

750* 

2,000 


300 

514 

2,500 


750+ 

750* 

2,500 



514 

3,0(X) 


sil*- 

614* 

4 CMH) 



614* 

5,(HIO 


1 360* 

514* 


* Twt) K(.‘Ui‘iuloi<i pouplod in 


These geiieratins nre of flie opr^n t\pe, ftir-(*c»ol(‘(l . They arc also available for 
^ ^"’4?50 volts thiee-\Mn* lu eueh laliiig v^lieie 2.’)0 \oltH is standard. 



Q 

8-82. Air-cooler arrangoincntb*. (ttl rooler aumiited m duct work below' generator; 
(b) rooler niountod in t*H» of generator houbing. 


Standard Characteristics. Present aeeepted staudaids for tnrbintMiriven goner- 
alots arc contained in the following puhlioalions; 

General Htandardb tor Hoteling Klectrieal Machiner>^—ASA, CSO fl943),* 
Preferred Stantlanls for Large 3,f>00-TlPM Turbo-generators—AI PE, 001 (1945);* 


AIEE, 602 (1945). 

NFjMA Turbine-generator Kecommended Praeticc'o 
60 (1941). 


\EMA Publication^ No. 41- 
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^me of the mam features of these standards are listed in Table ^2 for conven¬ 
ience. For fui'ther details, refer to the standards themselves. 

These standards apply to generators operating at altitudes of 3,300 ft or less. 
Generators designed for standard temperature rises at altitudes greater than 3,300 ft 
are generally built in oversize frames. Generators designed for 0.70 power factor or 
for short-circuit ratios higher than listed in Table 8-42 are also generally built in 
oversize frames. 


Table 8-42 


Kw 

Power 

factor 

Type 

Ventila¬ 

tion 

Short-circuit 

Excitation 

Temp, rise above 40^5 

ratio 

voltage 

. 

Armature 

Field 

75-400 

0.80 

Salient 

Open 

No stand' 

125 

50®C thermometer 

BO^C 



pole 


ard 



(resistance) 

500-1,600 

0.80 

Salient 

Open 

0.80-0.85 

125 

50®C tlierniojneter 

80«C 



pole 





(resistance) 

2,000-7,500 

0.80 

Hound 

Totally 

0.80-0.85 

126 

60°C resistance- 

80°C 



rotor 

enclosed 



temp, detector 

(resistance) 

10.000-16.000 

0.80 

Round 

Totally 

0.90 

250 

00**C resistance- 

80®(^ 



rotor 

enclosed 



temp. detector 

(resistance) 

13,500* and 

0.85 

Hound 

Totally 

0.80 

250 

60“C resistance- 

86°C 

15,000* 


rotor 

enclosed 



temp. detector 

(resistance) 


* AIEB^ASME preferred standard units. 


Exciters 

Direct-connected shunt-wound, self-excited exciters (Fig. 8-83) with direct-acting 
voltage regulators in the exciter field are standard for generators from 100 to 10,000 



Fin. 8-83. Direct-current, sbunt-wr>und, selfH&xcited, 3,600-rpm exciter. 
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kw Ab«ive 10,000kw thr st mdords (nil for a ilinii-foiiiipttfd uiun (xiitci, bbunt' 
wouml and srparafclv Lxcitnl and i <onipoimd-^^ound pilrt exdtu (I'lg 8-84) ^dth 
hand or autoniatu control of the mam rxtitcr hold 



Fn 8 84 M un iiid pdot txt tiers 


Accessories 

lor (duunt and rfliibii opciation a steam tui)>iiu gMicnior unit is supplied 
^Mth itiiiiiii si iiidaid le itmis and ircissoius Dus^ itim^ \ui soiiuwhat with 
umt I itiiig luit the tolleiw mg r d ul iticn is icpie s ntatiM of llu ((piipmcnt tiunibhed 
Condensing and Noncondensmg Steam Turbines (ix cpt low pre ssuri — those 
with JO psig (u bwti iJiJit jirtssuif) 

1 Sti an ‘‘tr uiui with rcinr\ ibh chment 

2 ( ond im d trip an<l tli o1tl( or slop \ ih< idintul lii in o\tispeed governoi 
lh< artiuii of tfic timrgfii(\ goviinor is li uisiiiitUd to tlic valve iithcr ihiuugh a 
nicchiiiica* nkagi oi i fluid oil nhy s\stem (1 ig 8 S')) 

S ()v» <^ptcd goMiiioi (iilirUv imhp< ndciit ul th» iionnil speed-rcguiating 
gov i riK I 

1 Multjph iutom itii iioiiuil spci d govcinnig vthis (sic I ig 8-7> under 
(io\< rriii\g) 

■i Spec d rcguhfing gov mioi to control the position of tin noimal-spii d govern- 
mgv lives tljiough th( uu dium o1 ii rcIn-contjolhd hjdraiiln-vahc-opcriting luecha- 
Tiisin (s« c 1 ig 8 75 undi r (io\i iiiing) 

h Oil pump moimtid upon or positiveIv diivcn from the unit to provide oil for 
till V ih I -ope 1 iting mi i hinism iid lid rn itiiig oil to i iih bcaiing of thi unit except 
ring-oilfd gciuritor ind i vi itei be iiings on gtaiid units To prote t the pump 
lioiii diiujge, i stuiinii is usuhJ 1> loe itul at thi mtion passjgi of the pump 

7 Oil use ivoii of suthin iit < ipii ity for thi ui d ii quiicnicnts 

8 (hi loolir t'f sufliiunt si/i to rimovi tin h» xt absorbed in the oil and keep 
he biaiing disihaige oil 1i iiiperateiri s at appioximatcly 140 to 160®! when thccookr 

supiilitd with (ooliiig w itir at a tempintim biKtilitd b> Iho puichaser but not 
xcctiling 05 I rinse an iithn ol the buigh- or douhle-pxss t>pt witli tin vvatei 
llowmg through tilt tubes and the oil directed bj bifflf plitis aiound the tubes 

0 bit aiu-driv In auxiliaiy oil pump (I ig S-86) with in automatie btarlmg de^vice 
letuated bv a rtdui tion from noim il ml pressure m the svsti ra This control device 
IS UMialh an oil prissiui positioned diaphiigni whnU legulatis the inlet valve to the 
driving turbine 

10 Oil-presfsurt trip mcrhanwni or its equivalent to stop the flow of steam into 
the turbine bhould the ml pressure in the bvstem elrop to too low a value 

U Oil piping tomuitmg all integral parts of the turbine-gi nciator-unit oiling 
Bystem except piping between the turbine unit and the oil tooler (and between the 
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turbine unit and auxiliar} oil pump) Oil piping will be of stcil and will have welded 
or dangi d < onnu tione 

12 Vihrating-rerd or dec tiu indnatiiui; t uhomrier or fuqueiu y meter lalibintcd 
m rpm to indie ate tht turbine spee d 

13 Nteessary opernhng gauges with gaugL bnaid oi other suitxblt inounting 
(I ig 8-87) Only when gauges or gauge boarclh aic niounied on the unit will gaiigi 
pipings be meludnd 



Stauddicl gauge e quipmr nt me liieU s 
a bte am gaiige s for de te rinmuig 
Initial pnssuir 
liibt-stige piessure 
hjxhaust pi( s&ure 

6 Oil-pressure giiiges-- usumI 1> out reading be anng pressure and tin othei gov¬ 
ernor Oil pressure. 

c Gland-watei picssuie giuges if the glmds an of tin water se il tNpt 
14 Gland-steam eonden^er oi ennJonsets (waen the gl tnd design lerpures tJieir 
use) but not iiielueling piping between the unit lud such gland (ondeiiseTS Some¬ 
times a wc t V a( uum-pumj) arrange mr nt is pi ovidr d The sc systems ser\ e to pre\ ent 
gland-steam leakage into the bearuig housiugs and the turbme room To eliminatt 
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Fig. 8-86. Steam-turbine-driven auxiliary oil pump. 


manual adjustment of the sealing steam with changes of load, some manufacturers 
also provide automatic steain-Beal regulators. 

Automatic-extraction Turbines. Automati(M?xtrartion turbines normally include 
all the features and accessories listed for condensing and iioncondensing steam tur- 
hines together with the following additional features and accessories: 

1. Extraction-preasiire gauge 

2. Automatic device for controlling the pressure of the extracted steam by varjdiig 
the flow of steam to the lower pressure stages of the turliine 

3. Iiitereomiection b(»tweon the speed governor and extraction control, either 
mcchanicial or hydraulic 

4; Automatic nonreturn valve for each automatic-extraction oiitlet, with .trip 
actuated from the overspeed governor, usually through an oil relay 
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Low-pressure Turbines (those with 20 psig or lower Inlet pressure). Ix)w-pre8- 
sure turbines usually include all the features and aocossories listed for condensing and 
noncondensing steam turbines with the following exceptions and additions: 

1. Omit steam strainer. 

2. Instead of combined trip and throttle valvc^ substitute a simple trip valve in 
low-pressure steam supply line, actuatc^d by overspeed governor (gate or throttle 
valve not included). 

3. A single governor valve may be substituted for multiple automatic valves. 



Fig. 8-87. Turbine gauge board. 


Mixed-pressure Turbines. Tn general, mixed-pressure turbines include all the 
features listed for condensing and noncoiidensing steam turbines, with the exception 
of the steam strainer on 1-p inlet. IXirthermure, they have the following additiuns; 

1. Low-pressure steam gauge 

2. Device to control the pressure in the lower pressure steam line by vaiy'ing the 
low-pressure steam flow through the turbine 

3. Interconnection of 1-p governor valve to speed governor and to high-pressure 
governor valves, 

4. Simple trip valve in low-pressure steam line actuated by overspeed Eovernor 
(gate or throttle valve not included when lower pressure is 20-lb gauge or leas) 

Reduction Gears. Gears arc of the helical type and .specially designed for high¬ 
speed coutinuous service. They are of the totally enclosed, forced-flood lubricated 
type and include the following features and accessories: 

1. Complete lubricating system os outlined undei Condensing and Noncondensiiig 
Steam Turbines, Item 11. 

Generators and Exciters. 1. Field-discharge resistor. 

2. Embedded t,emperatuTe detoctor<4 in stator windings for 1,500 kw and above. 

3. Field wound for 125 volts up to 2,500 kw. Above 2,500 kw, field wound for 
either 125- or 250-volt excitation. 
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4. Exciter-field rheostal, hand operated up to 7,600 kw and motor operated above 
7,500 kw. 

General Accessories—Unit as a Whole. In accordance with present practice, the 
following unit features and a<‘(TSBories are usually furnished: 

1. Wrem'hcs for all special bolts and nuts (standard wrenches not included) 

2. Solcplatcs or base plates as necessitated by the particular turbine and generator 
design 

3. (V)uplings 

4. Turbine-rotor lifting gear, if necessitated by the particular turbine design 



Flo. S-88. Generator-surface air cooler. 


Special Accessories. Certain other nrecfahorics, not normally furnished as stand¬ 
ard equipm<»nt, are ile^irable for safe and eflieieiit opc'ration. These include gener¬ 
ator air coolers (Fig. 8-88), designed for iiiounting either in duct work below the 
generator or on top of the geneiator within the housing of the generator, generator- 
temperature imlicfitoT, thorniometers, and i>ositive-type uonretuin valves for uncon¬ 
trolled extraction lines where there is a possibility of reverse steam flow of sufficient 
volume to overspecd tlie turbine. If required, most tin bine manufacturers can fur¬ 
nish this equipment. 

Over-all Dimensions and Weights 

Some concept of the approximate o\er-aIl size and weight of a turbine-generator 
set is usually of value for pri'hminarv station layouts Table 8-43, together with 
I'lgs 8-89 a, 6, and c , indicates such data for straight condensing units and is suffi¬ 
ciently accurate for estimating purposes. Automatic-extraction units will tend to 
)>e somewhat larger - approximately one foot in length—and iioncondcnsing units 
will be slightly shorter. 


Foundations 

This material outlines a few general suggestions which may prove helpful in the 
design and construction of the foundation for a turbine-generator set and w'hich expe¬ 
rience proves arc very frequenlly o’verlooked in the initial design of the structure. 

Types of Foundations. (If the sc\erai different foundation types from w'hich to 
choose, ranging from plain massive concrete construction to the other extreme of an 
entirely structural-steel eoiistniction, general practice seems to indicate that founda¬ 
tion construction of the rpinforced-<'oncrete type fills the requirements of simplicity 
in design and construction, necessary amount of rigidity, fair accessibility, and econ¬ 
omy of space at a reasonable cost. As a eonsequeiice, the followring oomments are 
confined mainly to this type of construction, a typical example of which is shown in 
Fig. 8-90. 

Provision for Proper Clearance. Although it apikears self-evident, too much 
attention cannot be given to providing clearances neot'ssary to prevent interference 
between the turbine parts, espoeially piping and flange (ounections and the founda¬ 
tion. For the sake of appearance such parts are usually located below’^ the level of 
the operating floor, (''hipping and burning operations on a completed foundation 
are frequently unpleasant and costly indications that this detail was overlooked. 
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Table B-4S 


Approximate dinienBions 





1 Length 



Generator, 

Outline 

Weight. 

RatinK, 

kw 




Above-floor 

height 

rpm 

sketeh 

lb 

1 

With 

Without 

Width 

i 




cxoJter 

exf’itcr 






75 

12 ft 0 ia. 

10 ft 0 in. 

6 ft 6 in. 

5 fi 6 ill. 

1,200 

Fig. S-BOA 

10,0(X) 

lOO 

12 ft 6 in. 

11 ft 3 in. 

5 ft 6 in. 

5 ft 6 in. 

1,200 

Fig. 8-8!lA 

11.000 

125 

13 ft 0 in. 

11 ft 9 in. 

5 ft 0 in. 

5 ft 6 in. 

1,200 

Fig. 8-89A 

11,600 

150 

13 ft 6 in. 

12 ft 3 in. 

6 ft 0 in. 

5 ft G in. 

1,200 

Fig, 8.89A 

12,600 

200 

14 ft 0 in. 

12 ft 0 in. 

6 ft 0 in. 

6 ft 6 in. 

1,200 

Fig. 8-89A 

14,000 

250 

15 ft 0 in. 

13 ft 0 in. 

0 ft 6 in. 

6 ft 6 in. 

1,200 

Fig. 8>89A 

15,500 

800 

16 ft 0 in. 

14 ft 9 in. 

6 ft 6 in. 

7 fi 0 in. 

1,200 

Fig. 8-89A 

17,000 

350 

16 ft 6 in. 

15 ft 3 in. 

7 ft 0 in. 

7 ft 0 in. 

1,200 

Fig. 8-B9A 

18,500 

400 

17 ftOin. 

15 ft 0 in. 

7 ft 0 in. 

7 ft 0 in. 

1,200 

Fig. 8-89A 

20,000 

500 

17 ft 0 in. 

15 ft 9 in. 

7 ft 0 in. 

7 ft 6 in. 

1,200 

Fig. 8-89R 

24,000 

700 

IB ft Dili. 

16 ft 9 in. 

7 ft 0 in. 

7 ft 6 in. 

1,200 

Fig. 8-89R 

35,000 

1,000 

19 ft 0 in. 

17 ft 6 in. 

8 ft 0 in. 

7 ft G in. 

1,200 

Fig. B>86R 

47,000 

1.500 

21 f1 0 in. 

19 ft 6 ill. 

8 ft 0 in. 

7 ft 6 in. 

1,200 

Fig. B-89R 

no .000 

2.000 

23 ft 0 in. 

20 ft 6 In. 

8 ft 6 in. 

7 ft 6 in. 

3,600 

Fig. 8-89C 

70.000 

2,600 

25 ft 0 in. 

21 ft 6 in. 

0 ft 6 in. 

7 ft 6 in. 

3,(100 

Fig. 8-89^ 

78,000 

3,000 

2(i ft 0 in. 

22 ft 0 in. 

10 fi n in. 

7 ft 6 in. 

3,600 

Fig. 8-89C 

86,000 

3,5(KI 

27 ft 0 ill. 

23 ft 6 in. 

10 ft 6 in. 

7 ft G in. 

3.600 

Fig. 8-89(7 

94,000 

4,000 

28 ft 0 in. 

24 ft 0 111. 

11 ft 0 ill. 

8 ft 0 ID. 

3,600 

Fig. 8-89r 

102,000 

5,m 

30 ft 0 in. 

26 ft 0 m. 

11 n 0 in. 

8 ft 0 in. 

3,G0I> 

Fig. 8-8yr 

118,000 

6,000 

31 ft 0 111. 

27 ft 0 in. 

11 ft 0 in. 

8 ft 0 in. 

3,600 

Fig 8-89r 

133,000 

7,500 

32 ft 0 Hi. 

28 ft 0 in 

11 ft 0 in. 

8 ft 0 hi. 

3,600 

J IP- 8-89(' 

142,000 

10.000 

35 ft 0 in. 

29 ft 6 in. 

11 ft 6 in. 

8 P 0 III. 

3,600 

lug. s-Bor 

152,000 

12,500 

30 ft 6 in. 

11 ft 0 in. 

11 ft 6 in. 

8 ft 0 ill. 

3,6(K) 

Fig. 8-80(7 

i(i5,000 

1.5,000 

.38 ft 0 ill. 

32 ft 5 in. 

11 ft 0 in. 

8 ft 0 in. 

1 

3. GOO 

1 

I'lg. 8-B9r 

176,000 


Loads and Deflections. Turhiiio mniiiifarhirors’ oiitlino imnts usually indirnto 
tlio dead load and the vacuum load which must be supiK)rtcd by the foundation, 
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togpthi*r with tho points of application of these loads. However high-speed machines 
such as turbines have a live-load eharafU'ristir which should be allowed for in the 
design of a foundation. It is good practice to consider this factor as an impact load 
and figure it as an additional load which is equivalent to one-half the dead and 
vacuum load as applied at the vaiious loading points on the foundation and which 
should be added to the dead and vacuum load to determine the total foundation 
loading. 

Since serious operating difficallies result when a turbine-generator set is mis¬ 
aligned, deilcciiouB rather than unit stiess are selected as the criterion of strength for 
the structure. For main supporting beams, the maximum deflection based on the 
above total loading consisting of dead load, vacuum load, impact load, and the weight 
of the beam itself should not exceed 0 020 in., and the closer this deflection approaches 
zero, the better. To provide horiz<mtal rigiditj', cross bracing and column reinforci*- 
ment should limit the horizontal deflection at the foundation deck to not over 0.020 
in., based on a force equivalent to one-half the total dead load acting in a horizontal 
direction at the center of the turbine shaft and at right angles to the axis of the shaft, 
parallel to the foundation deck. 

Vibration. Since the vibration of the uidt will be transmitted through the entire 
structure on which the set rests, it is rcconimended, as a meaiif^ of limiting the trans¬ 
mission of the unit’s vibration, that its foundation be separated from the station floor 
or any other part of the building structure. Because of resonant friMjuencies, almost 
imperceptible vibrations in the foundation structure iisc'Jf may be amplified to 
decidedly objectionable proportions in mtereoimecled adjacent structures. This is 
especially true for galleries or any other overhanging construction .supiwrtcd fiom 
the foundation. 

^Subbase. The subbase under the foundation should be siifhciently rigid to pre¬ 
vent local settling of any part of the foundation stnieiure. Hiieh settlement causes 
misalignment of the turbine, and vibratuui and rubbing difficulties may result. Sep¬ 
arate footings for each coluinu sliould be considered only where the foundation footings 
can be extended do'i\n to bedrock. Where this is not possible, a study of the soil 
may indicate that a rein forced-con Crete mat ^ill give the dcsin^d support. 

Concrete Mixture. A conciete mixture of 1:2:4, bn'-ed on using only the best 
material throughout, is usually adequate for these foundations. If poured during 
cold weather, necessary protection against freezing should b(‘ provided, and in all 
cases, proper setting tune should be alhmed before apphiiig huid. To secure the 
beneflts of a first-class design, careful workmanship is a iicccssily in the construction 
of the foundation. 

OPERATION OF STEAM-TURBINE GENERATORS 

The installation of a turbine-geneiator luiit represents a huge plant investment 
To protect this financial outlay and to avi>id unnecessary unit outages, care and pre¬ 
caution should be exercised m the op(‘ration of thi'se sets Although turbine construc¬ 
tion ia inhenmtly sturdy, eflieienl, ami reliable, ojieration of these units depends on 
the maintenance.' of comparatively small clearances betwi'cii the stationary and rotat¬ 
ing parts. As a conaequence, definite precautions slionld be observed in the starling, 
stopping, and normal operation of these sets. 

'Turbine manufacturers usually provide instruction books for the turbines which 
they build. When such data are available, reference shmild be made to them for detaiU'd 
operating instructions, llowi'ver, in the abwnce of such sjjecific information, the 
piXK'edures enumerated below can be used. While the instruct ions tabulated apply 
primarily to condensing units, they can also be used for uoiicondcuising and auto¬ 
matic-extraction turbines by including seveial minor variations. 

Turbine-generator Startmg Procedure-' Condensing Turbines (Fig. 8-UI) 

1. Open all casing drain valves. 

2. Open drain ahead of throttle valve to drain condensate from the main, and 
then slowly open stop valve ahead of the throttle valve. 

3. Start auxiliary oil pump, check oil pressure, and look for oil flow through 
bearing-eight flows. 
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4. Chock level in oil reservoir. 

5. Ehtabhsli circulating-water flow through the coudicnBer. 

6. Start condenser air punipn. 

7. Start condensalc pump. 

8. When drain ahead of throttle valve blows clear, open the throttle valve suffl- 
eiently to start the turbine rotor revolving, and then quiekly shut off by 

9. Tripping the emergency hand control to check its operation. 

10. Listen for rubbing or internal noise within casing, using a metal rod or other 
listening device. 

11. If no rubs arc evident, rcestahl’sh steam flow and bring rotor speed up to 
about 10 to 15 per cent of tin- normal speed ratiTig. Maintain about one hour to 
warm up rotor and (■tising evenly as soon as rotor is rolling steadily. 

12. Close all casing drains or transfer to traps to increase vacuum as much as 
possible. 



13. Open packing-drain valves anrl admit scaling steam to the high-pressure and 
low-pressure shaft packing boxes using .sleani-scal regulator if turbine is so equipped. 
If water-scaled, admit \sater as required. 

14. Start packing-drain condensers or vacuum immp'?. 

15. (Gradually increase the speed to normal rated speed. If any abnormal vibra- 
Lrn or noise is experienced at any time during jiccedcratioii, decTcase the speed to 10 
PIT cent of normal and continue the warm-up period until no difTiculty is encountered 

during nceelerat ion. llo not force a tuibine to sp^^ed 

16. Wlien the temperature of the oil leaving the bearings reaches 140 F, start 
the circulation of water to the oil cooler to as to maintain the temperature of the oil 

leaving the bearings between 140 and IflO^h. ..x.v - 

17 As the turbine appjoaehes rated «pei-d, olwerve to sec that the governor takes 
control. When the turbine is operating under the (‘ontiol of the governor, open the 

tliroUlP valvp wide. .l.-vice and sw' that tin- fliroitle valve plnBos ppompny. 

'rhen reset the trippiifft devi.e, opi-n U.e throttle valve, and agom bru.g the turbine 
up to rated speed. 
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ID. Excite the field, ss^nchronize the generator, connect it to the aystem, and 
apply about 20 per cent of normal load. 

20. Start the water circulating in the generator air cooler if installed. 

21. Open bleed-line valves and place heaters in operation. 

22. Adjust high-pressure and low-pressure seals for operating condition, ft 
necessary. 

23. After exhaust hood has become cool, apply additional load as desired. 

Turbine-generator Shutdown Procedure—Condensing Turbines (Fig. 8-01) 

A. Gradually diminish the load to zero, disconnect the unit from the hue, and 
remove the generator field excitation. 

B. Shut off the water to the generator air coolers. 

C. ("lose bleed-line valves, and take heaters out of service. 

D. C"loflo steam or water supply to high-pres‘?ure and low-pressure shaft packing. 

E. Clobc the throttle valve liy manually tripping the emcTgency device. 

F. Check to see that the auxiliary oil pump starts as oil pressure falls 

G. Shut off the water to the oil coolers. 

H. Shut down condensate pump. 

J. Close the stop valve ahead of the throttle A^alve, and open the drain ahead of 
the throttle valve. 

K. To protect against internal corrosion, keep the condenser air pumps ojieratiiig 
for about twenty minutes. Then shut down. 

L. Open all atmospheric dram*? 

M. Shut down conden.s<T circulating-water pumps. 

N. Keep auxiliary oil pump in opcTation until beiirings are cord. 

Special Procedures 

Noncondensing Turbines, for nonconrlensing turl)inr*.s, the same procedure 
applies except that condenser operatioiw are naturally omitted. Tiiibines designed 
to exhaust against high back pi assure may be bi ought to iioiinal speed at no load 
when exhausting against atmospheric pressure. Pefore placing the imil on the line, 
the back pressurr^ is raised to noimal by gradually closmg the nlmospherii‘-relief valve 
and gradually opening the exliaust-hiie valve. As the back pres.sure is increased, tlie 
throttle valve Ls ojieiied further to maintain sjieed until ultimately the turbine gov¬ 
erns on the speed governor and the throttle is open wide. 

Wliere it is necessaiy to start the tiirlnnc on lugh back pri‘.'*suje, the following 
starting procedure is reconiineiided .^o a.s to avoid drawing an excessive amount ol 
steam from the system. 

I. Have oil pressure on the governing apparatus and bearings. 

2. Turn the synchronizing handwheel so as to close the controlling valves. 

3. Have the back pri'ssiire on the turbine. 

4. Open the throttle valve w ide. 

5. Gradually oprm the controlling vahes by means of the synchronizing hand- 
wheel until the rotor of the Ivirbiiie starts turning. 

6. As soon as the rotor starts to turn, regtdate the rate of acceleralion by opening 
or closing the controlling 'N'alves by means of the s>nuchroniziug handwheel. 

7. When the governing speed Ls leached, synchronize the generator and connect 
it to the system. 

8. Tf the unit is governed by a back-pressure governor, turn the synchronizing 
handwheel to the high-sp(‘ed stop position, 

Automatic-extraction Turbines. In placing automatic-extraction turbines on the 
line, they are brought up to speed and loaded first as straight condensing or noncon¬ 
densing machine's, as llie case may b(', and then the extraction valves arc put in oper¬ 
ation. Order of prtMUHlun* is reversed for shutting down. 

Routine Operation 

Onrse a turbine-generator set has been eonnccti*d into the svstem, normally very 
little attention is required during its operation. Howevi-r, a.s precautionai^y measures, 
the following routine operational chocks are recommended. 
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As with any othei* higli-spi^ud rotating aquipmeut, bdaringHiiac^harge-oil tompera* 
turos and shaft vibration should be checked. C'^hanges from iiormal values should be 
investigated for the cause of the variaiion. Higher oil temperatures may mean 
clogged oil passages or loss of cooling water. 

Inlet- and exhaust-steam c^ondilions should be observed and maintained as close 
as possible to iiormaL Btagc-hh(‘ll pressure should be noted in coniieetion with elec¬ 
trical load. Any marked variation in thofap pressures,® if it cannot be explained by 
a change in operating conditions, may be an indieution of plugging in the nozzles or 
buckets. The various safety devices should be Ofierated occasionally to ensure their 
being available for use in an emergency. General or temperatures should be read to 
ascertain whether or not the generator ih oeiug cooled properly. 

These routine checks are quickly and easily made and serve to inform the operator 
as to the projicr functioning of his equipment. 

MAINTENANCE OF STEAM-TURBINE GENERATORS 

Every turbine operator is confronted with the iiecpsaily of having his equipment 
available for use for the maximum percentage of tune. To obtain this goal, it is 
desirable not only to follow established operating pior-t'dures as outlined under Jlou- 
tine Operatifui but also to follow a systi'inized mr'tliod of planned inspection and 
overhaul. Such maintenance reduces outages, giianls against hazardous operation, 
and aids in seeuring maximum possible steam economy from the unit. The following 
material contains BUggeHtioii.s wlm h may be hcl])ful in expediting the iuspoetion and 
overliaul of stearn-tuibine generators. 

Planning Preliminary to Overhaul 

To reduce the outage time to a mirunium, careful planning prior to the overhaul 
should be undertaken. Xuapeetion data siuh as instnicTion books, drawings, gover¬ 
nor-setting diagrams, and previous insp(*etion records should reviewed and studied. 
A tabulation of past ojMTatioii difIieultK*s to be corri'cted during the overhaul should 
be made up. Tables or (diarls on whiih can lie recorded any measurements or note's 
giving iiifoiIllation eom*erning th(‘ condition of the various elements sliould he pre¬ 
pared in advance. Any n'pair jiiuts to lie bistalleil should be cleaned, inspected, and 
checked to that no paits are damaged or missing Rigging, blocking, tools, and 
hpeeial (‘quipiueiit required for the ov eihaiil should be obtained and placeil in hrst-class 
condition. Also, to secure tlie inaxiinuin iiossible benefit from the overhaul program, 
it is recommended that a compident held-Hcrvice represent alive be ubtiiuied from the 
turVujie nianafacturcr to supervise the work. This preliiniiiary planning, if carefully 
done, will effectively decrca.se the lime the unit will lie out ol service for overhaul. 

Accurate Records 

If the records of the partn iii.spi'cled are to be useful in determining the deteriora¬ 
tion rale of the various parts, and this is an important factor m the scheduling of 
future overhauls and in the ordering of replaci’inent parts, the necesHity of making 
careful and aceurale records cannot be overemphasized. Photographs, wax impres¬ 
sions, templates, and sketches are nil uaefid in obtaining accurate and lasting records. 
Such data when sent in to the turbine maiuifai'turer assist in determining the proper 
leplaeemeiit mateiial ami also aid in making recommendations for repairs. Many 
inspection reports contain onij the inspector's opinions or conclusions and fail to 
include the basic facts. Buch reports fad to provide valuable records of actual con¬ 
ditions. There is no substitute for accurate facts. 

Turbine 

Fbcpcrience has indicated the ]H)tpntial troubles to be looked for in inspecting 
turbine generators and tlieir accessories, Some suggestions which may prove helpful 
are enumerated below. Maintenance of the turbine i.s diwussed first. 

Steam-path Parts. The steam-path parts consisting of the nozzles and buckets 
<»r the blading should be examined carefully for the accumulation of deposits, cromon, 
corrosion, and cracks. An accurate record of the condition of these parts can be 
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obtained by dimensional measuroments and by the use of templates, wax impressions, 
and photographs. The location of plugged or corroded sectiuiis should be recorded. 
Samples of the deposits should be taken for laboratory analysis which may indicate 
means of eliminating further deposits or the development of a method for removing 
the deposits without having to open the turbine. The use of coarse sand blast for 
cleaning the steam-path parts is not recommended as this method produces rough 
surfaces which increase steam consumption Coarse sand blasting also produces 
sharp edges from vihich cracks may start, and there is also the danger of cutting 
away valuable metal in an attempt to remove hard deposits. Cleaning with a fly 
ash blast or fine sand (24 mesh or finer) (Kig. 8-92) or hand scraping is preferable to 
the use of coarse sand blast. Cleaning pays dividends in improved steam economy 
and in the reduction of the thrust load. 

After the steam-path parts are cleaned, they should be examined minutely for 
erosion and small cracks. Erosion of nozzles and buckets or bladmg produces sharp 



Fiq. S-92. Cleaning turbine blading with a fly ash hlabt. 


comers or notches having high stress cuncentration vi liich may result in the starting 
of cracks. Therefore, these shaip eroded portions should l )0 removed and the edges 
smoothed and polished. Cracks or flaws m the blading may be discovered by a 
visual inspection with the aid of a small minor similar to a dental minor. Imperfec¬ 
tions can be indicated by chalk mark^ and also lecorded in wilting. Another method 
is to apply penetiatiiig oil such as kerobciie to the cleaned blades, wipe off the excess 
oil, and then paint them with wliiting If any eiacks exibt, the kerofecne usually 
stays in the eracks and us soon as the whiting is dry the penetrating oil in toe cracks 
will show through the whiting coat as a yellow streak. A magnetic particle test® 
may also be used to examine the buckets and nozzle bladmg when these parts are 
made of a magnetic material. 

Wheels, Rotors, and Shafts. Since the rotating parts of a steam turbine are 
relatively highly stressed at speed, it is important that th»'se parts be cleaned down 
to bare metal so that any defects such as cracks will be disclosed. Tests for cracks 
should be made by either the ‘^Iw^rosene-whitmg" method or the magnetic particle 
test previously mentioned under steam-path parts Wheels should be checked for 
movement on the shaft, ciacks at the key way, and sharp edg(‘H at the equalizer holes. 
The sound of each wheel wdieii tapped with a liammer should be noted, A dead- 
sounding wheel IS not necrsbanly a defective one, but a careful investigation should 
be made of any wheel having a dead sound if it previouhly had a bell-clear sound 
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when tapped with a hanimeri as such a chaug<' indicates a chaugc iii the sohdaty of 
the rotor assembly. Loose or cracked wheels often sound dead. Before any wcl^n||^ 
is attempted on any rotating parts of a turbine, the manufacturer should be consulted. 
Welding, improperly done, can set up internal stresses and also change the structure 
of the metal and cause cracks which may progress to failure. 

Rough or pitted journals should be stoned, ground, or turned, depending upon 
the extent of the surface damage. If a suitable lathe is not available, this work can 
be done with the rotor in the uiut. Figure ^93 shows a No. 2 journal being ground 
with the rotor in place, using temporary hearings at the oil-Kiefleetor fits and driving 
the rotor by means of a motor ))elt drive on the shaft coupling. Figure 8-94 shows 
the setup for grinding a No. 1 bearing journal. If it is fotind ncf^essary to true up a 
coupling face, great care should he taken in preparing the setup for doing this work. 
The rotor should he blocked so that it cannot move axially. To check the coupling 
face after machining or grinding, an indicator should be placed at a point directly 



Fiu. 8-93. Grinding a inaia journal. 


opposite the point where the cutting tool is inounti'd. If the indicator is placed in 
the tool post where the cut is taken, it Mill usualh indicate zero under any condition, 
whereas if the indicator is mounted diiectly opi>osite the tool post, it muU indicate a 
runout double the actual runout if there M'as any axial movement of the rotor during 
the iriacluning. Tins check should be made on all coupbng faces being faced cither 
wuth the rotor in its bearings or with the lotor in s lathe. Very often coupling faces 
are improperly machined in a lathe because the lathe-spindic thrust runs out, M'hich 
causes a slight axial movement of the lotor. C^ouphng faces should be machined 
flat to 0.001 in. concave. Coupling faces must not be convex if good operation is 
expected. 

Bearing Linings and Thrust Bearing. The bearing linings should be examined 
for wear. The clearances between the journal and the bore of the bearing should be 
measured and recorded. The clearance in the bearing can be measured either by 
shims or by lead wire. Bearing Imiiigs are usually manufactured with a vertical 
clearance over the shaft of 0.0013 in. per in. of shaft diameter. If the rotor is in 
good balance with no tendency to vibrate, rebabbitting may not be necessary until 
the vertical clearance has become 0.0025 in. per in, of shaft diameter. Records of 
post iierformauce Mill usually indicate the allowable bearing clearance. 

The babbitt surfaces should be inspected for cracks, high spots, and separation 
from the bearing shell. Cracking and separation may be caused by vibration in the 
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ratating partd and if found will necessitate rebabbitting. High spots in the babbitt 
surface should be scraped down lightly to form a uniform bearing surface. 

The thrust bearing maintainiug the axial position of the rotor in relation to the 
casing should always be examined. The condition of the bal'tbitt surface should be 
noted, and the clparnnce of the bearing should bo roadjuetod to that specified by the 
manufacturer. Usually this clearance runs from about 0.006 to 0.012 in. depending 
upon the size and typo of bearing. 

Shaft Paddng. The shaft pa(‘kiiigs of steam turbines usually fall into one of 
three classes—^the labyrinth type, carbon ring, or water seal, or in some cases com¬ 
binations of those types. These shaft seals should b(‘ ('xainined for wear. The pack¬ 
ing clearances recommended by the manufacturer should not be reduced, or vibration 
trouble may be encountered. Hy careful machining, worn ])a(‘king can often be 
recondicioned. If the shaft-packing fits are found to be pitted or eroded, turnixig or 
grinding will recondition the surface. The packing must then be refitted. Where 



Fig. 8-94. Setup for reronditioniug u No. 1 l>eariiLg journal by grinding without removing 
the rotor from tlip casing. 

metal-spray equipraciil is availalile, .sliaft-packiiig fits can sometimes be satisfactorllj" 
repaired thereby maintaining the original shaft diaineter at the jiackmg fit, but the 
manufacturer should be consulted for his reconiiucjidations on 1hi.s procedure. 

Casing Erosion. Where casing erosion is experienced, it is usually eausf'd by the 
accumulation of a high moisture content in the expandjiig si earn. The tiny droplets 
of water hurled from the rotating blades with a high velocity impinge against the 
casing and wear away the surface. If jmssible, the initial superheat of the sbeam 
should be increased or the turbine inanufoctnrer should be consulted as t.o the poasi- 
bility of adding moisture w'parators to the casing to remove this moisture which not 
only causes casing erosion Imt also reduces the steam economy of the unit. 

Repair of the eroded surface can b#* made either by welding or by the insertion of 
filler strips or patc^h platen. 'Welding, if possible, is usually the less cosily process, 
but caution must be exercised to avoid casing distortion during welding. Where 
the casing is steel, repair can be made by wielding up the eroded portion. On a east- 
iron casing it is usually necessary to maehine dow n the surface and install patch 
plates to repair steam joints, although it may be possible to effect repairs by bronze 
or monel welding. Erosion elsewhere can be restored with metal spray of a noncor- 
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rosive material or by covering the worn spot with patch plates so that future wear 
will be on the plate which is replaceable In all cases of serious erosion or corrosion 
it is advisable to determine the casing thickness by making a template of the contour 
which can be checked against the diav^iug ihmciisions by the manufacturer. 

Lubrication System. (leaning of the lubneulion system is an important item in 
the overhaul work. It is a hard, tedious task to clean an oil system properly, but 
it is worth while. A clean lubrication system r<‘Kults in longer oil life, reduces sludge, 
and helps prevent corrosion or lurstitig of parts. If any part of the lubrication sys¬ 
tem requires painting, be ruic the proper paint is used. And, equally important, the 
surface must be properly prepare d, or tl e paint may come off with disastrous results. 
The oil supplier should bo consuUod for iniurniatioii on cioaning solvents and painting 
of lubncation systems. A partly cleaned system is a hazard as sludge or dirt from 
the dirty section may be di,slodgf‘d and block lubrication. 

The main oil pump usually of the positive-displacement gear type and driven at 
reduced spc(‘d througli a woini-gcar drive .should be ean^fully inspected for proper 
alignment and wear of the moving parts. The liearing and guide-hushing clearances 
should bo (‘hocked against the maimfficturei^R Toi'omnicndation. The pump-casing 
clearance and thcj wear of the pump gears should bo recorded. The (wndition of the 
driving worm on. tlu‘ tuibinc* shaft and of the driven gear on the pump shaft should 
bo noted and a careful aligimioni mad(» of thoso parts. 

Tlie au\iliary oil pump, usually of the ccntrifugal-typo driven by a steam turbine 
should be given an luspi'ction similar to that described for the main oil pump. 

Governor and Valve Gear. The various bushings and pins (*n the governor and 
the connecting valve gear linkage should be examined for exeeisH clearance and the 
condition of the ports recorded. Those showing abnonnal wear should he replaced 
bO as to ensure proper functioning of the governor system. 

Generator 

[hiring the overhaul of n turbine gfUKTutor the most important points to check 
on the geiieiaior are the condition nl the iiuillation, clcaniiness of the whole unit, and 
mechanical condition of tlie lotiitiiig parts 

Insulation. After dLsasscmhhng the generator the exposed parts of the windings 
should be ii spectc'd for dirt, oil, grease, carbon du.st, or <»thcr di'posits. Dry dirt 
should bo removed vnth a vacuum cleaner or by carefully blowing out W’lth diy com- 
jiressed air. Oil or other gummy deposits should be cleam^d off with carbon tetra¬ 
chloride. If the varnish is ilaraaged, the windings should be revamiahed with 
aiT-drying varnish. 

lief ore Ti'asa^mibling, 1h(» insulation resistance of ail windings should be measured 
willi a Megger. Ileadiiiga of insulatiou lesistancc should also be taken at regular 
intervals between nverliauls, u^'iug the same or a duplicate Mc'gger each time and 
recording the temperature and ntmo^pluMll• conditions under which the readings are 
taken each time. A record should be k(‘pt of these readings to note any unexplained 
sudden drop in resistance or a gradual deereav* with time. When the resistance 
drops to one-tenth or less of the original value wdion the machine was clean and new, 
it is time to (onsider taking the inachim* out of Hprx’'ipp for n*pair. 

The insulation of rotating parts should be inspf^cted as far as possible to note any 
(racks or mechanical breaks in the tape, collars, etc. In the case of round-rotor gen 
erators, it may be advisable to remove the retaining rings, or end boDs, if there is 
any suspicion of mochani(*al breaking of the coil insulation underneath. 

It will not be possible to get any direct visual inspection of the slot portions of 
the rotor coils on round-rotor genenitors or of the slot portions of armature enils on 
any machines. Tleliaxiec must be placed in the iiisulation-reai.sianeo readings to 
check the condition of these parts of the generator. 

Air Passages. In addition 1o cheeking the cleanliness of the windings themselves, 
the air passages in the generaior should Iw carefully inspected. Tliese include the 
air ducts in the stator cow*, air pn.S'i.Hgf'S in <he Frame, holes in the centering rings on 
round-rotor machine, nir spaces under tin* rotor-coil ends, ventilating slots or holes in 
the rotor core, etc. AH such pnsBagea should be blown out carefully with comprt'saed 
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air (froo from moisture), and oi] or gummy deposits wiped oft the surfaces with carbon 
tetraohloridp where they can be reached. The same attention should be given to 
fan blades and rings. 

Any unusual amounts of dirt or unusual oil or other deposits should be investi¬ 
gated to see if air seals, oil deflectors, and brushes are properly fitted during operation. 

Rotor Parts. Rotors should be examined for tightness of wedges, bolts, and 
screws. Any surface cracks or flaws should be noted. Risers on d-c armatures 
should be checked for breakage or other damage such as overheating. Signs of burn¬ 
ing at the wedges on round-rotor a-o generators should be looked for as an indication 
of unbalanced current loading. 

Retaining rings and fans should be examined carefully for any signs of cracks or 
flaws. Retaining rings that fit over wedges or cores should be particularly inspected 
for signs of localized heating or burning in the tips due to imbalanced circuit loading 
Retaining rings and fan fits should be checked for tightness as well as for tightness 
of locking screws, etc. 

Collector Rings and Brush Rigging. The active surfaces of collector rings should 
be inspected, and any evidence of threading or grooving, unusual wear, or unusual 
deposits or coatings should be noted. These may give an indication of poor bnish 
fitting or operation at wrong brush pressure or with wrong brushes, The diameters 
of the rings should be checked to make sure the safe wearing depth is not exceeded. 
The rings should be trued up, cleaned, and polished if nec(‘,ssary. 

The collector insulation should be clcancii off, chocked for cracks or other damage, 
and revarnished if necesbary. Leads should be inspected for tightness of joints anti 
for cratdLN or signs of ovoiheating 

Brush rigging should be checked for tightness of bolts, studs, connections, etc. 
The condition of stud insulation, washers, etc , should be examined and these jiarts 
replaced if necessary. Diit and gummy dcjiosits shoiiltl be lemovtd Jirushes 
should be inspected for fit on rings or commutator, chipped or cracked brushes sliouhl 
be replaced, and the freedom ol movement of brubhes in holders checked. Brush 
pressure should be set at the \ ahie recommended by the manufacturer. 

Exciter 

In general the baine points should be checked on a d-c generator or dirt‘ct-poimeeted 
exciter during overhaul ah on a-c generators. 

Insulation. The cleanliness, in.siilation resistance, and mechanical condition of 
the armature and tielil windings of an exciter sliould be checked and repain^d in the 
same way as for an a-c generatoi. A more thorough visual inspection of the wind¬ 
ings can usually be made on d-t machines, and full advantage should be taken of this 
fact. 

Most modern turbine geniTatois are equipped uifh direct-connected exciters 
which are totally enclosed and ventilated by air from the main unit. A filter is pro¬ 
vided to prevent the return air from the exciter from carrying carbon dust from the 
brushes into the main generator air cncuits. The condition of this filter should be 
periodically checked, and it should be replaced when thi* resistance to air flow through 
it becomes double that of a new clean filter. Any unusual deposits or collections of 
dirt or oil inside the housing should be investigated. The exeiter should be carefully 
cleaned out after sanding or stoning the commutator or fitting brushes. 

Windings and Connections. It should be made certain that all electrical connci*- 
tions arc tight. The windings, risers, bolts, etc., should be checked for evidences of 
overheating or mechanicEd failures, such as cracks, etc. In particular, it should be 
made sure that the binding wire on the annatiire Ls not disturbed or damaged. 

Commutator. The commutator surface should be examined for blackening or 
rough spots, high mica between bars, amount of ^ car, etc. Ordinanly, the commu¬ 
tator will require only occasional cleaning off With a piece of canvas or other non- 
linting substance. Oil should not be used. In severe cases of burning or roughening, 
it will be neix^Hsary to stone or even to turn down and regrind the commutator. 

ErusheB and Brush Rigging. The brush rigging and holders should be cleaned 
off. Defective insulating studs, washers, or yokes should be replaced. Bolts, screws, 
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('unnectionK, etc., should be tightenf3d if necessary. Brushes should be checked for 
fit on the commutator. Chipped, cracked, or woni lirushos should be replaced. Free 
movement of the brushes in the holders should be checked. Position of the brush 
yoke should >>e checked to see tliat it has not shifted from the original position. 
Brush pressure should be set on individual bnishes at the value recoin mended by 
the manufacturer. 

Accessories 

Tlic various protective devices such as relief valves, nonreturn valves, and oil* 
pr<‘saiirc regulator should be given an oiieration test bedore being placed in service, 
and a record should be made of th(‘ tost. 

The throttle trip valve should be tested for smooth and easy oiieration. If any 
sluggiKluie.ss is noted, the parts should be cleaned thoroughly and the defect reineditid. 
A sticky throttle valve is a hazardous operatijig condition. 

The lubes of tli(‘ oil cooler and the generator-surface air cooler should be inspected 
for plugging and leaks. The oil-c<»oler tiilie bundle is usually removable and may be 
cleaned by slushing in a commercial metal-cleaning solutirm. The manufacturers of 
such cleansing solutions furnish comprehensive instruction for their use. Normally 
only the water side of the air cooler requires cleaning, and in the majority of instances, 
such cleaning eaii be done with rubber plugs and coiTiprcssed air or other standard 
methods used for cleaning condenser tubes. If the air side of the tubes becomes 
ilirty, it is nei^essary to remove the sections and clean them with water or a solution 
of washing soda as pr<*vi(uisly mentioned. An alternative method is to apply through 
the tube bundle an air bla.st saturated with carbon tetrachloride. 

During the inspection period, it w also desirable to clean and recalibrate all flow 
meters, pressure gages, ami thermometers. Replacements, if necessary, should be 
obtained to ensure safe operation. 
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GAS TURBINES* 
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HISTORICAL 

The litas tiir})inp has a history traccnble to the period preceding the birth of Christ. 
Hero^'^ of Alexandria, in 130 n c., is eredit(‘d with the first device that could be 
ineltidod in the category of gas turbines. The medieval “sniokejack,”*-* similar to a 
windmill, could also be considered a form of gas turbine. 

In 1791, Barber* of England obtained a patent on a machine which, while of 
primitive design, contained the Cbseiitinl fcnturcH of a modern gas turbine. In 1808, 
]3umbell,^ also of England, patented a device wliich was a prototype of the "explo¬ 
sion” t 5 ’'pe of gas turbine. 

The first serious attempt at achieving a practical gas turbine occurred in 1872 
when Stolze* of Cermnny Imilt a machine which appeared to be of advanced design. 
Tests conducted on the unit were unsuccessful, however. 

During tin* years 1903 to 1906, the Societi^* des Turbo-mot ours,® ^ in Paris, experi¬ 
mented ivith gas turbines and produced a unit that op(‘rat(‘d under its own power. 
While the machine obtained a thermal efhcieiicy of only less than 3 per cent, it was 
probably the first i*ombusl ion gas tiirlnue to produce useful output. 

In 1908, Karavodinc,'' in Parib, built a small gas turbine which operated on an 
explosion cych* with open eomliustioii ehanib(*r, similar to the (lerman V-1 "buzz 
bomb” us<*(l dining the Si'coiid Woild War. Th(* thermal efficiency of the Karavo- 
dine machine was very low, although the turbine allegedly opiTatcd satisfactorily, 

^\1bo in 1908, Holzwaith® began the development of hiw explosion type of gas tur¬ 
bine and is reputedly continuing this work at the present time. Notwithstanding 
the long period of experimentation, reports infer that Ihere are only several Ilolz- 
warth turbines operating in the w'orid today. Stodola has concluded that a thermal 
efTuaenr y of 13 jjer cent is the highest obtained up to 1927 on tests of turbines of 
this type. 

Despite a deieloiiment period extending over two millenniums, the gas turbine 
did not achieve commercial significance until the third decade of the twentieth cen¬ 
tury. The main obstaclcb confrontmg the early in\Phtigator,s were twofold. (1) The 
then-existent materials were incajjable of withstanding the elevated temperatures 
necessary to produce suitable cycle efficiencies. (2) The compressors available at the 
time did not possess adequate efticiencies so as to make the cycle feasible. 

These diftieulties have been surmounted by recent metallurgical and aerodynamic 
advances. Utilization of the required high tentpcraliires is acconiplishf d with the 
superior materials now available, and a highly cfliiient axial-fbw compn*ssor has 
resulted from progress in fluid research. 

OPERATING PRINCIPLES 

Practically all present-day gas turbines operate on a cycle wherein combustion 
occurs easeiitially at constant pressure instead of at constant volume, as in the case 
of the llolzwarth tuibine. Those operating on the former cycle are referred to as 
"combustion gas turl)im*s.” Of those, the majoTity are of the "open”-cYcle type 
wffierein air is continuously taken in from the atmosphere and exhaust gases from 
SiiiMrior numbers refer io epcrifie reietenec** Usied at the end of tliia aubBection. 
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the turbine arc discharged back tb the atmospixoro. There are other gas-turbine cycles 
in existence which are referred to as “closed** cycles because the working mediuiii is 
not expelled from the system but rather is continuously recirculated. Thin type will 
be discussed under Closed Cycles for Oas Turhiues. AU subsequent comments will 
refer to oixeii-cyclc units unless specifically desiguated otherwise. 

Simplicity is one of the distinguisliiiig features of opon-cycle maxihines. Absence 
of the many diverse appendagr^s charad^'ristic of previous typ(*slias undoubtedly con¬ 
tributed to the commercial success which they have attained. Basic cxinstituents of a 
combustion-turbine unit arc a gas turbine, compressor, combustion chamber, and 
fuel equipment. Supplementing these 'e^ith a generator, lubrication system, control 
apparatus, and a means for starting completes a pow'er plant significant primarily 
because of its lack of the veritable mynad of auxiliaries necessary for steam-plant 
operation. Furthermore, since its working medium, air, is uiiiversallv available and 
because water is not required in its operation, the basic gas-turbiue plant enjoys the 
added unique advantage of being independent of geographical location. 



Fiq. 8-96. Section throuaili ocMubu^tion Kah-hirbitic-axi.il-conipreasor unit. 


The arraiigomoiit of a modern coinlnistion gab-tiubinc unit is depicted in Fig. 8-96. 
Air from the atmosphere is cumpjessed ui a muitistngc uxial-flow compressor B, 
diiveii by a rcaction-l>pe gas turbine A. Ijiquid or guscous fuel mjected at C ia 
burned with part of the air discharged from the coinpi(*HS(trj the r(‘maining, and 
greater, part flows througlv Ihc aiinulai space F and, upon emerging, mixes with and 
cools the products of combustion to a suitable <urbin<*-inlel temperature. Expansion 
of this gas to atmosphere in the tuibine produces njore jiower than that required to 
effect compression of the air, and tin* excess jiowcr is supplied to a generator D. For 
starting purposes, a motor E is provided to bring the unit up to approximately 25 
per cent of normal running speed, beyond which the turbine is capable of driving the 
compressor unassisted. 

A speed governor, regulating the fuel supply and thereby the turbme-inlet tem- 
l^eraturc, affords the necessary control oquipnicnl. If a designated overspeed ia 
exceeded, an emergency governor actuates a valve, causing the gas to by-pass the tur¬ 
bine. Balance pistons are not required sjure the axial thnists of the turbine and 
compressor, being equal and opposite in directi<»ii, are effectively neutralized through 
the solid coupling connet^tion. A thrust bearing is provided, however, to absorb any 
slight axial unbalance that may inadvertently exist. 

The axial-flow type of compressor, as shown m Fig. 8-95, is believed to be the 
most desirable for gas-lurbiue units, principally because of its higher efficiency. 
Other types, however, have also been used. Gas turbines have been built wdth posi- 
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tivc-Kluplaroniciit compressors of the Ij^holm typo. In most instaiioos, centrifugal 
compressors have boon employed in aircraft jct-propulsion gas turbines, although 
many axial compressors have been used for this service too. 

DESIGN FEATURES 

Turbine. Since the gas turbine in the prime mover size range has been in suc¬ 
cessful operation for only a relatively short period, its applications have been neces¬ 
sarily limited and of a special nature. 

The principal commercial application in this country has been in oil refineries 
employing the Iloudry process, a catalytic cracking method of manufacturing higJi- 
oo.tane gasoline. Air, discharged from the axial compressor after }>eing used in the 
procebs to reactivate a catalyst, is returned to the turbine as a high-temperature gas 
which, upon expansion, pioduces jiower to drive the compressor. The excess power 
is furnished to the generator. In this arrangement no combustion chamber is required 



Fru. 8-96. Section tlirough 40,000-cfm g.is turbine. 


since the process itself acts in this capacity after the secpK'iice of operations in the 
cycle has l)een estabh-shed. 

As the pressure drop through the process i.s ajiprecialih' wlicn compared with the 
maximum-cycle prcbsiire, the net power developed is not so great as that w'luch I'onlrl 
Ik) producod if a conventional combustion chamber werf‘ erui)love(l. Tin* deprecialion 
in useful power can be condoned in this paiticulur instance, hDwe\ei, ns the primarv 
function of the gas-turbine unit is tlu* furiiishing of coiiiprossed air U» the j»rt)ceHs, and 
any excess power may be eoiisideied a by-pioduet. The use of the gas turbine in 
this applieation contiibutf*s to the ceonomic justification of the Houdry jirocese. 

The oil-reiiiiery gas turbines were originally designed and manufactured by lirown- 
Hoven® and (’’ompany of Baden, Switzerland, wliich has done much pioneering devel¬ 
opment work in the gas-turhiiie field. Most oi the Homliv niiits, liowever, have 
been built liy Allis-f'halmers,*® at first to Brown-Bnveri de.sigi)8 under a license 
arrangement, but later to modified dcKigus after expiration of the license several 
years ago. 

To fulfill the air requirements of various uisiallations embodying the application 
of the Iloudry process, units having compressor capacities of lfi,000, 23,0(10, 40,000, 
and 60,000 cfm have lieen constructed. Since the Houdry units are representative, 
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in general, of gas turbiups oppraling on the liaaic open cycle, one of them will be used 
for illustrative purposes so that design features can be described. A section througb 
the gas turbine for a 40,0U0-cfm unit is shown in Fig. 8*96. NeglfMjting the numerous 
details, reference will be made only to the major parts. 

A solid chromo-nickel-steol forging coin prises the turbine apindlr i on whose 
periphery are inserted five rows of reaction blading 6, to be described more fully later. 

The turbine casing, split on the horizfmtal center line, is cast of carbon-molyb* 
dcniim steel. The gas inlet pu«<Ragp 3 and exhaust passago 4, both located in the 
same vertical plane, are east integrally with their respective cylinder halves. Hve 
rows of reaction cylinder blading 5 an* inserted in grooves machined in the casing. 
A by-pass connection 2fi joins the inlet and exhaust regions through a valve 32 oper¬ 
ated by an emergency governor 10 W'hcn overopecd conditions exist. 



Spfna/e A/acffi Cylinder btoitt Qsscmbly 

Oisembiy ' 

Fio. 8-97, Gas-turbine blading. 


Labyrinth glands 19 an* provided to prevent leakage of gas to atmosphere where 
thf turhiiiP-spiiidle pikIh c-iuprgp from tlip paMiiK. Jo rp.luip Ras IpakaRP furthpr, 
spaliiiR air frL tho Pomiwpt-Mjr dmeharp* is mjpptod a( a smtablp pomt 17 m thp 

s. li 

ilavp XpS.Surh. a solid pouptoR 30 ioiiis the turbmp spmdle 1 with tho rotor 

Xra.d splr,dlP bladPS with spacpr piPCos arP shown in 
m. v ' 1 1 . t!.i.,„.wlI.. 10 «dpa millpd from lU per CPiit clirommm-^ per cent 

Ilip tapen-d and * nuumnts of timR-.tPii, iiiolvbdpnum, titanium, and polum- 

mckpl Htppl pontauiiiiR wnall of the upset end of the blade with 

bmm. Xdpr^ th<-: same material, arc 

the serrated spacer pieces. ^ nir of a projecting ring in the groove with a 

"h? bS S'Z I"”- 

root hlarie. 


409 




Sjbc S ] 


GAS TURBINSJS 


Gbflipresfior. A sectional view of the axial compressor used on a 40^00CMtfm unit 
18 shown in Fig B*98 The forged-steel rotor 1 consists of a shaft end having a hollow 
cylinder for the spmdle pioper on which the rotating blades 6 aie mounted and a 
drum with the other shaft end The hollow cylmder is shrunk onto the drum and 
locked 



Fio 8-QS Stdion through 40 OOO-rfm aual rumiiresAor 


C^tnd«r bfadtng spacer p sees 


Spindle blading spacer 
pieces 


The cast-iron r ismg 3 is hoii/ontalh split with intake and discliargo optiiinga 
are directed voitic Ul> upwaid and c ist mtcgiall> with the uppf i hall llie stationary 
bladuig 5 IS insjrtid in groo\efe iiiachuied m tht iniui ptnplun of the olindti 

Where the shift tndh pass through the casing, lah>nnlh >( xling glands 25 are 
pro\ided Tlnst glands consist of radiillv projecting tins 21 on llic shaft which 
rotate wnth close radial clearance m gioovcs ui the casing 25 The turbiin ghiids 

L are siinil iilv r onstructc d 

Rollerbeanugs 40and 41 an shown, 
but as ill the (ISC of Ifn turbine, a 
powd unit would h( designed with 
bctiingH of the sktvt t>pc A ball 
thrust bi 11 mg \Z absoibs aiiv slight 
ui il tlirust th it nmv i \isl In a powi r 
unit this tbnisf Ik it mg would bt ol the 
Km(,>,bur> 

— 'Jpindiebtadingspacer The solid i oupliiig lb transmits th( 

Qdinderbiad/ngspacei^^^es diiving (orepK of the gas turbine to the 

tompnssoi The excess power of 
/II supplird to the generator 

11 I I *hrough a gear < onnt e t ed to i he coupling 

I I The c^lmder and spiiid :i blaeiing 

I I used in the axial compret>sor is shown 

Blue e high tempi I atuic 8 
involved, 5 jMir cent iiickc 1 stev 1 
IS used as hhdirg material Root fas- 
^Mderblade assembly S/indleMdeassembly tfnings similar to those dtVribcd for 

Fti. 8-99 Axud-coinpressM blades the turbine, are dtpiitf d, but later de- 

signs have a one*-piee < bliide eonstnic tion 
where the root is integral with the 6ow-passagf jiart of the blade The blades have 
airfoil cross pc^ctions, as aerodynamic requireniCAits dictate such contours m oidir to 
produce a high-clheicuey axial cnmprcssoi 

Combustion Chamber. V^htm used ts a powei-producing unit, the gas turbine 
would have a combustion chambe r lucatec' belAvee n the compressor discharge and the 
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^Mder blade assembly 


Sfpndle blade assembly 
Axial-coinpressoi blading 


l>BSfaN featvrbs 


Piif. i 

loMt^ m tL ‘ f ylujdnriU pipe wrth a fnel-bumer dement 

m^of thrrClLTH 7“" 7^ • BUiteble apporta,?: 

the burner for lombubtToi. puITowa ^°TLri™ “* ""IT* “**'* 

purpowa riie ipmainmg air flows thnni^ the anTtn^ y 



Iio 8-100 Fuel-burnpr element 

^■wanc defuied bv the (ombustion ihamber uall (not shown) and the steel hner 
IJiflidorb lotaltd in this pissip impart a wlurhnK motion to th. lur, ireating a 
turlMili nt loiidition m bich iiiodiKes a (horoiiRh siibsi ipn nt muing with the products 
Of ((nnbustlou nm rging fiom the cintral portion of llu liner 

Afiseinbly. \ paitialH as'^dnbkd 23,000 rfin gis-tuibuic a^^isi-l’^’ompresaor unit 
IS shown 10 Pig 8-101 Mounted on a common base platt, the six-stage turbine at 



1 Its 8-101 Partially assembled 23 000-rfm gas-turbine-ixid-onm pressor unit 


the lett IB dire( tl> mipU d to a 2l-«itage (oinpieswir at the right This umt, oporatmg 
at 6^000 1 pm, is gc art d t o an I SOO-rpin g« ii( r d or not shoTv n Lashuig wires installed 
>n the firnt stationary and In'^t Uo lolating }>ladf rows in the turbine increase the 
Vibrational fn'queney and ledua the btnding sfiossis in tht biadcb Holier boatings 
and labvnuth sealing glands nu^ be (karl> '<een 

Except foi the mstallation ol the iombustion (baiiiber, a completely afehemblcd 
40,000-tfin gas-turbine axial eomprebsor unit is shown m >ig 8-102 This machine 
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Fiq. 8-102. Allia-(*htilinprs gas-1 urbiiie-axial-c*ouii>i4*SNr>r unit of 40,000 rfiii rapi 


would have a net couplinR output of 2,600 hp wli(*u opt rating on J2(>0‘’F gab at the 
turbine inlet. 

PERFORMANCE CHARACTERISTICS 

Basic Cycle (Cycle A). The periornianre of a gaH-tinbine unit depentln, among 
other factors, upon the type of cvric adopted. The hamc cveh* shown in ^‘ig 8-05 
16 reproduced schematically in Fig. 8-103 and designated its cji le A. The theimal 
effieiency of this cycle ia given in Fig 8-101 as n lunetioii of pre'^sure iaiii> for vaiious 
turbine-inlet gas tcmjieratureB from 800 to lOCWF. Tlie peiformaiiee data presi'nted 

in lig Jt-104 and subsequent Figs. 8-100, 8-108, 
^ ^ 8-110, and 8-112 are bawed on a t iirbine efficiency 

fuSTI I nf 80 cent, a compressor eflieiency of 84 per 

1*1 cent, a combustion efficiency of 08 per cent, a 

M compressor intake temperature of 00°F, and me- 

I chanical Iohscs of 0.5 per rent in the turbint and 

also in the compressor. 

In those cycles employing regeneration, the 
hcal-eikchanger surface is 5 sq fl p<*r coupling hp, 
and the over-all heat-transfer eoeffieiont fiom gas 
Fiq. 8-^03. Basic cycle (cyde A). ^o air is 10 Btu /(hr) (sq ft) (deg F), V\ heie iiiter- 
T — turliine cooling is used, the surface of the ii.tcreooler is 

C =* compressor 1.5Hqft per coupling hp, and an ovei-all watei- 

B » combustion dianiber coefficient of heat transfer of 20 Ntu/(!ir) 

(sq ft) (deg F) is taken. The perforinaiiee calculations for all the cycles account ffir 
the pressure drops orcurring in the vaiious elements. 

In all cases the thermal effieiimey is deFmed as the ratio of the useful output at 
the coupling to the energy required from the fuel, eacli expressed in appropriate units 
Hefemng to Fig. 8-104 it can be seen tlmt the IheTinal effieieney iinjiroves with 
increasing gas tempi^rature at the tnibine inlet. U will also be noted that the higher 
temperatures require an increase in cycle prccisiire latio in order to aidiieve iiiaxi- 
TOuin thermal efficiency As will be observed lalei for all eyides, the efficieneies arc 
enhanced by the use of elevated temperatures, and, similarly, such temperatui-es 
necessitate higher pressure ratios for opiimuni conditions to exist. 

472 







PERFORMANCE CHARACTERISTICS 


|)Ssc. 8 



Fici. 8-104. Tliernial pfBoienry of ba^c rynle. 


Regenerative Cycle (Cycle B). In ojdei to iiujnovo tlif* elficipnoy, oyrio A can 
be inoclifted fiom the* basic lonn into u rc^oneiatis c type by the addition of a counter¬ 
flow heat cxchanper iis shown b\ eyclo 


H in Fig. 8-105. With such an airange- 
luent the lurbinc exhaust gjis is used to 
preheat the coniprossor-diseharge air 
before entry of the latter itilo the eom- 
buhtioii eh'miber. Figure 8-1 Ot) shows 
the ctticicnry of this kiiul of eyrie, and 
the improvement effected by the heal 
exi'haiiger ib readily tt])imrriit W 
J200®F, for example, the nia\imuin 
thermal i‘fliriem*y is 28.4 per eeiit, reji- 
rcsenting an iuerease of 38 per cent over 



8-105, jReecnerative pj^’le irycle B). 
T » turbine 
C * compressoT 
B » combustion chaiuber 
It » regoucraior 



IiG. 8-1 ()G. Thermal efficiency of regenera¬ 
tive cycle. 


the corresponding (‘ffieienry of cycle A at the sumo temperature. It will be noted 
that, in addition to increasing eflieiency, tlie heat exchanger also has the effect of 
reducing the value of the pressure ratio for the point ot maximum efiiciency. Regen¬ 
erative heating by this method influences all cycles similarly, 
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Regenerative Cyde with Reheating 
(Cyde C). A still higher efBciency 
cycle can be obtained by incorporating 
a reheat turbine, as shown by cycle V in 
Fig, S-107. lu this system, instead of 
the expansion occurring uninterruptedly 
in the turbine as in cycle B, the motive 
fluid is withdrawn at an intermediate 
point and heated externally until its 
temperature corresponds to the value at 
the turbine inlet. It is then reintro¬ 
duced into the turbine where it expands 


FUEL 



Fig. 8-107. Regenerative cycle with re¬ 
heating (cycle r). 

T = turbine 
C compressor 
B combustion chamber 
R = regenerator 

to the exhaust pressure. For optimum 
conditions, the reheat point sliould be 
selected so that the work done by the 
portions of the turbine before and after 
the reheat belt is approxiniat(‘ly equal. 
A comparison of Figs. 8-106 and B-108 
wuU show the benefit of reheating. It 
can be seen that reheating has an effect 



FtG. 8-109. Reennerative cyclo wHli in- 
tercooling (cycle D). 

T » turbine 
C SI compressor 
B a combustion chamber 
R B regenerator 
I » intercooler 



Fig. H-IOS. Thermal efficiency of regenei- 
ativc cycle with reheating. 



Fig. 8-110. Thermal efficiency of regener¬ 
ative cycle with intercooling. 
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eounter to tliat of regenwation In that optimum results ooeur at higher pressure 
ratios. 

Hegeneratiye Cycle with Intercooliiig 
(Cycle D). Another method of augment* 
ing the p^ormanije of cycle B is to incor¬ 
porate an intercooler in the conipresBion 
part of the cycle and thereby reduce the 
power requir^ by the compressor. Tims 
the air from the atmosphere is partially 
compressed and then cooled indirectly by 
water in a coimterflow heat ex-changer, 
after which it undergoes its final stage of 
compression. This (‘ombiiiation is shown 
as cycle D in Fig. 8-109. The ijeiformance 
characteristics of cycle D are given in Fig. 

8-110. As in the case of rehcatuig, when 
compared with cycle B, the introduction 
of iiitercooling increases the pressure ratio 
associated with maximum efficiency con¬ 
ditions. 

Regenerative Cycle with Reheating 
and Intercooling (Cycle E). When «U the 
uforeineiitioned eleincMits are used in a gns-turbine c*ycle, best results in the way of 
thermal efficiency are obtsined. I Vcle K, etnjilovmg such a conil^ination, is depicted 
in Fig. 1^111 The tlierrmil elheioncies of tlu cjcK at various tempiTatures and pres¬ 
sure ratios are given in Fig. 8-112. The added rehnoimuits of reheating and inter- 



Fio. 8-112. Thermal efficiency of regenerative cycle with reheating and interoooUng. 
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Fig. 8-111. Regenerative cycle with re¬ 
heating and iutercuoling (cycle E). 

T = till bine 
C = fouipressor 
B = coinbuetion. chamber 
It =■ legenerator 
I -= intercooler 
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eooling have, as in the case of cycles C and D, moved the point of maximum efficiency 
to ever higher pressure ratios. Flatter efficiency characteristics have also resulted. 

Comparison of Cycles. The maximum efficiencies have been plotted in Fig. 8^113 
as a function of temperature for all the aforementioned cycles so that a comparison 
can be readily made. The increase in thermal efficiency with higher turbine-inlct 
temperatures is readily apparent. BecauHC of such beneficial results obtained with 
the ,UBe of elevated temperatures, tliere is a real incentive for metallurgical advances 
BO as to develop superior alloys to operate in the upper regions of temperature. 

While all cycles imi)rove with increased turbine^inlet temperature, it will bo noted 
by comparing cycles A and B that the single modification showing the greatest rela¬ 
tive gain is the addition of the heat exchanger to the basic cycle. From this observa¬ 
tion it can be concluded that the most obvious manner in which to improve fuel 



Turbine Inlet Temp - Osg F-lOO 

Fio. 8-113. MaxiTiimti theuriii] effirieiiry of various ryclos, 

consumption is to emidoy a heat exeUangiT, as it is a comparatively inexpensive piece 
of equipment with reUtivoly low maintenance. 

Reference to Fig. 8-113 will reveal that the rale of improvement occasioned by 
higher temperatures increases as additional elenientR are embodied in the cycle. Thus 
a given increment in temperature benefits the more complex cycles to a greater 
extent than the others. For the conditions selected, reheating and iiitcrcooling both 
show about the same average gain when applied individually to the legenerative 
cycle. 

The Carnot efficiency, representing the maximum possible attainment of any 
cycle between given tcniperaiiire limra, is also shown on Fig. 8-113. Notwithstand¬ 
ing all the refinements incorporated in cycle E, it is still lacking to a considerable 
degree when compared with the ideal revi-isible CaiHut cycle at Ji given tcmperatim* 
Tn the limiting case, however, with infinite surface in the regeneiatnr and an infinite 
number of reheating and intcrecHding points, cj'cle E will then be theor<*ticaliy revers¬ 
ible and will have the sHme cfficleiicv a.s the Carnot t yde between any given temper¬ 
ature levels. The magnitude of the difference between the actual cycle E and the 
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Carnot is a mrasnro of tho departure of the performance of the various cycle coni’- 
ponents from ideal conditions. 

In the fwegoiiiK ryclcs, it was intended to show the effect on performance of a 
i’haiige m the cycle by uildiii|i; a ain^lc clement ut a time, starting with the basic 
cycle. In each cynic where it is \iscd, the regenerator has the same surface for a given 
output and the same coefficient of heat transmission. This also applies to the inter* 
cooler. Thus the various cycles are directly comparable when determining the effect 
of thc^ respective elements since correspoiidbig components are based on the same 
conditions. 

As a result of this premisi', therefore, the regenerator and intercooler effective¬ 
nesses arc different for each cyclo and temperature. Ljffectiveness is defined as the 
ratio of the change in temperature of the heated nr cooled air and the difference 
Iw^twccn the highest and lowest temperatures occurring in the hea*-excliange process. 
As an illu.stration, the effectiveiicss of the regenerator in cycle B with a turbine-inlet 
temperature of 800“F is 77 per cent, ^^hilc in cycle E at 1()00“F, it is 90 per cent. 
Siniilurly, tho inWrcooler effectiviuicss of cvclc E at 160()“F is higher than for cycle D 
at S00"F. 

In all cast's it is the same size regenerator or intercooler, but in the more complex 
cycles the effectivenws is highei because of the rodvicod quantity of motive fluid 
being liandled per uml output. ( onsequeiitly, a smiilier and less expensive hoat- 
^■^r*hauge element may b(‘ uao«l in one of the more ehiliorate cycles iliaii in the simpler 
ones for tho same efficioncy. 

Tins proccdviro of using the 'ijnue heat-exchange elemonts in ditTorent cycles is the 
most othcacious maiiiior in which the effect of tlic cycle itself can he deunonstrated. 
if, in addition to allenng tlie cycle, the same cffcclivciiess of tho heat-exchange 
apparatus had been retuined instead, then the datum points would bo incompatible, 
and any ooinparisons would be rendered dlusory. 

W'liilc the foregoing di,sru.ssion utilized five ditTeront cycles for illustrative pur¬ 
poses, it sliould bo understood that a variety of other cyclo combinations is iiossible, 
and each may have t»ortain distinct advantages. Hegardloss of the type of open 
cyclo adopted, ho\NCVor, it will employ .several or all of tho elements contained in the 
cycles just discussod Purthermoro, m a given cycle one or more units of the same 
oiemeiil may be uw'd in order to accomplish a particularly desired effect. Several 
other opoii-cy(‘lo nirangemenls will be discussed under Cias-turbine Applications 

Specific Fuel Consumption. Figure 8-114 show^s the minimum specilic fuel con- 
.suniplion, in pounds iicr brake liorscpowor-hour, of cycles A to K, inclusive, and of 
the C^ariiot cycli' when oil is used as a fuel. It was obtained by converting the 
thennnl-eflicioncy curves of Fig, S-103 to a specific fuel consumption basis, assuming 
lUo fuel oil to have a lower heating value of 17,800 Btu ^Hjr lb. Reference to Fig. 
8-114 w ill reveal the obvious iiuprovcuient in performance resulting from the adoption 
of elcviited lemiMTaturcri. Above I200'’F the specinc fuel consumption of tho more 
elaborate cycles is in the range of the diesel engine, wdule the fuel cost will be eon- 
Mderably less becausf 3 of the clieapcr grade of luel which the gas turbine is capable 
of utilizing. 

Kince ill open-cycle gas turbines the products of combustion pass through the 
turbine* blading, .such machines have usu.illy been considered as suitable primarily 
'rr emiiloying only liquirl fuels so as to reduce the solid particles in the motive fluid 
'o a minimum. Ilowever, the Ijocomotive Development ( onimitloe,^^ under Bitu- 
unnous C'oal Uesoarch, Inc., is at present conducting tests whose promising results 
mdioato the practicability of using pulverized bituminous coal as a gas-turbine fuel. 
This application will be iliscussed in more detail tmder Gas-^irbine Applications. 

With coal fuel, Fig. 8-115 gives for cycles A to F, inclusive, and the Garnot cycle 
the miniimiin specific fuel consumption as a function of turbine-mlet temperature. 
A bituininons coal having a lower heating value of 12,500 Btu has been select!^. 
Above 1200“F the fuc4 rate for the regeiicrative cycles is eomparable with that obtain¬ 
able ill modern central steain stations. , , , ^ 

Fuel Costs. Also in Fig. 8-1U is given the fuel cost, m cents per brake hors^ 
power-hour, for a fuel oil having an API gravity of 16, a cost of 4 cents per gal, 
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and a deniuty of 8 lb per gal. In the higher temperature regions the cycles emjdoying 
legeneration and other means for increasing efficiency are attractive on a fuel-cost 
baaiSj especially when compared with other prime movers using liquid fuels. 

Hgure 8-115 shows, in addition, the specific fuel cost for the various gas«turbine 
cycles when using coal costing $5 per ton. The desirability of using solid fuels is 
manifested by the low cost of generating power, as indicated in Fig. 8-115. In the 
upper temperature ranges the iiel economy is better than that of present-day steam 
stations using fuel of equivalent price. 

Optimum Fressure Ratio. Although the pressuie ratio at which maximum effi¬ 
ciency occurs in a given cycle is not prei‘isely a linear function of temperature, it 



Turbins lnl«t Temp - Deg F t 100 

Fro. 8-114. Minimum specific fuel consumption and cf»st for various cycles usinK oil fuel 

may be approximated as such, as shown in Fig. 8-116. It can be seen that the great¬ 
est variation in optimum pressure ratio with temperature occurs in ilu‘ basic cycle 
Thus, to build such a cycle for maximum perlonnance at elevated tenipCTatures 
would necessitate many stages in the tin bine and compressor. By adopting regener¬ 
ation (cycle B), these elements can be simplified, b(‘causc of the lower pressure ratio 
required, and higher efficiency can be atdiieved at a given lemperature. Fixeept in 
some special applications which may justify it, it is unlikely that the basic cycle 
would be constructed for peak performance at high temperatures, 

Befcrenee to Fig. 8-116 reveals that the adoption of reheating or inter cooling, 
individually or in combination, necessitatep higher prewbure ratios for the attainment 
of optimum conditions. Above a f^urbine-inlet temperature of 1050“F, however, 
even with cycle £, these pressure ratios are still less than the basic cycle requires. 
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Effect of Ambient Tempweture. As mentioned previously, the foregoing porforro - 
anec data are based on the air entering the compressor having a temperature of 60®F. 
Any variation, in this temperature will reflected in a change in pcrfornfiancc. In 
general, the thermal efficiency will decrease about one percentage point in efficiency 
for each 15® increase in inl(‘t air temperature. 

Performance at Pwtial Load. In Figs. 8-104, 8-100, ^108, 8-110, and 8-112 the 
maximum thermal efficiency is depicted as a function of pressure ratio for various 
turbine-inlet temperatures. Usually the maximum efficiency will occur at or near the 
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Fio. 8-115, Minimuni specific fuel consumptiou and cost for various cycles using coal fuel. 

full-load point of the unit. Operation at partial loads is accounpanird by nnluced 
tlKjrmal efficiency, and the degree of reduction de{>ends upon the cycle arrangement 
and the mode of oi)eratioji adopted. 

In general, maximum thermal efficieney at partial load eaii be achieved by main¬ 
taining the turbiue-inlct temperature at a high value. Optimum conditions at 
reduced load ensue whejLi the timiperaturo is kept constant at the design value for all 
loads. In order to accomplish this in open cycles at redur ed output, it is necessary 
to diminish the flow of the working sulwtance, which re<juires variable compressor 
speed. Where the nature of the load is such that constant rotative speed is not nec¬ 
essary, the variable-flow requirement can be fulfilled even in cycles comprising only 
a single shaft with one turbine and one compressor, thereby making possible the 
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Fia. 8-1 10, Optimiiin prossurp ratioi) for various cycles. 



Thermal efficieiicy at partial load for various cycles. 
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irttainmont of good partial-load cfliciciicies. If the load is of a fuod-6i»ecd typo, such 
as an a-c gcnoiator operating at couhtant frequency, in order to achieve variable 
lliw H riuiltiple-turbme arrangement is nemgsary where one turbine drives the gen¬ 
erator and the other the comprcBsor. 

The relative thermal cthciencieH of vaiious gas-turhinc cycles are given in Fig. 
8-117 as a fiiiiel ion i>f load. It can he seen that the flattest cjliai act eristics are uhtahiod 
in cycles III, VI,and vhere the tuibine-inlet teniperatuie is maintained 

essentially constant at the normal design value at all loads. In order to accomplish 
this, it will be noted fivim the legend that variable-speed operation is employed in the 
open cycles. The greatest variation in tliermal efficiency is experienced in eyelets 1 
and n, where the single-shaft, constai t-flpf*ed arrangement iieoessitates the adoption 
of reduced temperatures at light loatis with resulting lower efficiency under these 
conditions. 

The partial-load characteristics of the basic cycle I can be improved by using two 
shafts, as indicated by cycle IV. In the latter arrangement the variable-flow feature 
permits higher temperatures to be used in the light-Ioad region. It will be noted 
that the legend .siginlies variable-temperature opeiatioii for c>cle IV, It is so desig¬ 
nated since there is a slight decrca'-e in temperature with diminishing output, but 
the temperature -ftill still be maintained at higher values than in the case of the single- 
shaft airaugemeiit of cjcle I, A similar deinonbtration of the beneficial effect of 
muhipli* slijifls can be olitained by coiiqiaring the regenerative cycles II and V. The 
sustained higher temperatures at reduced load, xiossiblc vsith cycle V, jield u flatter 
efficiency characteristic. 

From Irig. H-117 it can be sc‘pn that the closed cycle VII pohsesses the most desir¬ 
able light-load peifonnance. This is one of the advantages ol closed systems and is 
produced by a type of control whereby the quantity of the nH)ti\e fluid cinmlating 
through the (ircuit is varieil. Thus, the tem]>e^at^I^e^, velocities, pressure ratios, 
and directions of flow remain CKsentially identical at all loads e\cn though the pres- 
bure le\el of tli(‘ cvete varies. The component parts of the cycle are, therefore, oper¬ 
ating approMiiiately at tlieir normal dcbigii conditions under all outputs so that the 
efficiency is maintained at a high value even at light loads. 

CLOSED CYCLES FOR GAS TURBINES 

The majority of gas turbiiieR that have been built operate on an open eyele of 
the l>pe depicti‘d by evcles A to K, inclusive. In contrast to this kind of c>cle, how- 
cvei, theie is another type referred to as a closed cycle w here the motive fluid is con¬ 
fined to a cloned system and is not duscharged to the atmosphere at any point, os in 
the ojK'n cycle. 

Escher-Wyss Closed Cycle. A closed-cycle expenraental gas turbine^ of 2,000- 
kw generatoi output which lias been proposed and built by the Escher-Wyss Engi¬ 
neering Works, Ltd., of Zurich, Switzerhuid, i.s shown in Fig. 8-118. Air is used aa 
the working fluid in the closed circuit of this unit. Starting at the intake, the air 
traverses the axiii 1-flow conijirehsor and two intcrcoolprs, after which it leaves the 
compressor and p:HR<‘s lliroiigh a eounterflow heat exchanger where its temperature 
IS raised by the turbine exhaust air. The heated air leaving the high-pressure section 
of the regenerator enters «n indirect-fin'd combuhtion chamber where its tpmjicraturc 
IS mcreased to the desired turbine-inlet value. After eximnding through a Uigh-pres- 
.sure tur!)ine, which drives the compressor, it then passes through a low-pressure 
turbine furnishing |)Ower to an eh’ctric generator. The exhaust air from this turbine 
has its temperature reduced in the regenerator from which it enters a precooler where 
its temperature is further diminished indirectly by cooling water. The cooled air 
then enters the compri'ssor, and the cycle is resumed. The use of the precooler is 
necessary so as to prevent prohibitive compressor power requirements. 

Control of Closed Cycle. In a (dosed cycle the output may be varied by changing 
the quantity of fluid circulating through the svstem. With a decrease in load, the 
spt'ed-responsive govi^rnor actuates valves wdiiih permit some of the motive fluid to 
lie withdrawn from the cycle and stored m a low-pressure accumulator. When the 
load increases, fluid is readmitted to the system from a high-pressure accumulator. 

481 



due. 8] 


GAS TURBINES 


A withdrawal of less than 20 per rent of the working fluid is auflicient to vary tho 
output from full load to no load. A separate compressor set is used to charge the 
high-pressure accumulator to compensate for fluid withdrawn during governing. 
Fuel supi>Jy to the system is altered so as to m sin tain essentially constant motive- 
fluid temperatures at all loads. 

Advantages of Closed Cycle. Several points of advantage are claimed for the 
closed cycle over the open type. The fact that the system is closed means that it is 
possible to use fluids other than air in the cycle. For instance, if a monatomic gas, 
with its higher isentropic exponent, were used instead of air, oi>timum performance 
could be obtained at a lower pressure ratio. When lighter gasos urc used, the output 
for given plant dimensions is increased. With inert gases, the tendency toward oxi¬ 
dation of metallic parts would be reduced. 

Since the system is closed, the working fluid may hv kept clean as there are no 
combustion products circulating through the internal circuit, lienee, the possibility 
of deposits occurring on blading and heat-exchanger siu'faces is reduced to a minimum 
BO that high turbine efficiency and heat-exchanger effectiveness may be maintained. 



Ti = compressor turbine K =■ regenerator 

Ta - power tuilmie P = pieconler 

C — oomprehfwjr I s* inter cooler 

B conibustlon chamber 

The optimum pressure ratio of a closed-cycle gas turbine will be about the same 
as that of an essentially <*quivalent opcii-cyclo unit, but its pressiu’cs at corresponding 
points in the circuit may be much higher. In the Fischer-Wyss cycle shown in Fig. 
8-118, for instance, the irrcssure at the compressor disi harge at approximately full 
load is given as 342 psia when the intake pressure is 85 psia. The pressure ratio of 
4.04 is of the order of that which would exist in a similar open cycle, but because* of 
the much higher pressures th(‘msi'lYCs the densities of the inoLivc fluid in tiu' closed 
system arc increased considerably. 

Because of tlie greater density the dimensions of the equipment for a given out¬ 
put are corresptmdingly reduced from those of an ojicn eyede. Tliis results in small, 
lightweight, high-speed, lower cost iriachinery. With the closed cycle it appears fea¬ 
sible to build gas-turbine units having a capacity up iu 25,000 kw and with apace 
requirements as low as 3.5 eu ft per kw. The low-pressure levels existing in open 
(jycles result in large specific volumes and cone,omitautly IncretMed dimensiojis which 
limit the maximum, capacity of such cycles to approximately 10,000 kw at the pres¬ 
ent time. 

In addition to reducing dimejisions, the higher density gJoatly increases the heat- 
transmission coefficients in the cycle. Therefore, the cninbinatjou of these two effects, 
coupled witli the improv(‘d cleanliness factor, results in much smaller heat-exchanger 
equipment. 

One of the most important advantages of the cUised cycle, where control is by 
variation of the quantity of motive fluid in the system / is that the efficiency at partial 
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loads is maintained at a high value. For example, teats on the Escher^Wyss unit 
showed on over-all thermal efficiency of 26.6 per cent at one-quarter load compared 
to 31.4 per cent at full load. These efficiencies are based on the lower beating value 
of the fuel, in accordance with standard Kurope.au practice, and with very cold cir¬ 
culating water, which existed at the time the tests wore performed, which would 
tend to increase efficiency. 

The flat efficiency charaotcristie is obtained because, with control by quantity 
variation, even though the pressure level in the system is changed, the tem|)eraturea, 
pressure ratios, velocities, and blading angles of attack remain practically the same 
at all loads. Therelore, the respective cycle elements are operating at or near their 
design conditions approximate!}" contiii lously. 

With a closed cycle, becaUHC of the indirect type of heater employed, it is possible 
to use either solid, liquid, or gas(‘oiiB fuel since the products of combustion do not 
pass through the other elements in the cvele. 

The closed cycle aoiilfl appear to be particularly .suitable for marine apph'cations, 
primarily Ix'caiisc of ttie large quantities of water a\ a liable for cooling purposes but 
also becauHC of the reduced size of external ducting since the only outside air require¬ 
ments are those for binning the fuel and not for supplying the entire cycle motive 
fluid, as in au ojieii system. Vccordingly, the intake and exhau'^t piping could be 


much .smaller. 

Disadvantages of Closed Cycle. Count era cling some of the pieviously enumer¬ 
ated advantages, the closed CM-Ie also has cerlaiu undesirable featuns-. not found in 
gas turbines of Ihi* oprm Ivpe. The pieeoolei, a ehanicteristic element of the closed 
cycle, ih not i<‘(juired in an open s\st(‘in. Jt ib a relatively large p»‘ce of equipment 
since it must reduce tlie leiui)(‘Tature of the working fluid entering the compressor to 
a rciisonablv low \alue In older to minimize the negative work of the cycle. 

The iiuhiect luuter that is Tciiuirod is also of aiipr^ciiilde size, For apulverized- 
eoal installation, it would be iqiproximatfdy of tlie same jiroportions as a .steain-gen- 
eratiiig nmt for a steam plant of cquivahml output. Tt is pos,-ibje to reduce tho 
size, however, by lesoiting In a pressurized construction. As a eonnKuisating feature, 
the heater does lend itsidf to outdoor installation which tends to mitigate tlie oVijee- 
tion of excessive size. A further disadvantage of the heatei is that it operates indirectly 
and, therefrre, less efficientlv than a combustion chamber in an open cycle. 

AUhougn some of tho pimcipal advantages of the closed l•ycl^ are realized because 
of till* high-pres^uie levels at which it functions, tins particular feature inereases the 
diflieulty of prevent mg leakagi'. More elahornte designs of glands are rerpiired than 
in an oiwm system which operates at h»wer pressures. In cycles where motive fluids 
other than ait aie eniployerl, the importance oi juiiiimizing leakage is manifeKt. 

All attiuctive fejilure of the open ode is that practical and efficient designs can 
be built without ain water requircrnentH. Such is not the case for a dosed circuit 
as relative!} large qumitities of ivatei are needed m the precooler. This limits the 
range of ajipIicatioiiK of dosed-cyd(‘ giis turhincb as it w-ould not be feasible to use 
th(*m in loemnotives or aii craft or in localities where water is riot readily available. 
If air iiistoarl of w"atcr were used as a coolant, the space requirements of the heat 
exchangers would be appicciable and might be prohibitive for a practical instaUatioii. 

Wertiaghouse Modified Closed Cyde. The WestuiRhouse hJwtrie t orporalion 
ui tliis eounlrv has under develnpmeni a modified elused oycle>‘ whieh ohmmates tlm 
eonvenliona) indirect heater, as slumn in ^119. p this arrangenient a direct- 
fired eomi.iistion rhamlrt-r of siualler size and higher effieiercy, similar to that of an 
onen evde is used. Since the B)>fem is internally fired, the oxygen loquiredfor eom- 
hustioii must he eontinuou.ly replenished. This is aecomplished by on auxiliary 
turbine compressor nhich supplies fresh air to the mam cycle at the upper pressure 
level in suflic.ieut quantity to furnish the requisite oxygen. The aux^ary turbine is 
driven by gas having the same iuitinl conditions as the mam turbine, hut its pre^w 
ratio and that of the auxiliary coinpressor are mueli higher than that whieh exists in 

“’“whiTe threyele depicted in Fig. 8-119 replaces the indirert heater with a smaller 
and more effieient type, it stiU leqiiires the precooler necessitatuig largo quantitiea of 
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water for its operation, Since it passes the products of combustion through the 
internal parts of the main system, subjecting them to any contamination that may bo 
present, it is similar in this respect to the open cycle. It also requires an additional 
turbine and compressor for its proper functioning, and there would be no choice of 
working fluids, as in the case of (he conventional closed cycle, since the use of air is 
mandatory. 

Because of the higher efficiency of the direct-fired combustion chamber, the 
arrangement shown in Fig. 8-119 should give better optimum performance than a 



Flu. 8-110, Wchtingliouflo modified closed cycle. 


T, 

> main turbine 

B = cnmbUMtiuo chamber 

Ta 

‘ auxiliary tuibiac 

T? = regenerator 

Cl 

! main compresHor 

P = precool cr 

Cj 

i auxiliary compreb,4or 



conventional closed svsttun, oilier things being equal. However, any such advantage 
may diminish with lime if there is deposition of foreign material on the blading and 
heat-exchanger surfaces. 

If the cycle is governed basically by fuel supply, as in open ,s 3 '^steinH, the partial- 
load efficiency would be less than that for the cycle of Fig. 8-118 wIhtc quantity con¬ 
trol of the motive fluid is employed. 

Sulzer Bros. Modified Closed Cycle. .Another modification of the closed cyele, 
wdiich appears to have certain advantages, is being developed by Sulzer Bros, of 


Ti 

T, 

Cl 

C, 



= com pressor turbine 
= power (urhiiip 
» main compressor 
* auxiliary compressor 


B > combustion chamber 
It - regenerator 
P — precooler 
1 =s intercooler 


Winterhur, Switzerland,*^' This cycle, shown in Fig. 8-120, retains the indirect 
heater and, c^nsecpienMy, the purity of the motive fluid in the main cycle, but it also 
utilizes the products of r-oinlniation by expanding theun in a second turbine which 
furnishes the useful output. The combiLstion air is oblained from the primary system 
and is restored by an auxiliary compressor driven from the main shaft. Unlike the 
conventional closexl system, the motive fluid is restrieted to air in the main circuit 
and combustion products in the power turbine. 
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This arraiiKC^mcnt comhinofl somo of the advantageB of both of the cycles shown 
in Figs. 8-118 and 8-119, although it still requires n precooler with its accompanying 
water supply. As in the case of the cycle of Fig. 8-119, the optimum efficiency 
would probably he higher than for a conventional closed systcra composed of other¬ 
wise corresponding clcinentB. Except for the power turbine, how'cver, it would not 
be subject to decreased performance due to flue-gas contamination. 

The comments presented previously rcgardnig the clfect of the method of govern¬ 
ing on ^partial-load efTifieiicy of the cycle of Fig. 8-J1!) also apply, in general, to that 
of Fig."8-120. In the latter cycle, however, the cleanliness factor will be higher, but 
Huy gain in this direction is counteracted by tic lower efficiency of the a\ixiliary 
compressor and power turbine because of their operating at variance with design 
conditions when under partial load. This is a more influcn(‘ing factor than the aux¬ 
iliary turbine of Fig. 8-119 bccHuse the pow’cr turbine involves more energy and, 
therefore, will affect cycle performance to a greater extent. 

OPERATING PROCEDURE 

The exact gas-turbine operating procedure in a given installation will depend 
upon the design and size of the particular equipment involved. For instance, the 
lightweight, hifth-apecd, and relatively small aircraft jet-propulsion gas ♦^iirbines can 
be .started from cold, in n puhh-buttoii manner, in less than (50 sec, iirimarily because 
of their simjilified and .‘■vmiuetrical design. For more elaborate plants, such as the 
stationary type, hoAvcver, where complex piping systema and other influencing factors 
arc involved, the .starting and loarling interval must be of somewhat longer duration. 
Ill general, the following procoilure will be applicable for most gis-Uirbine installa¬ 
tions. In particular instances, after a dehmle starting routine has been established, 
it may be decided to omit some of the .steps .suggested below. 

Starting. 

1. Start auxiliary oil pump If separate relay and lubricating pumps are pro¬ 
vided, these may be started individually. 

2. Cheek oil pressures and oil-sight feeds. This also applies to starting deviee, 
w lu'ther motor, steam turbine, or other type. 

3. \nafige all valves in system so that miiiinuim compressor-discharge prebsure 
will exist when maximum flow' is passing through turbine that drives compressor. 
This is particularly nece.ssary A>here axial-flow coinpreasors are invoKn*d so as to pre- 
MMit the oceiiiTenee of unstable conditioiiH. 

4. Test gas-turbine nver'^peed device by tripping by hand, and then reset. 

5. If starting device is steam turbine, the following additional procedure should 
be carrieil <Mit 

a. Teat steani-tiirbine overspeed device by tripping by hand, and then reset. 

/>. Admit eooling water to steam-turbine bearings if oil-ring type. 

r. Open all steam-turbine ilruin valves. 

(L Open steam-turbine exhaust valve, 

0. Engage starting deviee and brmg eoinpressor unit up to about 35 per cent of 
normal rotative speed. If steam turbine is used, a lower speed than this should 
first be attained by cracking throttle valve and checking immediately to see if oil 
rings arc revolving. Close drain valves when w'ater is out of steam system. 

7. Admit waU'r to oil cooler when temperature of return oil from main bearings 
rr^aehes 125°F. Regulate flow with discharge valve so as to maintain temperatlire 
between 125 to 130“F. 

8. C’heck bearings for sound and temperature. Check glands for sound. Open 
valves to gas-turbine gland seals, ('heck soimd of rotors for rubbing, 

9. CloRC fuel-oil shutoff valve to burner and start fuel pump. 

10. Adjust burner fuel eonirol so that flow will be about 10 per cent of normal. 

11 . Turn on ignition device. 

12. Open shutoff valve to burner, Flame .should develop immediately in combus¬ 
tion chanilier, resulting in a toinperalure rise of several hundred degrees Fahrenheit 
ill the turbinc-bilet gas t^cniperature. 

13. Turn off iguiliou device. 
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14. Increase fuel flow until speed of unit is self-supporting. The rate of increase 
in fuel flow will depend somewhat upon the design of the equipment, but for a unit 
operating on the basic cycle, the temperature may be increased approidmately at the 
rate of 100°F per min up to ilie 8elf-eupi>orting point. For more complex cycles 
involving several turbines and mure elaborate piping, it may be desiiablc to establish 
a reduced heating rate in conformity with the particular installation concerned. 

15. Disengage and shut down starting device. If steam-turbine type, clone 
throttle and open drains. 

16. If load-absorbing means is a-c generator, increase fuel flow according to above 
rate of temperature increase until normal speed is attained. 

17. Synchronize the generator. 

18. Apply load by varying fuel flow in conformity with rate of temperature 
increase established above. If other typo of loacl-absorhing means is involved, apply 
previously established appropriate rate of temperature increase until desired condi¬ 
tions obtain. 

19. Shut down auxiliary oil pump when main pump is furnishing proper relay 
pressure. 

Compressor Stability. In the operation of gas turbines care must be exercised 
not to permit conditions to exist which would cause the coniprcHsoi to operate in an 
unstable region. Tins applies particularly where axial-flow coiiipresaors are involved, 
as this type is the most susceptible to instability. TIils results from the steep pres¬ 
sure-volume characteristic associated with compressors of this kind. lTiii,lablc oper¬ 
ation is referred to as ^'^urging^* or “pumping” because of the pulsations wdiich 
occur w^hen working beyond the normal oi>rrating range. Under such conditions 
violent surging may occur, n'sulting in potential damage to the equipmi^nt, thereby 
indicating the obvious necessity of avoiding such incidents. 

Pumping IS caused b}' the existence of excessive pressures at the ounipres'^or dis¬ 
charge, resulting in a breakdown of stable operating conditions. I'he ] aim ping limit, 
may be considered the transition point from the stable to the unstable region. It 
may be* established by increasing the discharge pr(‘sRure of the compressor at various 
constant rotative speeds until pulsations ensue at each speed. Ah the pumping limit 
Is approached, usually the pulsations wuJl graduall}^ be(*oine audible, but luuhu* some 
conditions no W'aniing pul^es w’ill be observed The detection of the approach to 
the unstable region can be facilitated by connecting a manometer to the compressor 
discharge and noting the fluctuating columns. The fieqiicncy of the oscillationb will 
probably be less than 1 cycle per sec. 

The normal design point of ajtial coinprc'SHOrs when operating at rated spec'd is 
such that the pressure at the compressor discharge is approximately 20 to 30 per cent 
less than that corresponding to the pumping hmit at that speed. NotwitUhtanding 
such a margin, howM'ver, in some cycle arrangements certain combiimtioiis of condi¬ 
tions may result in unstable operation. Sudden increases iu fuel flow, producing 
rapid rise.s in temperature, accompanied by corresponding pressure increments, may 
cause pumping. 

As mentioned previously, pumping ensues when the pressure at the discharge of 
the coinpressof exceeds the stable value. The determining factor w'hich eRtablishcs 
the magnitude of the discharge pressure is turbine capacity. Thus the tinlnne noz¬ 
zles and blading represent a constriction in the compressor-discharge system. The 
Stability margin will be greatest, therefore, in those eycles where the turbine driving 
the compressor also furnishes the useful output. In such an arrangement, because 
of the large turbine capacity, the peak pressures in the eych* would not tianscend 
the pumping limit over the usual load range, and stable renditions -would prevail. 
In cases, however, vrhore the function of one turbine is only to drive the eompn*BSor 
and the useful output is delivered by another turbine on a separate shaft, siH^cial 
design precautions must be adopted to avoid pumping. 

One method of neeomplishing this is to pro^dde a by-pass arrangement on the 
compressor turbine so that additional rapacity may be obtained by shunting the ini¬ 
tial stage of the turbine. Such a procedure is shown in Fig. 8-131. If the turbines 
are arranged in series and the high-pressure turbine drives the compressor, increased 
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turbine output may be obtained by by^passing the loW'-preesure turbine eo that the 
exhaust of the compressor turbine discharges to atmosphere. In this manner, because 
of the greater energy drop produced, additional power is obtainable from the high* 
pre^ure turbine without its inlet pressure approaching the pumping limit. 

Regulation. Governor regulation of a prime mover is defined as the change in 
speed, usually expressed as a ]>er cent of normal speed, resulting from a load ehange 
equal to the full load of the unit. For steam-turbine practice whore the driven unit 
Is an electric generator, ihc speed regulation is of the general order of 3 or 4 per cent 
of the normal speed. In the case of steam turbines, the governor regulates the valves 
controlling the flow of the working substance, pteam. Because of tlie large forces 
required to actuate the valves, a relaj’ . ystom is employed where the governor only 
operates a iiilot valve. The latter, in turn, by means of a hydraulic system transmits 
the action of the governor to power pistons which furnish the amplified forces for 
positioning the control valves. 

With gas turbines a different systeio of control can be used, requiring much smaller 
actuating forces. Instead of regulating relatively large valves which control the flow 
of the motive fluid, as is done in steam-turbine practice, a comparatively simple gov¬ 
erning arrangement can be employed in gas turbines whereby the output is varied 
by regulating the fuel flow. In this instance, a single v'alve of small capacity is 
involved, and the required control mechanism can be of reduced proportions. Thus, 
because of the lower masses and rosultmg shorter accelerating periods, the gas-turbine 
mechanical-governing system adapts itself to the attainment of rapid response <'har- 
acteristicB. The over-all control characteristics of a gas-turbine unit also doi)end, 
however, on the rate of thermal response encountered during the combustion process 
resulting in the transferring of energy from the fuel to the motive fluid and the sub¬ 
sequent conversion to inechaiiical work in the turbine. 

Owing to the limited number of gas-turbinc-i'lcctric-gcnerator types of units that 
have been constnicted, there' are not many governor-regulation data available. How¬ 
ever, the published tests^® of a 4,0(X)-kw unit, built by Browu-Boveri and installed 
at NeuchUtel, Switzerland, inchide regulation results. During these trials, when the 
load was changed from full to no load, transient and settled speed increases of 5.8 
per cent after 22.5 .see and 2.5 pci cent alter 1 min, 48 sec, respectively, w'ere olmerved. 
Application of the load from no load to full load resulted in transipul and settled speed 
decreases of 5 per cent after 33 sec and 2.65 per cent after 1 min, 45 sec, respectively. 

MAINTENANCE 

As mentioned previously, the eomnicrcinl application of the modern combustion 
type of ga#i turbine has been ratlu'i limited and of short duration, so extensive main¬ 
tenance data regarding gas tui bines in general have not been established as yet. 
The use of the gas turbine in the lloudry catalytic cracking process has afforded 
about the only oppoHiiiuty for a consistent service record to be obtained on units in 
the prime-mover (‘ategory. The first lloudry unit was installed in 1936, and in the 
intcrveiiiug 12 years a total of 38 units have been built, 32 by AJlis-C’halmers and 6 
by Brown-Boveri, so a suttieieni background of ('xperience now exists from which 
reh'ablc deductions may be foniied. Of this number, one unit has a normal rating 
of 16,000 cfm, 16 of 23,000 cfin, 20 of 40,000 cfm, and one of 60,000 efm. If used as 
conventional jxiwer units op(Taling on the basic open cycle at a turbine-inlet tem¬ 
perature of 1200°F, these four sizes would develop respective net coupling outputs of 
approximately 900 bhp, 1,400 bhp, 2,600 bhp, and 4,400 blip. 

One of thi‘ principal users of oil-refinery gas turbines has been the Sim Oil Com¬ 
pany, of Philadelphia, Peuii.sylvania, and a paper^’^ deseribbig this company's service 
experience with gas turbines has been prepiired. This paper presents one of the few 
authoritative published diseussioiis of gas-turbine maintenance based on actual oper¬ 
ating reeords, and continued reference wdll be made to it in this section. Since the 
method of operation of the oil-rcfincry turbines has been given in a previous section, 
it will not be repeated here. 

The seven Houdry gas turbines which the Sun Oil Company hsa been operating 
in its oil refineries are given in Table 8-44. All the units are of the 40,000-cfm sise, 
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shown in Fig. S-102, except unit 1) which is rated 16,000 efrn and is a modified 23,000- 
cfm unit, the latter beiug illuHlraled by Fig. 8-101. 


Table 6-44. H udry Gas-turbine Installations, Sun Oil Company 




t’lipnHly 

1 Upin 




Plant 

Lotiation 

r'oiii- 
pressur j 

(fcn- 

erutnr 

i 

Turbine 

ami 

CJen- 1 

1 Starting 
de\ ire 

I 

Dai4* in 
ser^ice 

Manufacturer 



std L-fiii 

hp 


I'latur ' 







preasnr 





A 

Marcus Hook, Pa. 

40.000 

1,500 

6,180 

1,800 

^lutor 

Dee., 1036 

Brown-Hov eii 

B 

Marcus Hook, Pa. 

40,000 

1.5(M) 

6 180 

l,8fX) 

Motor 

July. 1038 

Brown-en 

C 

Toledo, Ohio 

40.000 

l.WKl 

6,180 

1,800 

klotor 

Aug , 19.10 

A lUR-(7hal liters 

D 

Marcus Hook, Pa. 

16. (HM) 

5(K) 

6,000 

1.800 

I'lirbine 

Nov., 1040 

AlIin-ChalmerR 

E 

Marcus Hook, Pa. 

40,000 

1,600 

5,180 

l.BOO 

Turbine 

Doc., 1940 

Allis-ChalmerK 

F 

Marcus Hook, Fa. 

40,000 

1,600 

6,180 

1.800 

Turbine 

Jan., 1041 

Allis-Cqialniers 

O 

Marcus Hook, Pa. 

40,000 

1,600 

6,180 

1,800 

Turbine 

Aug., 1043 

Allis-(''halmerN 


Types of Failures. Tlic operating experience obtained has revealed that th(’ 
principal causes of shutdown arc (1) bearing failures, (2) lubrication failures, and (3) 
blading failures. A list of all the types of failures eneountered wliich resulted in 
outages is given in Table 8-45 in the order of their prevalence. 

Aii itemization of the type, frequency of occurrence, and duration of the. failures 
causing gas-turbine outages is given in Table 8-46. It will be noted that Ixiaiing 
failures represent 63 per cent of the total number and ac(‘omit for 56 per i*cnt of the 
total outage duration. Lubrication difficulties are next, Tviih percentages of 13 and 
15, respectively, followed by blading troubles with 9 and 11. Ileference to Table 
846 will show that, while bearing troubles were prcdnininant, the rath) of frcquciiey 
of oecurrenee to duration in the case of bearings is higher than that of the othei 
types of failures, indicating that individual bearing failures caused less proport ionati* 
delay than the others. 

Table 8-46. Types of Failures Causing Gas-turbine Outages, Sun Oil Company 

1, Bwnnff» 

Thrust bcarinKs 

SprifiK linffB (roller beuringB) 
l,S00-Up motor beanngs 

2. Lubrication 

Dirt in oil rausinfi Waring failures 

Water in oil (cundensatej cauhiiig Waring failurt‘>^ 

Main oil punipa, broken ahaft apline ah rrHiilt of Ix^aring failure;' 

Auxiliary oil pum|i, failure tu btart when ujuin jtuinp failed 

3, Blades 

Looae bladeti (lattwt design with integral root, no looae blades in 22 nionlbs on nne uiiiO 
Eroaion, gaa-furbine bladea. 

4. Atr-fieaZ atrtptr ^failure) dnea nut iieeGbsaiLly eauae Rhutdown) 

Material 

Rubbing, due to change in alignnient 
Expanaion jointa, harnesA 

6, JBiplonons 

By-paaainic air into oil vapors, exitenmentul case 
Reformer, air by-patiWMl into oil vapora 
Caaee, gas explosion, gas burner opened by mistake 
Dirty oil burner, no atomization 

6* Miseetlaneou* 

Forragn objects in compressor or turbine 

Failure to synchronise before cutting motor in when starting unit 

In Table 844, units A to F, inclusive, were originally installed with an angular- 
contact ball-bearing type of thrust bearing, hut, t'^esiise of the diflicultios that devel¬ 
oped, those have been changed to the Kingsbury type. Unit (i has always had a 
Kingsbury thrust bearing. There have lM»en no thrust-bearing failures with the 
Kingsbury type, and the belief is advctnced that the bearing change has essentially 
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pUirnuated future trouble from this source. Some hearing outagefl were oausiHl by 
failure of (he spring support rings of the roller bearings supjjo-ting the rotating shafts. 
In later designs where sleeve bearings have been used for this purpose, an exemplary 
service record lias been achieved. 


Table 8-46. Number and Duration of Failures Causing Gas-turbine Outages, 

Sun Oil Company 



The outages (*aiised bv lubrication ihfTiculties resulted pninarib’^ fioiri foreign 
matter in Hit* oil and oi1-[hiiiii) lailures The iiiistallation ot blottei prowsses has appar¬ 
ently eorreeled this cuiuhtion as no lubrication failmes have occuued siiiee they Dvere 
used. 

Blading lailun'S, while in tlnid jilacc as (ar as durali m is concerned, are probably 
(he most stuious t^jje ol iiulnuhuil fuilun* with respect to the delay and expense 
involved. \s has been pre\ iousb desciibed, the original blading designs comprised 
.separate sinicer [ueees which held (he blades in their gioo\e8. ObservatiouB indicate 
that failiues Inn e oeiuirietl puinanly due to fatigue eiacks originating from an inden¬ 
tation produced a( the Jme of contact of the spacer pieces and the blade surfaces. 
Ill la(er designs by AUis-('haliners, where integral-root blades have been einploved, 
no difliculties liave been encountered in an operating jierioii of almost 4 years, 

Unavailabilitv of the equipinejit due to failures of air seals at the ends of the 
lotating shafts has b(*en of njuior eonsequenee. Mishaps of this sort would rarely 
I aiiso any extended d<‘la.>s ms such repaiis c-aii he postponed until regularly scheduled 

hhutdown periods -i i ^ ^ ^ 

Table 8-10 also indicates that explosions have been resiwnBible for C.5 per cent 
of the total outage period Thesi' exjilosions o(*curred because of operating errors 
with other pieces of equipment in the cycle and have no relation to the design of the 
gas turbine. \o serious daiuage resulted from aj*y of the three explosions listed in 

Table 8-46 , ^ j a 

.Several niiaceUaneous shutdowns due to maintenance errors and not related to 
turbinp desiiEii wen- pxppiipiicca I'uJpr <his arc iiirludpd (mtagea caused 

bv leavine foreign objel•^^ in Ibe compressor und similar mishaps. 

' AvailabiUty. Hefprom-e fo Table 8-47 mill hliow that the averaRp availability of 
ihc caH-turbine miita n'porled v as !18.] per eeiit. Fipires of tliis order are very 
.iiid indicate a IurIi deRree of reliability. It should be pointed out, however, that 
the Houdry RiiR-tuibine eipiipment ia of conservative desiRn, operatinR at low streffics 
and U‘inpiM-,duie, the laflei bcinR in the ranRC of 875 to !K)0°F wluch is well Mow 
the (emperatmea advoeuted for present-day Rus-turlniie power unita It miRht bo 
mitempluted, tl.eieforc, ll.at l.iRber temperature desiRns may exhibit a tendency 
toward iiiercasisl mamteiiamT over Ibat stated above until further operating expe- 

lienee at elevaled lemix'raliires is obtained. . .1 

The aviiiliibildv of !W 1 per cent noted above eoirespoiids approximately with 
that of central-station steu.n-t.irbme e„uipmei.t Such ..milarity is to 
however, as modem steam turbines are operating at aiiproviinately the same temper- 
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ature and atress levelA, and the purely rotary motion of lK>th types of turbines is 
conducive to low maintenance. 

Anticipated Availability of Modified Designs. It is interesting to reflect on what 
ihe anticipated availability might be of Houdry gas turbines whose designs have 
been modified in aceordance with the dictates of operating experience. For instance, 
the Sun Oil engineers estimate that thrust-bearing outages would have been reduced 
60 per cent if the Kingsbury instead of the ball type of thnist bearing had been used 
in the original designs. Assuming further that sleeve instead of roller bearings 
were adopted, a revised value of 70 per cent would probably be reasonable, losing 
this figure, the outage for bearings of 101 days, given in Table 8-46, would become 
30.3 days. 


Table 6-47. Summary of Gas-turbine Operation to May 31,1946, Sun Oil 

Company 



1 

1 

Ouiace 1 

1 Availability 

Plant 

Total da>H 

Dajh 

_ 1 

JVt ci'nt 

1 _ _ 

Days 

Per rent 

A 

2 057 

50 

1 HS 

2,007 

08 12 

U 

l.*»21 

21 

1 0.1 

1, !)00 

98 01 

IJ 

1,456 

^5 

3 00 

I 413 

00 91 

E 

1,438 

34 

2 3G 

1 404 

07 64 

F 

1.304 

20 

2 08 

1 .305 

07 02 

G 

660 

0 

0 

560 

100 (K) 

Ti>ial 

0,437 

170 

1 00 

0 258 

~98 10 


Keferriiig to lubrication difficulties, since no failures of this tyiM* have occurred 
Riibsequent to the mstallation of blotter presses, it is assumed that shutdowns of this 
nature would be reduced 75 per cent if these had been cuiployed originally. On 
this basis, the 28 days' outage of Table 8-4{) would diminish to 7 days. 

As mentioned previously, no blading failures have occurred since the installalion 
of the new integral-root blading in the f loudry gas turbines of the Sun Oil Company. 
If this modified design had been applied initiallv, it is reasonable to expert that 
blade life would at least have been doubled, so that an outage of 9.5 days would 
result instead of the 19 days of Tabic 8-46. 

In establishing an anticipated availability with modified design, it is assumed that 
delays due to air-seal difheultios would be of the same order as those' aetunlly expe¬ 
rienced as these are of minor importance. Also, iriasmiieh as shuldowns due to 
explosions and miseellaneous causes had no relation to gas-turbine design, these haA'c 
been omitted in determining expected availability. Accordingly, if n IJoudry gas 
turbine of modified design functioned in conformity with the aforcineutioned assuiup- 
tkins and on the same operating schedule as the units reported on, it would have an 
availability of 99.5 per cent, a value hardly expelled by any other type of equipment. 

It is desired to reiterate that the exceptionally good availability tigurCvS under dis¬ 
cussion refer to equipment designed for long life with relatively low sti?sses and 
moderate operating temperatures—under lOOO^F. Tlie good scrvic.e records obtained 
with existing units do demonstrate, however, that the gas turbine is a reliable piece 
of equipment and not a radical innovation. Other types of gas turbines now lK*ing 
proposed and built where efficiency, weight, or space is of prime imp<vrtance will be 
designed for considerably higher temperat\ireB, probably in the range from 1200 to 
lOOO^F. Designs employing the tipper temperatun,* region represent an appreciable 
advancement in the state of the art and, considering the ultimate gains to be achieved 
with developments of this nature and scope, any necessary eoneumiiant increased 
maintenance should be condoned until the experimenlal phase is eoiisummnted. 

MATEIUALS 

As has been previously oliserved, the performant*e of gas turbines improves with 
the use of elevated temperatures, ('onsequently, the necessity for adopting suitable 
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ihaterifils to withfltand high-ieiiipornture tk^rvico is manifMJt. Proj^roas in the gas* 
turbine field will always be rontingent upon mcl^allurgiral advanecs, and real inceU'- 
lives exist for the development of alloys capable of operating at extreme temperature 
limits. In an attempt to a<*(‘omplish such attainments, serious cousidi'rafion is being 
given to the use of oeramics with tht‘ antiripation that the employment of tempera¬ 
tures in excess of 2000*^ may he a reality in the not too distant future. Experiments 
with ceranucB, both as a coating for metallic parts as well as a base material, indicate 
encouragiiig results. Other than for some limited small-scale laboratory investiga¬ 
tions, however, all gas turbines so far have been constructed of metals, and the great¬ 
est impetus is being devoted to metallurgical research on metallic materials. 

The metallurgical background for the production of adequate high-temperature 
alloys for gas turbines has been obtained from the many years devoted to the devel¬ 
opment of materials for use in the construction of steam turbines operating at increased 
temperatures. After an evolutionary period embracing approximately half a century, 
the stcam-tuibiue art has reached the stage where it is now considered feasible to 
build a unit to operate at 1000°r. Reference to the perfoimanee data previously 
presented makes it rather obvious that, for gas-turbine service, temperatures below 
1000''F could not be tolerated if reasonable efficiency is desired. 

Hence, the seemingly incongruous situation exist? where, for similar types of 
equipment, a temperature of tOOO^F represents an upper limit in one case and a 
lower in the other. The apparent inconsistency is jmrtly explainable when it is con¬ 
sidered that stcjim turbines are noimally designed for a minimum service life of 
approximately twenty years. A comparable figure for gas turbines of the prime- 
power type is aTiout ten years, which would permit the use of higher temperatures. 
Also, the maximum pressures encountered in open-cycle gas turbines are less than 10 
per cent of those of modern steam plants, so for units of the same output and factor 
of safety, the statioiuiry parts, such as ])iping and casings, of an efficient gas-turbine 
c\cle ma}^ operate at increased temperatures, notwithstanding the larger specific 
volumes of the motive fluhl iiivolveit. 

Furtheimoro, because of the required higher temperatures of gas-turbino plants 
it has been iiecosaary to accept creep intes approximat<‘ly ten times as much as those 
used in ttio design of corresponding parts of stcoiii tuibines, and the stress level is 
lower than ^hat tound iti steam turbines. In addition, because of the much shorter 
tiearing span of spiudleb for gas tiirtiines, somewhat higher temperatures can bo sanc¬ 
tioned since the clearanc*e and distortion problems under otherwise similar conditions 
are normally less acute 

In general, at tlio present time the maximum design temperature for prime-mover 
type of gas turbines having a service life of about ten years is approximately ISOO^F. 
Uiglier temperatures limn this haie been employed, however, in special applications. 
For inshince, temperatures as liigh as 16(X)®F are used in gas-turbine superchargers 
for aircraft. Also, for aircraft jet-propulsion units, temperatures of 1500'’F are used 
at the inlet to the gas turbine. In these eases, however, since space and w’oight aje 
at ft premium, the higher temperatures required to produce these features are con¬ 
doned, and limited-service life is accepted. In aircraft equipment of this type, such 
life i.s considered in terms of hundnala of hours instead of years. 

High-temperature Alloys. The materials used in the higher temperature steam 
turbines were not considered adequate for gas-turbine service, so since 1940 a large- 
scale metallurgical development program has been conducted under sponsorship of 
various govt'rnmcnt agencies. Scon's of different alloys were investigated, but at 
present some of the most promising materials^* appear to be as shown in Tabic 8-4B, 

The alloys listed in the table are of two general kinds: forged and east. The 
forged type can be further divided into two elasscs: those which arc normally used 
without heat-trf'atmcnt and those which usually obtain their optimum properties 
when heat-treated. Alloys 1 to fi, inclusive, would be of the first class and 7 to 18, 
inclusive, of the second. Alloys of the first class arc usuiilJy cold-worked so as to 
realise the best results from the materials. The cast alloys, siich as 19 to 24, inclu¬ 
sive, when used for smaller parts, such as turbine blading, are made by the lost-wax 
precision-casting process which will be described in more detail later. Alloys 25 and 
26 have been used for turbine diaphragms and casings which are produced by essen- 
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tially standard foundry methods. While alloys 1 to 18 have been included in the 
forg^ classification, some of them, also, show good properties when in preeision-cast 
form. 


Table 8-48. High-temperature Materials for Gas Turbines 


Chemical ('onipu»itiuii, [ler eeut 


loy 

iName 
















C 

Hi 

Mh 

N 

Cr 

Ni 

Mb 

('o 

W 

C'h 

1 Ti 

At 

le 


Ported alloyq 














1 

17W 

0 40 




14 00 

19 00 

0 50 


2 50 





2 

19-9 W Mo 

0 11 

0 42 

0 GO 


18 87 

8 63 

0 40 


1 .36 

0 28 

0 46 



3 

19-9 DL 

0 20 

0 57 

0 52 


18 95 

9 05 

1 22 


1 19 

0 29 

0 21 



4 

234 A 5 

0 38 


4 00 


10 0 

5 00 

1 00 


1 00 

0 50 




5 

16-25-0 (Timken) 

0 06 

0 86 

1 54 

0 07 

16 55 

25 20 

6 46 







6 

Gamma rolumhiuni 

0 38 

1 21 

0 74 


14 51| 

21 04 

4 41 



4 ,14 




7 

Nimonic 80 

0 04 

0 47 

0 56 


21 18 

74 23 





2 44 

0 63 


S 

luooncl (mod ) 

n 03 

0 52 

0 53 


14 0 

75 0 





2 77 

0 63 


9 

Refrartaloy 26 

0 03 

0.65 

0 70 


17 9 

37 0 

3 03 

20 00 



2 90 

0 25 


10 

N 153 (lo« C) 

0 08 



0 15 

15 0 

15 0 

3 00 

13 00 

2 00 

1 00 




11 

N 153 (hiKh C) 

0 38 

0 62 

1 78 

0 07 

16 20 

14 98 

3 01 

12 82 

|2 I 9 I 

1 06 




12 

N 155 (low C) 

0 14 

0 52 

1 48 

0 H 

21 30 

20 00 

1 .3 06 

20 00 

2 20'] 10 




i.3 

N 155 (high C) 

0 32 

0 59 

1 64 

0.11 

21 08 

20 80 

3 00 

20 54 

2 1810 98 




14 

6 495 

0 50 

0 H8 

0 73 


14 44 

20 62 

4 38 


3 92 

2 76 




15 

S 690 

0 40 

0 21 

0 60 


19 50 

19 7K 

3 D5 

19 35 

I 4 15 

4 04 




16 

6 B16 

0 38 

0 25 

0 82 


18 87 

10 70 

4 04 

45 61 

1 71 

{ 43 



2 04 

17 

HaBieUoy B 

0 05 

0 19 

0 59 



65 10 

28 63 






4 71 

18 

K42B 

0 06 

0 34 

0.70 


18 00 

42 00 


22 00 



2 56 

0 59 

13 00 


Cast alloyn 














19 

Vitallium 

0 25 




28 00 

2 00 

6 00 

Bal 






20 

61 

0 45 




28 00 

2 00 

|Bal 

0 00 





21 

6059 

0 45 




28 00 

36 00 

6 OOjBul 






22 

422-19 

0 45 




28 OOllG 00 

6 OOiBal 

2 00^ 




U 65 

23 

I N 155 

0 45 




20 00j20 00 

3 00 20 00 


1 00 




24 

X 40 

0 48 

0 72 

0 64 


28 OOlli 00 

I 

Bal 





0 55 

25 

25-12 

0 30 

1 nolo 80l 

0 11 

25 00|l2 00 



7 50 1 





26 

25-20 

1 

2 00| 

1 


2 > 00 20 00 

1 

1 




L 




The malerials \slu(‘h have proliahly hren uhihI in gn'atf'st quaiititii'h are the ll>- 
25-6, alloy 5 and vitalliiim, alloy 19. The&e two inaterials wnt* UM(‘d for disks and 
blades, respectively, in the giis-1 iirbinc wheels of the aiieralt tuibosiiperehargers 
which were manufactured in hueli large ^oIume dining the ,Sf‘Cond World War. One 
of these superehargers is shown in I'lg 8-140, and tlic exposed tin Inin' wheel niav bo 
readily observed. In this applieation, the eiist-vitalliuin blades Avere welded to the 
forged 16-25-6 wheel by ineaiis of the uiiion-inclt prueess. More than 6,000 tons of 
the Timken alloy have been produeed, so much txperienre has been gained with it. 
Before adopting a high-temperature alloy, it is desiiable to determine its properties 
when produeed in large heats, as the results obtaim'd from laboratory samples may 
not be entirely representative. 

Elements. The metallurgy of alloys suitable for hlgh^bunperatuie servi<‘e is a 
complex phenomenon, and the Httainnieiit of a superior allov is u.sually tin* result oi 
painstaking exp<Tinientation. It is generally known what elements are desired to 
produce berieficiol high-temperature projiertios, but even after the kind and magnitude 
of the ingredients of an alloy have been esta])h.Hhed, it Is U'^ually thi* su1:)S('queiit 
treatment and proeessing that determine tlie final proi>ertie.s of the material. 

In general, the elements given in Table 8-48 eontnhute some desirable eharaetei* 
istic to high-temperature alloys. Praetieally all high-temperKture mater'alh will be 
of the c'hromium-nickel tyjK*, and mo.st of them will contain molybdenum. The 
forged and east alloys are usually of the iron- and riobalt-liase type, respeetively, but 
some work is being done on vacuum-cast chromiuin-basc alloys whu*h shew mut'h 
promise for still higher temperatures. 
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Molybdenum a defiirabfr eonNtituent as it produces strczifsd^h at liigh tempera¬ 
tures. (Uiromiuni offers resistaiiC/C to oxidation and corrosion. Nickel^ in proper 
proporlioiis, improves ducUlity and produces an austenitic strueturo. It also 
increases tlie strengthening offer! of caibon and the corrosion resistanco of riiromiuni. 
C/arhon ancl nitrogen have strengthening and stabilizing characteristics, but highiTT 
carlioii contx'iits t(*iid toward lower ductility, which is undesirable. Nitrogen al«<> 
improves grain reftneincnt and ductility in steels higli in chromium. Silicon in small 
amounts in combination with otlior alloying elements, such as chromium, enhances 
resistance to corrosion and licat. Manganese acts as a deoxidizing agent and, in 
proper amounts, imircjises strength. Cobalt in many resperts is similar to nickel in 
the properties which it produces. Tungsten as an alloying element has an effect 
similar to molybdenum, but several tunes as much is usually required. Titanium 
and columhium are stalulizing clcmenta used to prewent intercrj'stalline carbide pre¬ 
cipitation. Aluminum is prinuirily used as a deoxidizer and for grain rcfinemeiit. 
Kosistanee to oxidation is also iniiuovcd by the use of aluminum. 

Physical Characteristics. In the design of high-tempe^rature gas turbines, the 
following information is rc<iuired regarding the matt^riaJs involved in the eonstruction 
of the equipment: 

1. IJltunatf'strength 

2. Yield strength 

3. Strcsh-nipluro 

4. t'’rt‘ep 

5. Fatigue 

(). Elongation 

7. Rpducti(»n in area 

8. Hardness 

9. Impact 

10. Oxidation 

11. Oorrosion 

12. Damping capacity 

13. Relaxation 

14. Modulus of elasticity 

15 Theiuuil cxpiuisioii 

11) Thenuiil coiuhiclnuty 

Most of the abovf* tests are fairly well standardized, so no further elaboration of 
their iiatun* \m 1I be pichciited here The stress-rupture test, howe\pr, may not be so 
well known as it has lu*coiiie paiticularly hignifiraiit recently because of the advent 
of the gas turbine. It inobably furnishes the most useful infonnatiou to be used in 
the design of gas turbines. It can be euiisidereil as a modilied or long-time type of 
ultimate-strength test. 

The test for ultimate strength is a short-Unie tensile test at eonstaiit temperature 
where failure occuia in a matter of minutes. If a sustaiiicd lighWr load had been 
:ipplir‘(l, a longer time would have been required for failure of the specimen. There¬ 
fore, if a succchsioji of diminishing stntie-breaking loads i.s applied to a group of 
Hpeeiinens at a constant timiperature, respective failures will take place at eorre- 
flpondingly increasing time inli-rvnls. A test of this nature is referred to as the stresa- 
rupture type. The stresses at w'hich rupture occurs are usually plotted as ordinates 
against the times for rupture as abscissas on log-log coordinates, and a linear relation¬ 
ship is generally found t/o I'xist for most alloys. In the majority of cases, tests of 
this nature are usually eonducted for a period of about 1,000 hr, and the linear-rela¬ 
tionship feature afff)rdH a ready means for extrapolatiion to longer time intorvalH. 
This latter operation should be inirsiicil with caution, however, as erroneous predic¬ 
tions can result, ospt'cuilly if the nialerial is susecptible to oxidation. 

A eoneeptioii of mine representative stress-rupture values at 1200 to ISOO^’F may 
be obtained from Fig. 8-121 where alloys 16-25-6,’® S-500,^® and 422-19’® have been 
selficted at ramlom for illuslrative jmrixwes. Alloys lG-25-6 and R-590 arc of the 
forged type,, and 422-19 is preeision-cast. It ran he seen that the cast alloy shows 
superior properties at high teinix'ratures. The forged 16-25-6 alloy, as mentioned 
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previoualy, haa been uaed in very large quantities for superobarger and jet^propubuon 
gas-turbine disks where temperatures are in the 1200®F ran^. It baa very good 
stress-anipture properties at siic'b temperatures. For gas-turbine disks operating in 
the vicinity of 1500**F, some of the more recently developed forged alloys, such as 
S<^590 or S^16, show good characteristics. It will be noted that the relative dilTer- 
ence between ^590 and 16-25-6 at 1200®F is less than at 1500“P. For smaller parts, 
such as blading, whicli adapt themselves to the size limitations of the precision-cast¬ 
ing process, the cast alloys lend themselves to ready adoption and show good strength 
at high temperatures, as can be seen from Fig. 8-121. 

It will also be noted from Fig. 8-121 that the slope is stiK^per at the higher temper¬ 
atures, indicating that materials lose strength at a more rapid rate at elevated tem¬ 
peratures. Because of the imix)rtaiicp of this time factor involved, the stress-rupture 
test is possibly the most informative for furnishing high-temperature gaj^turbine 
design data. 



10 100 »000 10,000 
TIME FOR RUPTURE, HR 

Fia. 8-121, Stress-rupture data for 16-26-6 (--—^—), S-6W) (-and 422-19 

(-) alloys. 

Another influential characteribtir' of materials employed in gas turbines operating 
at high temperature is crc(*p, and Fig. 8-122 depicts some creep rates for 16-25-6, 
S-590, and 422-19 alloys at 1200 and 1500 F. As m tlie case of the slress-rupture 
values, the creep rate of the cabt alloy is better than the forged at ISOO^F. 

A factor that bhould be given serious considuratjoii is tin* deeroasc in ductility of 
the high-temperature alloys with time. Some inatcTiala vlucli show otherwise excel¬ 
lent properties exhitiit ciongatious as low' as 5 per cent after testing for Hoveral hundred 
hours at temperatures in tJie range of 1500'^F. In general, the cast alloys show the 
lowest ductility under sustained a( ress at high temperatures. 

While a material may exhibit good short-timc properties, if it has poor oxidation 
or corrosion resistance, failure may occur aft it a certain period of operation because 
of increased stresses caused by reduced cniss section resulting from loss of metal. 
Therefore, these characteristics stiould be given adequate consideration because of 
the possibility of the diminisbing factor of safety which ran occur after a design has 
been established. Oxidation testa on some high-tcuiiperature alloys, by the gain-in- 
woight method, show an increase in weight of about 1 mg per sq cm at 1500‘^F in 
1,000 hr. 

Comparison of Forged and Cast Alloys. No one type of alloy is superior in all 
respects. Forged materials have advantages in certain characteristics and cast in 
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ture, th<* more predominant foi’g^d alloys. The lugber the tempera* 

135Q°F vUso at I2nn»il' 11 i * /“''8''d aHoys, but tluB situation is teveraed at 

1^4'tb, fatiguo propertioB, while at 

tw 5 tK I ■‘“‘•'>'*ty o* "Soys « hotter than 

ttot Of the rabt. In general, 3 I may he staled that in the viemity of ISOO^F and 
above, the east alloys, p^e^•pt for ductility, exhibit properties superior to those of 
forged materialh. 


B^ause of the forging operation, the wrought materials have a fine-grain strue* 
ture in contrast to the coarse grams oi the cast alloys. The larger grams of the cast 
materials rcHult in beneficial high-teniperaiure stress-rupture and creep properties as 
their presence reduces the magnitude of the w(*akpr grain boundary. On the other 
hand, the coarser grains decrease the endurance limit. 



Fig. 8-122 Creep rates for lG-26-0 (- ), S-590 (-- -), and 422-19 (-) alloys 

The test lesults obtained with forgeil alloys appear to be more consisteni and 
amenable to dupUcatum from one heat to another than do those of cast materials. 
Tliis IS probably duo to the iiiore difficult control aspects of the precision-caslmg 
pnx'esR. Another important coji'^idnalion w that loi foiged alloys the phj^sical prop¬ 
erties of the material as determined in the labouitorv are essentially repiesentativo 
of those of the maehmed part as Imally installed m the turbine. For cast alloys, 
however, there is the poadbilit> ol divergence between the properties as obtained in 
the laboratory ami those actually existing ui a precision-cast part of the same mate¬ 
rial, In a pnH‘iflion-caHt test hi)i‘cimon of iiiiiforni circular section, the grain orienta¬ 
tion will be diflerent from that of a turbine bladi' of imsymmetrical cross section. 
The results obtained on a Ust specimen with esHcntially uniformly arranged coarw 
grains will not necf^saarily be applicable t-o a blade where the thin trailing edge will 
exhibit a fim'-grained structure, and the heavier inlet and center portions will have 
larger grams 

Under KUch circumstance's, because of the uiirehited grain stniclures, the physical 
properties oblainwl on the test hpecimim aie not <lire<-11y applicable to the blade, and 
to Ufit* them as a basis for dedgii may ivsult in fallacious factors of safety. 'I’he situ¬ 
ation is particularly augraeated in the Iilade-trailing portion wbert' greatest diver¬ 
gence from test conditions oecurb 1’he blade would tend to have lower stiess-iupture 
and creep-resistance jiTopertiefl Iwcause of its finer gram structure m this region. 
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FreciBimi<-CBstiiig Process. Tho precihion-casting or ‘'lost-wax’^ procens, pre- 
viott^y used primarily by the dental and jewelry trades, was adopted duiing the 
Second World War as a means of mass-producing gas-turbine sii{iercharger blades 
The vitallium alloy, listed in Table 8-48, has been employe<l to the greatest extent, 
but other shapes and alloys are being used. The process actually had its origin in 
China about 2000 b r. and w as perfected by Benveiuito Cellini for use in his medieval 
statuary. It was then donwuiit for many ceiiiuiics until revived by the dental trade. 
The term “lost wax" is applied since the am pattern is melted out and, therefore, 
"lost” during the process The inctliod is a v/ilimble contribution to gas-turbine 
(Xinstruction as some of the best lugh-teinpcrature alloys are produ<‘e<l by it. 

The precisiim-cafeting proctn^s FPcjuiich tlint lirst a master jiatteni be made of metal 
or wood, slightly oversixe to allov for shrinkage or diaft. From the master pattern, 
an injection die of soft inelal is piepared \ special \M\\ is inj<*cted into the die 
under pressure and assumes a shape identu'al to the master pattern Aftei solidify¬ 
ing, the wax pattern is removed, and several of them are mounted in a cluster, con¬ 
nected to each other by wax runners, and these, in turn, are joined to a mam gate 
The runners and gate provide chaimels fur the subsequent flow of metal into the mold. 



Ftg. 8-123. Precision-cast, gas-turbine, Bup<‘rf*hai ger blades 


The vrax-patteni assi*mbly is coated with a fine silica solution uhich will become 
the mold facing and give a smooth vclvc't finish to tlie suriace of the final metal 
casting. The coated wax assembly is placed in a container in which an ethyl silicate 
mixture, or investment, is poured around it. The container or flask is then vibrated 
until the investment solidifies into a fiim, self-veritmg mold surroiuiding the wax 
assembly. The completed molds, in inveited position, are placed in an oven where 
the melted w'ax drains out, leaving cavdlies in the mold wliich are replicas of the 
master paltein. 

The incandescent mold is clamped with its opening opposite that of a furnace 
containing the molten metal to bo cast. The assembly is inverted, causing the metal 
to run int/O the mold, and air pressure is applied to ensuie fillmg all cavities After 
cooling, the investment is knocked from the casting assembly. Figure 8-123 fchow^s 
such an assembly of gas-turbine .suiiercharger blades with the gates and risers still in 
place. An abrasive wherd then cuts off the gates and lisers, and the individual cast 
pieces are sand- or shot-blasted. Any local surface irregulanties are conocti^d by 
grinding, but no machining is required. Tlie castings are finally inspected radio- 
grapliicdly by automatic X-ray equipment. 

Practically all kinds of castable metals can be usihI in the lost-wax proct*ss. Tol¬ 
erances ranging from 0 003 to 0.008 in per in are poRsible of attainiiieiit, depcuiding 
upon the shape and weight of the objects being cast The process is particularly 
suitable for intricate ahajiPH that are t4)o complex for conventional casting or machin¬ 
ing. In its present state of development, the maximum size of part for which the 
method is suitable is approximately 20 lb, with no dimenhion exc€M>diiig 15 in. 
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In th^ preciBion-raBtinjii process, it is important that aoeurate contmi be mam- 
to produce anticipated properties in the product. Grain siie 
is toeetly ^ectcd by metal pouring temperature and mold temperature. The nature 
material and the shape of the casting arc al^ influeroing factors* 
inereioro, in order to obtain uniform results, coordination of all these variables is 
nooossary. 


Des^ Considerations. In steam-turbine prartirc, various properties of the 
inatenals employed have bt'cn used as a basis for design. In particular, the ultimate, 
yield, and creep strength values have been found useful in determining the proportiona 
of atructiires having suitable factors of safety based on these properties. In gas-tuT'* 
bine design, however, where higher temperatures are usually encountered, the most 
informative properly of the materials, from a dc^sign standpoinl, is the stress-rupture 
value, os has bi*eri mentioned previously. It is more significant than iiltmiatc strength 
as it involves the eleiiieiil of time to a much greater extent* 

Iteferciice to Fig. 8-121 will show that the higher the temperature, the moro 
rapidly the material loses strength. Thus, the designer must take cognisance of the 
time factor involved when Heleciing or specifying materials. In steam-turbine design 
where substantially lower tempeiatures are involved, the time element is not of so 
much significance as far as rate of loss of strength is concerned. In gas turbines, 
however, where elevated tf^mpcraturcs arc necessary, the length of operating period 
must be considered. 


Therefore, in order to obtain a comprehensive reprcscntalion of all the factors 
involved in the design of a high-icnipcrature ga* turbme, it is necessary to consider 
simultaneously (1) the desired service life of the equipment, (2) the temperature at 
which it will operate, (3) the allowable deformation of the respective parts, and (4) 
the appropriate stn^ss. 

Knowing the time and te'inperature factors involved, a design could be based on 
the total allowable deformation of the respective elements of the equipment oocurring 
in the tune interval. The ixTiuissiblc stress would then be the one that resulted in 
the prescribc'd deformation in the time allotted and at the spt*cificd temperature for 
a given material. If the deformation Is put on a relative basis, it is referred to as 
strain and is stated in tenns of per cent. It can be determined from the initial defor¬ 
mation und^T load and the HC(‘undary erwp rate. In the design of a unit iiileudcd 
for long ser\’'iec life, it would be well to limit the maximum total strain to 1 per cent. 
This is particularly applicable to the liigh-tcmperaturc materials which would be used 
in gas-turbine construction. It is knowrn that the ductility decreases with time, and 
in general, tests have not boon performed much beyond 1,000 hr on these materials, 
so for conservative design, the total deformation should be restricted to a low value 
so as to preclude the possibility of failure tlue to poor ductility. 

Another basis of design is to use stress-rupture values with a suitable factor of 
safety incorporaii'd. A SHtiafactory design of a long-life unit, e.g , a service life of 10 
years, could employ average stroHses of onc-half the rupture value at 10,000 hr for 
the particular temperature involved. This would be a more conservative basis than 
limiting the deformation to 1 per cent total strain. In aircraft applications, where 
weight and space arc at a premium, limited servdee life is accepted, and higher stresses 
arc used. On this basis, some aircraft gas turbines have been designed with a factor 
of safety of 1 based on the stress-rupture value at several hundred hours. 

Actually the above two bases of design could be considered equivalent. The 
allowabk total strain could be determined as that produced by a rupture stress at a 
given time corrected for an appropriate factor of safety, (-onversedy, an aUowabls 
sfrc«s, based on a rupture value iiicoriiorating a safety factor, could be selected so as 
to result in on acceptable total strain. In actual design practice, however, using the 
latter or rupture basis with a safety factor appears to be the most direct and readily 
applied procedure. Nevertheless, it should be remembered that both methods will 
produce the same result if they are mutually appropriately related. 

From a design standpoint, other properties of materials are also import^t. The 
fatigue or endurance limit should be considered because of the vibratory naturo of 
the forces encountered in turbine practice. It is difficult, however, to ostabhah a 
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design criterion based on fatigue, for at high temperatures there does not a];^>ear to 
be a dednite fatigue limit even after dOO million cycles of testing in some cases. It 
is usually assumed that a design based on rupture or total strain considerations, as 
previously described, will result in stresses 'well removed from the endurance limit, 
so the former bases are believed to reflect adequate conservatism. 

The amplitude of vibration of a structure is influenced by the damping capacity 
or logarithmic decrement of the material. The damping capacity is a measure of 
the tendency of a material to come to rest, because of internal molecular friction, 
after it has l>een set freely vibrating. Because of the pulsating exciting forces prev¬ 
alent in turbine designs, harmful vibrational stresses can o<‘cur, particularly in partial- 
admission turbines, and a high damping capacity is desirable so as to reduce such 
stresses to a ininimum. Unfortunately, the higb-tcmp<Tatiire olloys do not exhibit 
good damping properties, particularly with increasing time and temperature, so com¬ 
pensating features must be incorporated into the dt'sign. 

The natural frequency of the various parts of construction and the critical speeds 
of the rotating elements are dependent upon the modulus of elasticity of the material 
employed. At elevated temperatures the modulus decreabos appreciably from its 
value at room temperature. For instance, the latter flguro*° for S-590 is 29 million 
psi, while at 1400“F the modulus of elasticity is 16 milhon psi, a reduction of 46 per 
cent. Consequently, in order to avoid dangerous resonant conditions, high-tempera¬ 
ture gas turbines require designs with relatively higher room-tomjierature vibrational- 
frequency characteristics than steam turbines if similar multiples of rotational 
frequencies are desired under operatmg conditions. 

In designing the bolting on gas turbines, it is important to know the relaxation 
properties of the material employed. When a nut and bolt combination is tightened 
initially, a strain results which producers a stress sufflcient to maintain a tight joint 
With the passage of time, the l>olt will lengthen or creep, biTause of plastic flow, and 
a relaxation or residual stress less than the original will ensue. The magnitude of 
the residual stress may be calculated by special formulas*^ alter the relaxation-creep 
properties of the alloy have been determined It is necessary that the residual stress 
be sufficiently high to maintain joints without leakage. Relaxation-creep tests on 
the forged S-816 alloy show that, with an initial tightening stress of 50,000 psi at 
room temperature and a resulting deformation of aViout 0.173 per cent, the residual 
stress after 1,000 hr at 1350‘'F would be 11,725 psi for the same strain. After 10,000 
hr, other conditions remaining the same, the residual stress would be 8,H60 psi. For 
the same conditions, the corresponding residual stresses for 19-9 DL are 6,925 psi and 
4,115 psi, respectively, 

Thcnnal-conductivity data are also required. The use of the high temperatures 
encountered in gas-turbine practice necessitates in many instances the adoption of 
various means of cooluig some of the parts. The turbine shown in Fig 8-131, for 
instance, has provision for cooling fxime of the disks and nozzles. The quantiti(‘s of 
coolmg air required and the heat flow’^ in the metallic parts can bo determined with 
a knowledge of the thermal conductivitv of the materials involved. 

The thermal expansions of the various elements of a gas-turbine installation can 
be of appreciable magnitude because of the largo temperature differences involved. 
From cold to hot conditions, the axial expansion of a turbine may approach ^ in. 
Throughout such motion the proper axial clearances between the stationary and 
rotating elements must be maintained. Hence, it is necessary to know the coeffi¬ 
cients of thermal expansion of the materials employed so as to make correct allowance 
for relative displacement. The problem is accentuated with the types of .illoys used 
in gas-turbine (^uistruetion as their expansion eoeffieients are appreciably higher than 
those of ordinary steel. For instance, at 1500°F the 8-590*® alloy has a coefficient 
of 8.4 X 10"® in. (in.) (deg F). "ITie pipmg is also inflnenml by thermal motion, 
and in order to prevent e\ci-*ssive strains, it is nec'cnisary to incorjKirate expansion and 
swing joints in appropriate locations. 

Tlie machinahilitv and weldability eharacteristiCH of an alloy must be considered 
as they directly affect the manufacturing of the equipment. Most of the high-tem¬ 
perature materials do not machine as readily as ordinary steels, and some of the 
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east alloys mopssBrdy have no macbuung operations performed on them, but grinding 
18 used instead For turning operations eemented-carbide tools are generally used^ 
and high«speed steel tools aie cmployoi for miUmg, bmaehingf reaming, and dnlhug 
In many casts the donigii is fatiiitated li a welded construction is employed. 
This applies particularly to the fastening of blading to disks, for in burh instanees, 
for the same stress, welding will permit a nanower nm width and, cxinsequently, 
sliorter spmdle with highei cntual spetd than if a inechaiueal blade fasienmg is used 
Welding 18 also used m joining adjaof iit disks to each other With the high-temper- 
ature alloys, in particular, theie is a size hmitation on the obiammg of sound forg* 
mgs Therefore, m some designs the disks arc machined from individua] forgmgs 
and subsequently welded together to form the complete spmdle In the tuibmo 
shown m Fig 8-131 the two impulse disks and the reaction drum were eaeh machmed 
from separate forgmgs and then jomed by weldmg The resulting structure was then 
welded to the adjacent bhaft at the low-prcssuie end of the reaction drum 

GAS-TURBINE APPLICATIONS 


Various piesent-da> appluationb of the gas tuibine, indieatmg the practicability 
of this type of eqmpmcnt, have furthered its emergence from a realm of ac^emio 



Iia 8-124 Allifl-rhalmers Houdrv gas-tuibme unit of 60,000 cfm capacity. 


intereBt to one of reality The many ad\ antageb of the gas turbine make it a natural 
aspiiant for numeious applications m land, manne, rail, and aircraft fields, and these 
will be dealt with uidmdually below 

Land. As mentioned pre\ loubly, the combustion gas turbine in the United States 
has had its pnncipal commercial application m the oil-refmery industry whe^ it 
operates m (conjunction with the Hondiv process A typical installation vicsw of 
such an application employmg a 60,000-<fm unit is shown in Fig 8-124, wherein, 
from left to right, may be seen the gas turbme, axial compressor, reduction gear, 
generator, and a steam turbme for starting purposes In this application, btsoausC 
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of the pressure drop opi'ountered in the proress^ the energy supplied to the generator 
is less than if the unit were used primarily for purposes of power production. 

The first unit of this type has been in service since December, 1936. At present 
28 of the Houdry gas tuibines are in operation in this country. Of these, 6 were 
built by Brown-Boveri and 22 by AJJis-Chalmers. The latter company has also built 
10 additional units for installation in Europe. 

A 4,000-kw electric-generating unit,^^ built by Brown-Boveri, has been installed 
in an underground emergency stand-by power station in the city of Neuchdtcl, Switz¬ 
erland. Since early in 1940 this unit has been operating for certain periods every 
week. Its simplicity and independence of water facilities ideally adapt the gas tur¬ 
bine to this class of service. Recently published tests indicate a couplmg thermal 
efficiency of 1804 per cent for this unit when operating on a nonregenerative cycle 
with a tiirbine-mlct temperature of lOOO^F. Regeneration was not adopted since it 
could not be economically justified because of the anticipated intermittent operation 
associated with this particular installation. This is the first unit designed for the 



Fio. 8-125. Brown-Boven gas-turbine-electnc-generaling unit of 4,000 kw capacity. 


primary purpose of producing poi?vei‘ The Neurhfitcl unit on f‘xhibition at the ^Iwiss 
National Exposition at Zurich is shown in Fig 8-125 

Brown-Boveri has also built a 10,0(X)-kw gas-turbine electnr-generating unit 
intended as a stand-by set for the P'^ilaret plant of Bucharest, Rumania. The machine 
consists of a two-shaft anrangenient employing reheating and intercooling, but l>ecause 
of the stand-by nature of the service, no regenerator will be used. The equipment 
is shown in Fig. S-126, the low-pressure turbine, compressor, and generator being at 
the left, the combustion chambers, the high-pressure turbine, and compressor in the 
center, and the intercoolers on the right A 4,000-kw unit for Peru is shown in the 
upper right center of the figure. Tests on the unit showed a thermal efficiency of 
23 per cent at full load, based on the lower heatmg value of the fuel. With a turbine- 
inlet temperature of 1112°F and inlet air of 08°F, a maximum load of 12,000 kw was 
maintained. 

About 80 gas-turbine-axial-eompressor sets have been built by Brown-Boveri tfi 
operate in conjunction with the Velox boiler, a pressure-combustion type where the 
axial compressor furnishes air at a pressure of 30 to 35 psi gauge to the combustion 
chamber, and the resulting products of combustion actuate the gas turbine; and 
hundreds are used for supercharging diesel engines 

While no gas-turbine-electrir-generating units have been installed In any central 
stations in this country as yet, much thought is being devoted to such applications, 
and a model of a 10,000-kw unit proposed bv Allis-Chalmers for utilily service is 
shown in Fig. 8^127. A schematic diagram of its regenerative cycle with reheating 
and intercooling is also depicted. A two*4ihaft arrangement is employed whereby 
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the high»preB8ure turbine dnvea the ooznpreesors, and a separate^ double*8oWy k)W- 
pressure turbine ib oonncoted to the lO^OOO-kw generator The cycle la designed for 
an inlet temperature of 1300“F to both turbines, and regenerator and mtcrcooler 



Fig 8-127 Model of 10 OUO-kw AJlin-ChalnicrB gas-turbme luiit including cycle diagram. 

effcttiypuesses of 75 and 85 per cent rt^pidivch, under whuh conditions a coupling 
thermal effipiciny ot 30 per cent w obtainable 

A piomismg application for the gas tuibmc is its use as a blast-furnace blower 
In buch an arrangement no excess powci need be developed, but, uistead, the equiva¬ 
lent requiied quantity of air for the blast-furnace operation is tappod off the com¬ 
pressor at some appropriate intcimediite prehsuie In appbeatioiie. of this nature 
the blast-furnace gas could be used as a fuel, but m order to mtroduce it uito the 
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combustion chamber, iia prcBsuro would have to be increased. This could bo acenm^ 
plished by a separate compressor driven from the main slmfl. Because of the low 
heating value of the gas, relatively largo quantities would be required, resulting in 
an appreciable power consumption for the fuel compressor. The majority of this 
energy is recovered, however m the subsequent expansion through the turbine. 11 
would be desirable to use a regenerator in the cycle so that the disitharges from the 
main and fuel compressors could be preheated by the turbmc exhaust gas prior to 
entry into the combustion chamber and thereby increase the thermal efficiency of 
the system. 

The use of the convontionaJ opcn-cycle gas turbine as a drive for automobiles has 
not appeared as yet. Such an a])plication is technically possible, however, but the 
small sizes involved would not make it so attractive from a design standpoint as some 
of the larger units which have been built fur other purposes. This may be readily 
understood when it is remembered that the net power available for useful purposes 
is the difference between two relatively larger powers. In the size range applicable 
to automobiles, it is difficult to maintain high efficiency in the turbine and compressor 
elements, so any variations would seriously affe t the net output and thermal effi¬ 
ciency. In smaller sizes the frec-piston compressor may be found to have desirablo 
features, particularly with regard to efficiency. 

Marine. The use of the gas tiirbiue for marine service is one of the natural 
applications whereby its many advantages can be employed with benefit. The small 
space and weight characteristics of the gas turbine are particularly desirable for naval 
and maritime duty. The reversing operation when employing this type of unit 
aboard ship could be facilitated bj*' the use of electric drive or a variable-pitch pro¬ 
peller, thus eliminatuig the necessity of providing a separate astern turbine. Astern 
operation with gear drive is a more acute procedure in the case of the gas turbine 
since, unlike the steam turbine, it normally exhausts at atmospheric pressure, therc*hy 
requiring a separate vacuum systiun to provide a low-density atmosphere in whicli 
to rotate the astern and ahead turbines during forward and reverse operation, respe(‘- 
tively, BO as to prevent prohibitive windage losses. 

Prior to the Second World War, the Bureau of Ships of the United States Navv, 
reeogniziiig the potentialities of the gas tin bine, eon tract ed with Allis-ChaliuerH to 
construct a plant designed for a temperature of 15U0“F and an output of 3,500 hp 
Tills unit,*** the largest stationary gas turbine for this temperature in the world, is 
shown in Fig. S-128 on the tat floor of the U.S. Naval Kngincering Expenmciit 
Station at Annapolis, Maryland. As of tlus date, it has successfully completed its 
tests at temperatures up to and including 15(K)“F, the highest operating temperature 
ever attained in a prime mover of this size. The testing program will also include an 
investigation of the effects of wot compression. 

The cycle on which the unit operates, depicted schematii'ally in Fig. 8-12t>, (‘Oii- 
siats of an axial-flow compressor C driven by turbine I’l, w’hile a separate turbine Ti, 
arranged in parallel, furnishes the useful output. The air from the comiiressot enters 
the regenerator R where it is pn*heatpd bv the combined exhaust gas from both tui- 
bincs. It next passes to two rombustion chambers Bi and B’l which fuiiush the 
high-temperatnre motive fluid to the turbines. 

Referring to Fig. 8-128, the axial compressor may be seen in the lower left corner 
connected to its driving turbine. The power turbine is on the upper right in line 
with the other rotating clcincnls. The regenerator in the upper left has thriH* large 
pipes (white insulation) entering it which from left to right are the eompresBor dis¬ 
charge, compressur-turbiiic exhaust, and power-turbine cxhaiis>''. Directly under the 
regenerator are loeated the two combustion chambers from which may be seen emerg¬ 
ing the turbine-inlet eoiineelions. The compressor intake air is supplied through 
the lower pipe in the figure. 

The arrangement of the equipment may be seer in Fig. 8-130 where the nomen¬ 
clature is identical with that of THg. 8-129. A conception of the relative size of the 
various components may be obtained by noting the operator sketched in the figure. 
Since this unit was intended primarily for experimental laboratory purposes, no 
attempt was made to achieve minimum space and weight in the design. On the 
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oontrary, it was purposely extended laterally %o as to facilitate the disinaiitlmg of 
the turbines and eompressor as nehoduled in the testing program 1 he fulfillment of 
such a premise necessitated an elaborate piping requiring appropiiate expan¬ 

sion and Bwmg jomts to accommodate the relative motions of the various coinpoiunts. 



Fra 8-128 AlUs-Chalmers 3 500-hp, 1500°! , exporiinental gas-furlnnc unit 



Tic S-129 Tjcle for Allis-Chalmprs, 1 500-hp, experimental gas-turhine unit 

Ti »• roinpieNvoi turbine Bi = eombubtion chamber for coniprcssor 

Ts power turbine turbine 

C » compressor Bi = oombubtion ehamber for power turbine 

R B regenerator 

Dictated by (lu high tempeiatuies m\oht*d, a unique design of tuibme was 
adopted as mduated m Tig 8-131 vheie is shown a section through the eompiessor 
turbuio In onloi to dispense with a bearing in the high-lt rnperatuie end of the 
machuie and theiebv eliminate a potential soujie of trouble and also to provide 
optimum entrauce conditions for tho motive fluid, the turbine spindle was overhung 
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from a single sleeve bearing al its low-pressure end. The rotating element consists 
of two Rateau impulse wheels followed by three reaction stages. 'J'he individual 
impulse disks are joined to each other and to the single forging carrying the reaction 
blfliding by welding. 

Several novel rooling features ^\ere employed to mitigate the effects of the excep¬ 
tionally high temperatures involved. A separnte recirculating cooling system directs 
cooled air on the periphery of the first disk so as to reduce its operating temperature. 
Air at reduced temperature is introduced radially at several locations in the casing 
HO as to cool Ihe first-stage nozzles and also the becond-stage diaphragm, from which 
it impinges on the downstream side of the first disk. At still another point further 
down the casing air is admitted to cool the internal-reaction blade ring. 

A by-pass is provided on the compressor turbine so that, during periods of start¬ 
ing and rapid acceleration, more capacity may be obtained by the motive fluid cir¬ 
cumventing the first impulse stage. The by-pass valve is controlled externally by 
an air-operated valve. Except for the by-pass valve feature, reduced blade heights, 



Fiq. S-131. Se(*tion through compressor tuibine of AUis-Chalinors, 3,500-hp» experimental 
gas-turbine uu't, 


and a modifif‘d balance piston, the powiT turbine is e.'»sciitially a duplicate of the 
coiupresstir turbine*. 

The* Lllioll (Viinpany, under (lie s|N)]isors1np of the Ihireaii of Ships, manufaelured 
a 2,5(K)-hji marine gas-turbiiK* \ihieh la shown in Fig. 8-133. The unit is 

designed for a lurlniH* tejiipeniture of 120(3 F, A novel iealure is the use of a Lj'S- 
holm iKisitive-displan'iiienl type of compressor wliieli has the* advantage of a flat 
effieieiicy cliaraeteristic, although it^ peak effieieney is not so high aa that of the 
axial eonipn-ssor. 

\ sehematir diagram of the regenerative cjtIc with ri‘hcating and interrooling is 
given in P"ig 8-133 Alinosphene air enters the low-pressure compreHsor Cj from 
which it is diseharged to tlie int<*reooler 1 where its teiiijieralure is reduced. After 
next traversing the high-jiressure coinpressor fb, it passes through the regenerator R 
■where it absorbs heat from the turbine exhaust gas. Fuel is burned with the heated 
air in combustion chamber ffi, and the resulting high-teuiperature gas drives the 
high-pressure turbine 7’i ■which furnishes power to the low-presfsure compressor. The 
exhaust gas from ihe high-pressure turbine, still containing adequate oxygen to sup¬ 
port combustion, has its temperature inercased by the burning of additional fuel in 
combustion chiimbcr /ij. The ensuing produets of combustion, at a temperature 
approximately the same as tliut at tlie inlet to the high-pressure turbine, propel the 
low-pressure turliiiic 7’s, whirl) has the dual function of driving high-pressure com¬ 
pressor Ci and also furnishing the useful shaft output. The exhaust gas from the 
low-pressure turbine, aft(T disposing of heat in the regenerator, is discharged to the 
atmosphere. 
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Fiq 8-1J2 Elliott, 2,500'hp, loannc gaEh'turbmp plant. 


Ti 

Ti 

C, 

Oa 



- hiish-iii pssurc turbine Bi = h]c;h'pressui e combustion chamber 

B low-pip'^suie (puwei) turbine Ba — low-pressure combustion chamber 

= Ion pressure compressor K = rej;enorator 

high-^uensure tompiessor I =* intercooler 


Based ou the lower heating value of the fuel, tests on the plant i^owed oouplmg 
thermal efiKiennes ol approximately 29, 28, 26, and 20 per cent at full, three-fourtlis, 
one-haJf, and one-fourtti load, respectively 

Rail. In all piohability the most desiiable application of the gas turbine is in 
the heav>-traction field When used as a loeomotive drive, its many advantageous 
characteristics place it m an exeeptionallv favorable jiosition when compared with 
conventional types. When operatmg on a regimerativo cycle at 1300°F, a rail thcr- 
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mal efficiency of 17 per cent is readily attainable with the gas turbine. Even with 
liquid fuel, because of the low-grade type it can use, fuel costa for the gas turbine 
would be lower than fur the majority of conventional steam locomotives burning 
coal and at least equivalent to the best where an efficiency of & per cent is rarely 
exceeded. It would also have lower fuel costs than f lie diesel locomotive whose better 
thermal efficiency is offset by the higher grade of fuel it uses. When coal fuel is 
used in the gas-turbine cycle, the comparison becomes even more favorable. 

Since no water is required in its operation, the gas-turbine cycle should he partic¬ 
ularly attractive for locomotive installations. Elimination of the now-necessgry 
water-treating provisions and frequent inspections, cleanings, and repairs of boilers 
used on present steam locomotives should certainly be desirable. Of additional 
importance would be the improved operating schedule,* possible on runs that fomlerly 
made stops for water. 

The large amount of exceas air used in the gas-turbine combustion process permits 
a clear stack completely free from smoke at all loads on the unit. The desirability 
of such a feature in view of some present city ordinancp.s is manifest. 

The purely rotary motion of the gas turbine will result in minimum maintenanee 
and vibration. Absence of any recipnieation, with its coneomitaiit imbalanced 
forces, is obviously beneficial. Since the elements of the gas turlnne are similar to 
those of steam turbines, maintenance after developineiit siiould be essentially of a 
moderate order except for such additional incremental amount as might result from 
the higher temperatures employed. Opc^rating experience with the lloiidry turbines 
of similar design indicates very low maintenance for this equipment which operates 
at temperatures in the range of those employed in modern high-temperature central¬ 
ist a tion practice. Several of the oil-refinery gas turbines have deni oust rated an exceji- 
tionally high order of reliability by operating continuously for as long as 2 years 
w ithout shutdovrn. 

Lubrication costs of the gas turbine, there being no sliding surfaces except for 
journal bearings, should not exceed 1 per cent of the fiud costs. Such costs on pres¬ 
ent railway etiuiinnent are feubstantially in excess of tins figure. 

When dynamic braking is (*onhidi*red, the apphc*ation of the gas turbine to loco¬ 
motives is exemplarj’. By operating the traction moWrs as generators, the motorized 
main generators may be loaded by driving the gas turbine and its aswiciated com- 
preasor. The * nergy re(^uir<*d during compression can be dissipated by discharging 
the compressed air to the atmo.sphere. With such an arrangement, the elecirieal- 
resistor grids nonnally required (or dynamic braking are ehiiimated. 

In 1U41, Browji-lioveri completed a 2,200-lip gas-turbine electric locomotive*^ for 
the Swiss J'Vderal Itailways. A shop view of the gas-turbine power plant is shown 
in Fig. 8-134, From left to right may be seen the 200-kM^ auxLliaiy^ d-c generator, 
main d-c generator, reduction gt*ai, n‘generator, gas turbine, and vertical combustion, 
chamber. The locomotive has a maximum specific WTvice weight, including fuel, of 
92 lb per bhp. Its maximum speed is 70 inph. The tractive effort at starting is 
29,000 lb. Acceptance tests of the power plant showed a maximum coupling theimal 
efficiency at three-fourths load of 18 per cent based on the lower heating value of the 
fuel. 

Based on the experience gained with their first locomotive, Brovm-Boveri has 
recently completed a 4,000-hp gah-turbine power plant for another locomotive.*^ 
This new unit, shown in Fig, 8-135, is lejxirted to have substantially higher effieiency 
than the first power plant, and notwithstanding its greater capacity, its physical size 
IB not much largfT than its predecessor. The improvement in efficienpy and capacity 
is accomplished by incorporating a device referred to as a “coniprex,’' w'hereby the 
over-all pressure ratio of the cycle is increas'd. 

Th<‘ Ijocomotive Development Committee*' is now’ engaged in a reseftrch program 
wiiich embraces the greatest potentialities regarding the application of thi‘ gas turbine 
as a railway jKiwvr plant. This coinniittee w^a.M formed as an agency of Bituminotis 
(kial Besearch, Jiic., in the latter pait of 194 4. The cuminitteo is composed of the 
chief executives of six leading coal-hauling railroads and three major coal companies. 
It was established for the purpose of developing a bituminous-coal-burning locomotive 
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Fto. 8-134. Brown-Boveri 2,200-l.p locoiuotive Ka«-turl>iiie unit. 
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which could compare favorably with the dieBel locomotive. In the fulfillment of thie 
aim, the gas turbine has been selected as the prime mover which best adapts itself to 
the requirements involved. 

'!^e proposed arrangement of the equipment to be used on the coal-burning gas- 
turbine locomotive is depicted schematically in Fig. 8-136. The coal is fed from 
bunker j 4, by means of a motor-operated screw, to crusher D Tvhere its size will be 
reduced to —16 mesh. Turlnno exhaust gas will be used for drying the (soal By 
means of fan E the coal is conveyed to pressure tanks F and H after it is crushed. 
The twin-tank system of coal storage is noceasary because of the different pressure 
levels in the cycle. While one tank is being replenished, it is isolated by means of 
valves from the high-pressure circuit, and coal is used from the other tank under 
full pressure. 

For instance, when tank F w'as being filled, valves 1 and 2 would be open, and 3 
would be dosed. The tank would then be under the low pressure existing in the con¬ 
veying system. The crushed coal mixed wuth its conveving air enters the tank where 
an internal cyclone separates the coal from the air, the latter being vented. After 
tank F is fiUed and tank H exhausted, valves 1, 2, and 6 are closed and valves 3, 4, 
and 5 opened, whereupon the full pressure required for pulverizing exists in tank F. 


. vent COMSUtTtON 



COMPRCiaoll 


P'ru. 8-136. Cycle for coal-burning Incomotu'e gas turltine proposed by Locomotive 
Development (''oinmittec. 

The air coi' pressor i\ wiU produce a pressure of approximately 140 psig maxi- 
niiim required for pulverization. The intake will be connected with the disrhaige 
of the mam coin])resi»or Ci, and a variable-spe<*d drive of C 2 will permit indeptmdent 
preshure idationbhip.s. After the crushed coal fiom tanks F or /f is picked up by 
the high-probbure air» it is led to the inlet of the pulverizer J. This latter device w'as 
developed at the liibtitutc of Gas Technology of the Illinois Institute of Technology 
m Chicago and w'as used to produce finely pulvcrizt*d coal for gasification. It con- 
sibia of a nozzle through which the compressed air, laden wdth crushed coal, is expanded 
to a pressure essentially equivalent to that at the turbine inlet, which will be approx¬ 
imately 60 psig at full load. Expansion through the nozzle imparts a high velocity to 
the air-coal mixture, wdiich subsetpiently impinges on a target and is finely pulverized 
by impact and attrition. With proper design, a piuduct as fine as 80 to 90 per cent 
of —325 mesh and 5 per cent or less of -f JOO mesh is obtainable with an air consump¬ 
tion of appniximately one poimd per pound of coal. Because of its extremely small size 
and effective pulverization, the adoption of this device appears to bo the logical 
procedure for applications whore space is at a premium, as in the case of locomotives. 

The pulverized coal and primary air next enter combustion chamber fi w’bere 
they mix with the preheated air from the regenerator. The combustion chamber 
will be basically similar to that showm in Figs. 8-95 and 8-100, comprising an inner 
shell, where burning will occur with alxiut 40 per cent excess air, surrounded by an 
annular space through whii-h flows the diluent air. After mixture, the temperature 
of the gab entering the turbine will be ISOO^F. Since the products leaving the com¬ 
bustion chamber contain fly ash, which would seriously erode the turbine blading, it 
is necessary to introduce an ash separator K. This device will consist of a series of 
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U arranged at csach end of the locomotive c‘.ab, permitting the weight to he more 
uniformly distributed, with most of it directly over the trurks. For each power 
unit, the common frame carrj^ing the turbine, compressor, reduction gear, and gen¬ 
erator ifl supported at thrt^e points for the purpose of maintaining correct alignment. 
Two of the support points are located laterally directly over the center axle of each 
truck, while the third, in vertical line with the No. 1 turbine bearing, is on the center 
line and near the center of the cab. 

The filters for the intake air to the gas-turbine-compressor units are located on 
both sides of the cab near the top at each end. Tliry are placed as high as feasible 
BO as to reduce the possibility of disturbed foreign objects along the roadbed being 
inducted. IXirthermore, the high intakes are desirable when the locomotive is stand¬ 
ing in a station with engines running where passengers may be in the vicinity. 

The exhaust gases leaving the heat excliaugers are discharged through the roof 
of the locomotive. 



Fiti. 8-1^^8. Arrangement of Allis-C/halniers i)roi>osed 


Two 2,250-lb-per-hr steam generators are providefl for train heating. It is pos¬ 
sible, with the gas-turbine type of drive, to install a waste-heat boih'r in the exhaust 
I)assage beyond the heat exchanger and generate si ('am for heating purposes. How¬ 
ever, in the interest of simplicity, it was detdded to forego such a retim'ment on an 
initial gas-turbine installation, and therefore only the conventional type of boiler is 
indicated. After a sufficient accumulation of operating experience has proved the 
merit of the gas turbine itself, it would in all probability be expedient to incorporate 
in future locomotive designs a wastoheat means of gimerating heating steam also. 

Ad auxiliary-engine generator set of 150 hp is ])rovided fur starting the two gas- 
turbine power plants by motorizing the main geni'rators. One of the numerous 
advantages of having two smaller power units instead of a single larger one of the 
same aggregate output is appanmt in this instance, since it permits smaller caj>acity 
starting equipment to be employed. B}'' comiecting the auxiliary set directly to the 
traction motors, it may also be used for propidling the locomotive iij) to speeds of 
approximately 15 mph, thus enabling the main units to remain shut down when it is 
desired to move the locomotive alK)ul the yards. 

Since the use of a relatively heavy low-grade fm 1 is eonteinplated, provision is 
made for fuel heating. There are various mi'thods of accomplishing this, either with 
steam or elnctriiial lieating, but probably the most logical would Ih' to use the exhaust 
gas from the turbines. For starting purposes, the light auxiliary-engine fuel, requir- 
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ing no preheating, could be uned toniporarily in the combustion chambers of a ntain 
power unit until the flow of exhaust gas is established. 

In the space under the center of the cab between the two trucks, tank capacity 
is provided for 4,000 gal turbine fuel oil, 1,500 gal lubricating oil, and 2,600 gal water 
for train heating. The fuel-oil capacity is suffleieni for approximately a 10-)ir run. 
Two 300-gal tanks in the rear of the cab contain fuel for the auxiliary engine and 
the steam generators. 

No water is required for the gas-turbine power plants themselves, as all cooling 
is done with air, two fan coolers being used for the lubritsating oil and blowers for 
cooling the generators and traction motors. 

Train controls and associated electrical equipment arc in the forward end of the 
locomotive. 

A section through one of the duplicate gas-turbine power units proposed for the 
locomotive is shown in Fig. 8-139. A five-stage reaction-type gas turbine A drives a 




4,800-hp gas-turbine locomotive with electric transmission. 


22-stiige axial coinpressor B. Filtered air from the atmosphere traversejg the com¬ 
pressor where its pressure is iiieroascd. It next ptiases through the (;roHS-flow heat 
exchanger T, wliere its tenijjerature is raised by the turliirie exhaust gas. The lieated 
air then flows in parallel through a group of 12 st^parale cojiibustiou chambers D 
ahead of the turbine. Part of the air is used for combustion purposes in an inner 
shell, while that reinaiiiiiig flows through the annular spare between the iniuT and 
outer 8h(‘llH and cools the products of combustion U) a .siitisfaciory turbim'-inlet tem¬ 
perature. A series of smaller combustion chambers is used instead of a single large 
one, as it has bwn found that in certain instances more satisfactory combustion at 
higher heat release can be obtained in this manne.r. The gas, a mixture of air and 
combustion products, then expands thro\igh the turbine from which it is exhausted 
to the atmosphere through the heat exchanger where it preheats the air from the 
compressor. The power developed by the turbine is greater than that required by 
the compressor, and the excess power is supplied through the reduction gear E to the 
main generator F and the auxiliary generator G. 

In order to start the unit from a standstill, the generator is switched from shunt 
to aeries field and motorized by an auxiliary-engine generator set, bringing the unit 
up to about 30 per cent of maximum operating speed, at which point the turbine, at 
full gas icinperaturo, is capable of drmng the unit by itself. The full-load speed of 
the turbine and compressor is 5,000 rpm, and that of the generators is 900 rpm. 

513 


































GAS-TVHBINE APPLICATIONS 


8 



Fig. 8-140. Gas-turbine supercharger. 



Length 

Fio. 8-141. Schematic arrangement of jet-propulsion unit showing variation of pressure, 
temperature, and axial velocity. 

The turbine and conii)reBflor, supported on a common frame with the gear and gen¬ 
erators, are arranged as a three-bearing unit. 

The erosfl-floW', tubular-type heat exchanger has a surface of 1.4 sq ft per useful 
horsepower output of the gas-turbine power plant. The effectivenesfl of the heat 
exchanger is 50 ptT cent. 

Aircraft Vast numbers of high-speed, lightweight gas turbines were manufac¬ 
tured during the war and used in aircraft turbosuperchargers. These units operating 
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at 24|000 rpm with a turbine-inlet gas temperature of 1600°F were designed and built 
by General Electrie. Under license arrangement they were also mantifactured hy 
Allis-Chalmers and the Ford Motor Company. The combmiHl production of the 
three rompanies totaled many miUions of horsepower, Figure 8-140 shows one of 
these turbosuperrhargers with the gas turbine on the left and the centrifugal com¬ 
pressor on the right. The exposed turbine wheel may be clearly seen. These units 
were used on such aircraft as the B-17 (Hying Fortress), the ^24 (Liberator), the 
B-29 (Superfortress), and the P-38 (Lightning). 

Current press releases have publicized the adaptation of the gas turbine to the 
jet propulsion of airplanes. Figure 8-141 depicts schematically the elements com¬ 



prising a jet-propuLsion unit, iis well as the variation in prebsurc, temperature, and 
axial velocity occurring throughout the de\ice Referring to the figure, the compres¬ 
sor is driven by the gas turbine, the latter reeeivmg high-tcinperatuie motive fluid 
from combustion chambers intorpfised between the compressor dLscliarge snd the 
turbine inlet. The residual kinetic energy of the gas leavmg the turbme enhanced 
by a Bubsequent expansion provides the propulsive jet for propelling the aircraft. 
The relatively high fuel consumption of the pure-jet type of unit m its present form 
depreciati'd its attractiveness for other than military aircraft, although the British 
have built several transports with turbo-jet engines. Modifi(*ations of the current 
type liaviiig improved thermal efficiency and also propeller-jet and reciprocat¬ 
ing-engine-gas-turbine combinations, will probably enjoy more diversified future 
applications. 

All three of the large tuibine builders in this country have be^n engaged in the 
design and manufacture of aircraft jet-propulsion units Allis-(''halmers, while having 
several designs of its own which have not yet reached the manufacturing stage, 
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Fig. 8-144. WeBtinKhouse l,600-lb thrust jet-propulsion unit. 

The General P^lc'ctric ConipaTiy originally built jet-pro pulsion engines according 
to British desiguis but later developed a unit of higher rating known as the 1-40. 
Tliie unit, sIiovmj in Fig. 8-143, while letaining some of the features of the prototype 
designs, has a sea-level static-thrust rating of 4,000 lb at a rotative speed of 11,500 
rpm and a turbine-inlnt gas temperature of approximately 1500°F. The specific fuel 
consumption under these conditions is about 1.2 lb per hr per lb static thrust. The 
average specific weight of the unit is about 0.45 lb per lb static thrust. The engine 
has a single-stage contiifugal compressor, with air entry on both sides of the impeller, 
driven by a single-stage gas turbine. The maximum over-all diameter is 48 in. The 
double-entry feature has the advantage of reducing the over-all diameter of the unit, 
although it complicates inlet-flow conditions on the roar side of the impeller. 

General Kl(‘ctric also has a pure jet-engine design, designated as TG-180, employ¬ 
ing an axial-flow compressor. Another unit, the TO-lOO, is a propeller-jet eombi- 
natioii again with a compressor element of the axial-flow type. The axial-flow 
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cominreBBor has the advantage of higher efficiency and smaller diameter, the latter 
resulting in reduced drag of the airplane. 

The Westinghouse Electric Corporation has designed and built its X19XB-2B 
jet-propulsion engine employing a 10-stage axial compressor driven by a single-stage 
turbine. The unit, shown lu Mg. 8-144, produces a static sea-level thrust of 1,600 
lb when rotating at 17,000 rpni with a maximum turbine-inlet temperature of 1500°F. 
The specific weight is 0.45 lb per lb static thrust. The diameter is 19 in. The fuel 
consumption is 1.15 lb per hr per lb static thrust. 
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Mechanical Engineer^ IngersoUriiand Company 

COMPRESSORS 
Uses of Compressed Air 

Compressed air has a wide variety of applications Following are some of its uses: 

1 To operate recjproeatmg tools, such as riveting hamiuerH, cliipping hammerSi 
sealerH, paving breakers, diggers, tampers, etc. 

2. To operate rotating tools, such as grmders, wrenches, sen*vv drivers, airmotorsi 
drills, reamers, air-operated pumps, etc. 

3. To spray paint, oils, iiihec tic ides, eto. 

4. To operate air ihstoiis for pres'^es, opening doors, lifting, clamping, etc. 

6, Air jets for rleaiuiig, moving packages, etc. 

6. To iiiflak tires and casings of all types, to charge ahock absorbers, etc. 

7. To start diesel engines 

8. To operate control uistruinents, valves, etc, 

9 lo aerate and agitate liquids. 

The above list is far from complete, but it indicates that compreissed air may be 
utilized to produce almost any mechanical motion. Air-operated tools and devices 
of many types are available ui standard sizes 

Types of Air Compressors 

Compreastd air is air from the atmosphere compressed or squeezed into a small 
apace The \ipiit of the squeezing det(»rmuiCB the pressure attaim'd Machines 
lor eompieasing air are of several types: 

1 Reciproi'atmg compressors have a piston moving bark and forth in a cylinder. 
This IS the most widely used type ol compressor. 

2 'J'uibo- or centnlug.'il compiessors have a bladed imjailer which rotates within 
a easing Such units are nomiaJly used for low and modiTate presbures up to, say, 
40 pMi. 

3. Rotary eonipri*ssors are of seveial types: (a) two-impeller, with intermeahing 
gear-lype elemenis, (/)i sliding vanes, with a vam‘il rotor eccentrically mounted in a 
casing, (r) liquid-pislon, with a iiniJIibladed rotor revolving m a casing partly filled 
with liquid which acts iis ii piblon. 

4, Axial-flow' eompH'sborb hav( a bhwled rotor or rotors and bladed stationary 
vanes similar to a reaction steam turbine. 

Of the above* types the reciprocating eomprebsor has the most general application 
lor the operation of laboisii\iiig tools. The oIIkt types, while overlappmg the field 
of the reciprocating compiessor to a certain exUmt, arc mainly ust'd where air is 
required at mod(*rate pr(*sHures. 

In most plants thi* general air supply is maintained at 100 psi pressure. Machines 
for higher or lower pressuies arc also available. Standard units arc supplied for 
pressures as high as 3,000 iwi, and special imits for liigher pressures have been built 

While we have been speaking m t'nns of air compressors, the same type of machine 
is also used for compressiiig gases of various types. Where a machine is needed for 
such purposes, a reliable manufacturer should be (*onBulted as special materials and 
design features may be rectuired depending on the nature of the gas. 

Mention should also be made of vacuum pumps. These machines, exoept air 
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ejoctorB, are essentially the same as an air eomprrssor exropt that they optTate in a 
pressure range below atmospheric prossure instead of above. 

Selection of a Compressor 

A numlMsr of fat‘tore arc involved in the Holcciion of a suitable air eoinpresHor or 
compressors for a plant. 

j^essare. First of all, the pressure needed must bo determined. Moat air-oper- 
atod tools are designed to operate at pressures from 90 to 100 psi. If this ir the ease, 
a 100-lb compressor would normally be selected, and the air-distribulioii liiu\s hud 



FlO. 8-145. Heetion thrnuRh one eyhnder of a twf>-btane air-eooled coinpresaor 

out to assure a pressure of 90 psi or greater at the t^ools. Where long distri^tution 
lines are required, it may be de'^irable to iiistHll a iimeliine discharging at HO or 
125 psi. 

Where one or two operations require air at a higher pressure, it is usually uinte 
economical and more convenient to install a wparate small compressor to furnish air 
for these operations. 

Where small amounts of air are required at pressures lower than that earned in 
the main distribution lines, they may be obtained by installing a reducing valve in 
the branch line leading to the op<*nition requirmg the lou-pressure air. if large 
amounts of low-pressure air are required, it is more economiral to install a separate 
uompresHor for the purpose. 

WTiere the air pressure is less than 30 psi and the volume required is compara¬ 
tively large, a turboblower or rotary-type oonipressor should be considered. 
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Capacity. Another important, factor in compressor selection is the oapocity or 
volume of air required. This is a factor which is sometimes extremely difficult to 
evaluate. Obviously the unit selected should be large enough to supply all the air 
devices which will be operatmg at any one time. If all the air operations are con¬ 
tinuous, the capacity required is simply the sum of the air consumption of each 
individual tool. In most plants, however, air tools such as chipping hammers, 
grinders, hoists, etc., are operated intermittently. The compressor capacity in this 
case in that required to opeiate as many air-consuming devices as would ever be in 
use at one time. This may be anywhere from 10 to 100 per cent of the total required 
by all the tools, depending almost entnely on the nature of the work in the plant. 
The experience of another plant doing similar work is very helpful. Air-compressor 
and air-tool manufacturers can often aid in determining the air capacity required. 
Tables 8-19 and 8-50 will be useful in determining horsepower requirements once 
capacity has been determined. 

Capacity Control. In most installations the demand for air is irregular, and 
therefore sonie means of controlling the output of the compressor is necessary. The 
choice of control dijicruls upon the character of the air load. 

l*racticallv all coinpiessor capacity or unloading devices (Fig. 8-151), as they are 
usually tcrmf*d, are actuated by the pressure on the discharge side of the compressor. 



Fio. 8-146 A typi(*al bingle-staf^e water-cooled compressor. 


A falling pressure indicates that air is being used faster than it is produced, and more 
air is required A nsing pressure indicates that more air is being produced than is 
being used, and therefore leas air is required. 

An obvious method of controllmg a compressor's capacity is to vary the ppioed. 
This method is applicable to steam-driven reciprocating and to rotary compressors 
and, within certain limits, to centrifugal compressors and blowers. It is also appli¬ 
cable to some units driven bv internal-combustion engines. In these eases the pres¬ 
sure regulator actuates tlic stcam^admission or fuci-adroission valve on the compressor 
driver and thus controls the speed. 

By far the greatebt number of compressors, however, are motor-driven, and since 
a motor is essentially a constant-speed machine, other methods of controlling the 
capacity are necessary. On reciprocating compressors up to about 100 hp, two types 
of control are usually available. These are automatic start-and-stop control and 
constant-speed control. 

Automatic start-and-btop control, as its name implied, stops or starts the com¬ 
pressor by means of a pressure-actuated switch as the air demand varies. It should 
be used when the demand for air will be intermittent. 

Constant-spei'd contiol should be used when air demand is fairly constant. With 
this type of control, the compressor runs continuously imtil shut down but compresses 
air only when it is needed Two methods of unloading the compressor with this 
type of control are in common use: (1) closi'd-suetion unloaders and (2) opon-inlet- 
valvi* uiilooders. The closed-buction uiiloader eoiisists of a pressure-ai*tiiate<l valve 
in the compressor intake which prevents compression by shutting off tlie air intake. 
Open-inlet-valve uuloaders opt^rate to hold the compressor inlet valves open and 
thereby prevent compreswon. 

It is often desirable to have a compressor equipped with both automatic start-and- 
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stop and constant speed oontrol. When this is done, a switch aUows immediato 
manual solection of either type. 

MotOrniriven reciprocating compressors above about 100 hp in size are usually 
equipped with a step control. This is in reality a variation of constant^peed fX)ntroi 
in which unloadiug is aec^omplishod in a senes of steps, varying from fuU load down 
to no load. Threo-step control (full load, one-half load, and no load) is usually accom¬ 
plished with free-air unloadrrs. rivo-st€‘p pontrol (full load, three-fourths load, one- 
half load, one-fourth load, and no load) is accomplished by means of clearance pockets. 
These pockets or small air reservoirs are opened hen unloading is desired. The air 
is ennipressi^d into them on the compression stroke of the compressor piston and 
refills the cylinder on the return stroke, thus preventing the compression of additional 
air. Chi some makes of machines opcn-inlot-valve and clearance-control unloading 
are used in combination. 

Air-cooled and Water-cooled Reciprocating Compressors. When air is com¬ 
pressed, considerable heat is generated. This heat must be dissipaled at least in 
units where the pressures exceed 25 or 30 psi. On air-cooled machines (l"ig. 8-145) 
this is accomplished by means of fins on the eylinders and a fan which blows air 
across the fins and also the intercooler surfaces if the machine is f>f the multistage 
type. On water-cooled machines (Fig. 8-146). water is eirculiited in jackets (Hg. 
8-150) surrounding the cylinders to pick up and carry aw.ay the excess heat. On 
multistage w^ater-eooled machines, water is also eirculaled in the intercooler tubes. 

In general, air-cooled machines are available for pressures up to 125 psi and hoi<se- 
pow^era up to about 100. Some air-cooled units of small size, 5 or 10 hp, are available 
for considerably higher pressures. Water-cooled units are available from 5 hp on up. 
Large units are invariably w^ater-rooled. 

In the range where Inith air-cooled and water-cooled machines are available, 
either or both types may be Batisfaclory, dependmg on conditions Air-e(K)led units 
are convenient where there is danger of freezing, in isolated locations, and where thi^ 
expense of attendance or automatic water shutoff valves is not w^arranted. Water- 
cooled machines should be used where air temperalurcb are high or where the heat 
from the (compressor is obj(»etioiiable. 

Single-stage and Multistage Reciprocating Compressors, >Single-stage eompres- 
Bors are those in which compression from intaki* to discharge pressure takes place in 
a single st<*p; in a reeiprocAting eoniprcbsor, it takes place in a single stroke of the 
piston. 

Multistage compressors (Figs. 8-147, 8-148, and 8-149) are those in which com¬ 
pression takes plaei^ in two or more distinct steps or stages; in a reciprocating com¬ 
pressor, the huece(‘ding steps msually take place in separate cylinders. 

Multistage reciprocating conipn^ssors and many multistage mach nes of other 
types have iiiti*rcoolers between stages. Thf*sc‘ are heat ex(*hangerH usually designed 
to reduce the temperature of the compressed air to near the temperature at which it 
enU'red the first stage. This reduction in temperature rc'sults in a distinct pow<*r 
saving. 

Single-stage air-cooled compressors for int(*rmittent service are available for pres¬ 
sures up to 150 psi in sizes up to alniut 3 hp. 

Two-stag(‘ air-cooled compressors (f'^g. 8-145) are available for heavy-duty service 
for 125 psi pressure in sizes up to 100 hp. Two- and three-stage air-cooled units for 
pressures as high as 3,600 psi are available in sizes below 10 hp. 

Single-stage water-cooled eompre.ssors (Fig. 8-146) are available for 100 psi pres¬ 
sure in sizes up to 100 hp and for slightly high(-r preshures at lower horsepowers. 
Large units (Figs. 8-147, 8-148, and 8-149) are almost invariably of the multistage 
water-cooled type for pressures above 00 to 80 psi. 

Compressor Efficiency. Wlum selecting a coinjiressor, the first requisit-c* is, of 
course, to choose one that fits the Job in hand as regards capacity, picssure, type* of 
control, etc. After that the question of op(*ratmg efficiency is likelv to be considered, 
fio many different efficicuiey terms are used in connection with air (‘oniprf^ssors tliat 
they become confusing nulcHb one is thoroughly familiar with them. A few of these 
terms are defined in Table 8-52. WTieii comparisons are made between nmehines, it 
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Fiq 8-148. View of a duplex cumpressor looking down from the top 



IS suTipler and less eonfusuig if a bahi< air delivery and iiowcr consumption arc used 
Such measurements for vanoub typos of compressors might he 

( kwhr (elecrnc-iiiotor drive) 
g*il of gasoline (gasohno-oiiKino drive) 
gal of fuel od (diesel-eiigine dri\o) 
lb of steam fbtcam-engme drive) 

If machines with different types of dnvo are bemg compared, it is necessary to 
reduce them all to a common factor by assigning co't ^alueb to the different power 
mediums 

TaLtors other than power cost are mvolvod m opeiating a iwnpressor. Chief 
among these arc labor, lubrieatmg oil, repairs, depreciation, and interest on the 
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investment. However, power costs are such a large proportion of the total (75 to 
85 per cent) that comparisons are sometimes made on this basis alone. 

Table 8-50 should be useful in dctermming approximate horsepower requirements. 
Table 8-49 gives theoretical horsepower for use in the formulas m Table 8-52. 

Water in Compressed Air 

All atmospheric air contains moisture. The ability of air to hold this moisture 
increases with temperature and decreases with compression. Air temperature rises 
during compression, but in most cases it has dropped to room temperature by the 
time it reaches the point of use. The net result is that the air has lost its ability to 
hold the moisture that it originally contained, and the excess condenses in variouR 
parts of the distribution system. Since thitv moisture is detrimental to the operation 
of air tools and other air-operated equipment, it h* essential to remove it. 



Fig. 8-160. A typical cylinder for a water-cooled compreRSor, 


Intercoolers on multistage niacluries remove some of tli(‘ moihture if they are 
equipped with autoniatie drains or manual drams which are regularly attended. 

Aftcic(K)lers are a solution to the problem in many instances. These are simple 
heat exchangers through which water is circulatecl to cool the air and thus force it 
to condense excess moisture. In most instances a single aftercooler of suitable size 
is installed between the air compressor and the receiver. 

A number of different types of moisture separators are available These are usu¬ 
ally installed at strategic places in the distribution lines near the pomt of use. Unless 
regular atteiidaneo can be assured, such separators should lie equippt'd with auto¬ 
matic valves for ejecting the moisture they collect. 

It is good practice to have branch distribution lines going directly to tools come 
from the top of the main air-supply line. This prevents moisture which may collect 
in the main from running into the supply lines. 

Air Receiver 

An air receiver is a uecessity with reciprocating compressors and desirable in 
many instances with other types. It smooths out the pulsations m flow from a recip¬ 
rocating machine, provides reserve storage capacity, and helps to cool the air and 
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Open-inlet'valve unlooder 



LMv-pressure dioQroms HKph-prusundtogmi 



Full load -100% oopocify. 100% indiailBd 



Three-quarter lood-75% cQpoctty, 76 to 77% Indicolsd hp^ 



One-half locid-50% copxity,52to53% tndioalid tip. 



One^quor ler load - 25% capocity, 27 to 29 %'ndicoM hp 



No lood-0% capocity, 3lo5% mdicoied hp 
Acluol mdicalor diogrom showing operation of deor- 
once control ot five load points of a two-sloge 
compressor 



Clearance volve which opens cyiindennto 
clearance pocket 

Fiq. 8-161, Conipiesbor unloading deviree: (17ppcr lift) Open-uilet-valve unloadoi 
(Loioer Ipft) C^lospd-auction unloader, {Upper right) Actual indirator diagram showing oper¬ 
ation of clearance control at five load points of a two-stage coinpresaor. {Lowet tight) 
Clearance valve which opens c>liuder into clearance pocket. 


thus (iondonsc part of its moisture. The air receiver should be at least large enough 
to hold all the oir delivered by the eoiupresBor in 1 min. This may be calculated as 
follow 


Receiver size, cu ft 

_ displa ceme nt or capacity, per min X atmospheric pressure, psi 

discharge prcs.suic, p«i, + atmospheric pressure 

It docs no harm to have a receiver largiT than this, and in some easels a large tme 
is necessary This is true 'where oceasionul inumentary air r(*qmrrments are greater 
than the capacity ot the compressor In such jnstaneeH, the air rccidver should have 
enough capacity to provide all the air required for the momentary operation using 
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air above oompmasor capacity (alsp see comments roKardinff receivers under Safety 
in the Compressor Plant). 


Safety in the CompTessor Plant 

Compressed air is inherently a safe medium. However, because of its apparent 
harmlessnesB, certain fundamental safely precautions are sometuues overlooked. 

Air released through a nozzle travelsT at liigh velocity. Air at 100 pai expands to 
nearly eight times its conipressc^d volume on release to atmosphere. It follows, 
therefore, that workmen should be careful 'wUh air jets and should not play pranks 
with compressed air. Severe cases of inti'rual rupture and even death have resulted 
when air jets were applied to one of the natural body openings. 


Table 8-49. Theoretical Adiabatic Horsepower to Compress 100 Cu Ft 
per Minute of Air 

[Based on sea-level intake (14 7 pai abs) and n » 1 3947] 



The<ireiiral odiabaiic 


Thburetiral adiabatic 

Discharge 

horsepower 

Discharge 

horsepower 

pressure. 



preuMure, 



psig gauge 

Oue-stage 

onstage 

psig gaiigr 

Oti e-stage 

I'wo-slsge 

66 

12 » 


no 

18 9 

16.1 

6(1 

13 3 


120 

19 8 

IG 8 

66 

13 0 


no 

20 7 

17 3 

70 

14 0 

12 8 

140 

21 6 

17 9 

75 

15 2 

13 3 

150 

22 3 

IS 6 

80 

15 7 

13 7 

160 


19 0 

85 

16 3 

14 ] 

170 


ID 5 

90 

16 9 

14 6 

ISO 


20 0 

96 

17 4 

14 9 

lOO 


20 4 

100 

17 9 

If) 3 

200 


20 9 

1 


Theoretical adiabatic horaepower (baetpd on a - 1 3947 ) 
SiiiKle-biaf^ 

Hp » 0 01512F/'i[(i*i/Pi)'»*” - H 

Two-slacp* 

Hp - 0 . 030 WFPi((P 2 /Pi)» - 1 ] 


nlien* V •" actual air df‘li\or3'. cfni, m terms of free air (air at pressure and teniperaliirc romlitions 
pzisting at tomprcdhor in take, t.e., at Pi) 

Pi ^ intake pressure, iwia 
Pi >■ duu hartm jiruesure, psia 

Nots I Absolute presHuie equals fcause pressure plus almospherir pri'esure. 

Notb 2 n is ratio of speiifio heats at eonstant pressure and at constant volume It euli^rs into all 
tliprinodynaniir (omputal ions. For air contaiiiing 0.67 per cent moisture by wugbt, the value of 
n — 1 3047, an avera^ for a tempeiate climatB. 

Theoretical iaothermal horaepower 
Hinglo- or multistage 

Hp - 0 00436FPI loR. — 


Air receivers and piping should be heavy enough to tvithsland the pressure they 
arc to handle. Air receivers should meet code requirements of the state or locality 
where they will be used (in most cases the ASME code for unfired pressure vessels). 

All reciprocating compressors and other positive-displacement compressors will 
build up higher and higher pressures if air is not used and the compr<»ssor is allowed 
to continue to operate fully loaded. Obviously, under such conditions, if no relief 
is provided, something must sooner or later give way, and air, bc'cause it expands on 
release, arts with almost explosive force. All compressor auxiliaries such as inter¬ 
coolers, aftercoolers, and air receivers are equipped with safety valves. These must 
be kept in servic<‘ and should lx* t(*«ted at regular intervals. Also, and this is impor¬ 
tant, a safety valve must be placed in the eompreasor discharge line between the com¬ 
pressor and any stop vah'e that is placed in this line ahead of the air receiver. 

Oil IS required to lubricate compressor cylinders. A certain amount of this oil is 
carried along in the air stream and is condensed out along with moisture in the inter- 
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cooler, oompresBOT clearance pockets, aftercooler, air receiver, etc, Since oil is 
iiiflamniable, it is highly iraporl ant that it be removed. Furthermore, the air receiver, 
aftercooler, etc., cease to function in the manner for which they were desig;iied if 
they become filled with water and oil. Drains are provided on ail such units. They 
should be opened at regular intervals or, in the case of automatic drains, should bo 
regularly inspected. 


Table 8-60. Approximate Brake Horsepower to Compress lOO Cfm of Air 



()ue-f>tBjKc 

Twu-BtaKc 

Altitude, ft 

Dibchfir^p proeaure, pwR 


Difl charge preanure, paig 


ao 

80 

100 

60 

89 

100 

125 

ISea level 

IG 3 

19 5 

22 1 

14 7 

17 1 

19 1 

21 3 

1.000 

16 1 

19 2 

21 7 

14 5 

16 8 

18 7 

20.9 


15 9 

18 9 

21 3 

14 3 

16.5 

18 4 



15 7 

18 6 


14 0 

16 1 




15 2 

17 9 

20 3 

13 5 

16 5 

17 3 

19 2 


14 1 

16 5 

18 6 

12 3 

14 1 

15 6 

17 2 


13 1 


17 2 

11 3 

12 9 

14 3 

16 7 


Notb: Actual brake horsepower will 'larj considerably milh size and tj pe of compressor. 


Air compressors normally oporale at moderate tenipcratiues (Table 8-51), but 
occasionally failure of some part or of cooliiig-w ater supplies will allow teniperature 
to rise high enough to ignite oil or carlion deposits. 

Excess oil should be eliminated by dramiiig as ine'iitioned in the preceding para¬ 
graph. Carbon deposits on valves should not be allowed to aceinnulate. Excessive 
lubrication of the air cylinder shoultl be avoided. Valves or other parts should never 
be cleaned with gasoline or other highly volatile and inflammable liquids. 





































TURBOBLOWERS Am COMPRESSORS 


[Sec. S 


On water-cooled eomprossors on ample supply of coobng water should be circu- 
latt'd at all times. Open funnels ore usually provided in eoolmg-wdter discharge 
InicH both to prevent siphoning and to permit visual inspeetion of the water flow. 

If conditions warrant, aubimatic alaiin systems or automatic shutdown devices 
ean be installed to opernt<‘ when the coohng-watcr supply fails and when temperature 
in the air discharge line becomes excessive. 

A typical arrangement of equipment in a reciprocal ing-compiessor instaUation to 
meet safety and convenience requirements is shown by Fig. 8-152. 


Table B-61, Theoretical Adiabatic Discharge Temperature 

[Based on GCF intake tempcratuic, sea-level intake (14.7 psia), 

71 = 1.3947. and mleicooling to intake temperatire on two-stage machines] 


Disihari^ 

1 inaJ t( inperatuie, di g I 

pressure, 

—-- 

■ 

png 

Uue-*fcage 

1 w')-staee 

sn 

331 


00 

304 


70 

.'{04 

206 

80 

421 

217 

•JO 

iih 

227 

JOO 

470 

215 

no 

102 

214 

120 

5J3 

25J 

1.10 

5.31 

250 

140 

552 

21>6 

l.V) 

570 

272 

IbO 


278 

170 


284 

180 


2*10 

100 


, 205 

200 


' dOO 




7 - rui" /PU' ^ 


1 slaK< _ 

T - r, vuv/M" 

uluri /' •mil P\ - »nni 0 j-s iti TaljU 8-4*1 

T » abMiluO diHi hdrpe li nviinntiin 
Ti - alisoliilf innU« iiiupiruluu 
Noifc Aliholiiit liMiijferdluK - (b'F I plus lOO® 


Table 8-62. 


VuluiiKtill 


f'oiiiprPssKjii ilbiirnrv istithrnnal* 


(''uinpnHsioTi I fill II III \, ailittbatit* 


MLihuiiiial pttiriniiPi 


OMr-all pfluiiiifv* 


Compressor Efficiencies 

ai lual air r]pli\rrv 

thpon U( hI atr (hln er\ ni pisttni duplac oiiient 
tlu 1)11 til al isollu rmal Itorapp owpr 

iiifliiatPil lioraejjowpr 

tliiorotifal adiabatic horaopowpr 
inilicatpil liorsi'powti 

_iritl (.ati'd horuppowCT_ 

actual horacpu\icr iniiiii (brake horsepower) 
contpTPBsiuu uflicienc\ X mechanical efTineiie^ 
t heoi elieal luu si power 


( -» contpr 
actual 


actual horsepower input (brake huisepowcr) 

* W hen iisiUK the terms ‘ i onipre*cfiioii c llieienc\ ” and * o^er all i ffaeieiir v,” it is uecesaar^ to 
wholher tbo calculatiuii is based ou the adiabatic or the isotberiual liorsepowtr. 


Turboblowers and Compressors 

Turboblowers or centrifugal coinpressois are widely Ubed to handle air or gas at 
presmircs from ^ ^ ^0 psi. MaehincH are available for higher prt'ssures up to 

about 100 psi, but these hiul their main application in sizes aUive 15,000 elm. For 
jiressunis below H P®i one of the several types of fans is ordinarily selected. 
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Turboblowers are used for a wide variety of services includiuK cooling; drying; 
supplying combustion air to furnaces and ovens; for blowing blast furnaces, cupolas, 
and converters; for transporting solid materials; for flotation processes, for agitation 
and aeration, for ventilation; as exhausters; etc. 

The principle of a turboblower is the same as that of a centrifugal pump, the 
main difference being that the air or gas handled in a blovcr is highly compressible, 
while the liquids handled m a pump are practically incomproshible. 



Fia. 8-163. Smgle^tago tuiboblower. 


Most turboblowers operate at sjieodb of 3,500 ipin or higher. They arc, therefore, 
almost exclusively diiveii by electric motfus or ste.iin turbines Hiiigle-stagc blowers 
are available to produce a presbure rihc of up to 5 or 6 psi (see 1 ig. 8-163). From 
two- to s(*\i n-stjLge units jnotUue pii'ssines from 3 to 40 psi (sec Fig. 8-154) For 
higher pressiii(‘s, e\en more stages are required. 

A lulb4)bl(i^^( I is pss< iitiall^ a coiiitant-pres'^'iire machine, and power eoiisumption 
is almost dneclly piopoitioiial to the vohiine delivered Blowers can also be built 
with iinpdleis designed to produce decrea«od preHsiirc us the volume increases 

Tur 1)01 dowers can be equipped with eoiitrrils to deliver gas at constant •discharge 
pressure, constant-suction pressure, or constant volume or constant weight 
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The usual practice on stiiall- and moderate-capacity units is to insert a blast gate 
in the inlet or discharge hne. 'Phis can be set manually to control the volume or 
prepare. 

Where required, Ihe blast gates ran be autoinatieally controlled through suitable 
pressure- or volume-measuring devices. The constant-weight control is an automatic 
control for the blaf^t gate which controls the volume by correcting for lK>1h tempera¬ 
ture and pressure changes ui the gas handled. 

On large turljinc-drivcn units, control is usually effected by varying the speed. 
()n large constant-speed units, control is often effected by the use of inlet guide vanes 
which can be set at various angles. These vanes on single-stage units show a consid¬ 
erable power saving over the use of blast gate to effec't control. On multistage units, 
additional power savings can be effected by the use of a ^'jKiwcr whet»l” with the 
adjustable guide vanes. The power wheel is a reaction-type rarlial-t urbinc impeller 
which converts some of the velocity energy of gas passing at high velocity through 
the guide vanes into power that assists in driving the blower. 

Turboblowers at about one-third to one-half of their raletl capacity bec'omc unsta¬ 
ble in their operation. This point, known as the ‘^pumping or surge point,” is aec'om- 
panied by fluctuations of the inlet and discharge prc'ssures and a wliiuiiig noise. No 
damage is done wdicii this point is reached. IIo\\e\cr, blowers should be selected to 
operate above the pumping point. Blowers arc seldom nviuiicd to operate at vol¬ 
umes below the pumping point. Where this is iiccessarv, measures should be taken 
to prevent pumping. The inlet guide vane.s previously dcscrilied make the pumping 
point come at a low^r volume. On small units or on machines wliere guide vanes 
will not lower the pumping point sufficiently, it is necessary to have a waste valve 
in the discharge line. 

Rotary Blowers and Compressors 

Rotary compressors, blowers, and vacuum pumps arc luuchiiics of tlie jiositive- 
displacemcnt type Such uniH arc c.sseiitially constant-volume machuies with \ari- 
able discharge pressure. Volume can lie varied onl.v )iy changing the speed or by 



Fiu. 8-150. Slidiiig-vane-type rotary blower. 


by-passing or wasting some ol the capacity of the niaehiiie. The discharge pressure 
will vary with the resistance on the diseharge side of the systcitt. 

Rotary compri'ssors aic generally elussilied as two-impeller, sliding-vane, and 
rotary-piston type 

The two-impcller type is illustrated in Fig. S-li55. Such units arc available for 
pressures up to about 15 psi and capacities up to 50,000 cfrii. Soiiudimcs multiple 
units are oiicraled in scries to produce higher pressures. 

"JTie sliding-vane type is illuhfrat<-d in Fig. 8-J5(>. These units are offered for 
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pressures up lo 126 psi and capacities up to 2,000 cfm. Generally, machines for 
pressures above 50 psi arc built as Iwo-stage units. 

The Uquid-pwton type is illustrated in Fig, 8-157. They are offered as fidnglc- 
biage units for pressures up lo about 75 psi and capacities up to about 4,000 cfm. 
Two-stage uiiitb arc available for liighei pressures. These units have found wide 
application as VHcuuin pumps on wet-vacuum service. 

The two-iiiipeller and sliding-vane comprebsora arc not satibfactor}” for handling 
gas containing dust or other abrasive material. Many such materials also tend to 
be retained by the liquid in the liquid-piston type. The liquid in the latter type of 
puiuji can be seleeted to prevent contamination of the gas being handled. 

Installation and Operation of Compressors 

The const met ion dtdails of various type*? and makes of eompressors differ so 
widely that only general suggestions can be given here. 

The instructions furnished by the compressor manufacturer should be followed. 
If you do not have these, the manufacturer will furnish them. When request- 



Fi(, M-157 Liquid-pistoii-tN pe rotar 3 ’^ IdoMpr. 

mg such infe^nnation, the type, size, rating, and .seiml number of the machine should 
be obtained ironi the name jilate affixed to it 

Machines that are shipped eoniplcdely assoinblecl can usually be installed by com¬ 
petent meelmiucs or electors from your own plant oi by e\peiieneed local engineers 
or machinery distrihutors. It is usually wise on large machines to employ the seiy- 
lees of the nianufaeliirei's erector. 

I'he compressor should be located in a clean, light room with ninplr sjiace around 
it for cleaning, inspection, etc On large units, room must be allowed for removmg 
pistons, intercooler tube iie.bts, piston rods, etc 

Some small mtiehmes do not require a foundation—just a good solid floor on 
which tlicy can be set or to which they can be boHeil. Most machines, howwer, 
will require a eonerete foundation. 

C^ompressor intakes should be equipjied with intake filters. The coiiiprt'ssor- 
intake piping aliould bo as short and direct as possible. Tlie intake itself should be 
located .way from steam and other exliaust pipes well above the ground and in as 
cool a place as is available. The intake pipe should be at least as large as the mtake 
opening on the compressor and larger if long A good rule of thumb is to increase 
its diameter 2 in. for each 15 ft of length. 

Safety valves should be installed on the interc'ooler, aftercooler, and receiver, and 
definitely on the discharge lino between the compressor and any shutoff valve in the 
line. 
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The oompressor should be lubricated in accordance with thr manufacturer’s direc¬ 
tions. Small, single-acting machines may use only one type of oil—that placed in 
the crankcase. Larger machines usually have separate lubrication systems for Ihe 
cylinders and for the bearings, etc. Air cylinders should not be overlubricated. A 
good check on oil quantity is to remove a valve and examine it and the cylinder. 
Parts should have a slight film of oil, but no excess oil should collect in the cylinder 
or on valve parts. 

Valves should be kept clean and free from carbon. Gasoline should never be used 
in cleaning. 

Bearings, crossheads, valves, and other working parts should be regularly checked 
for wear. Wlien wear Wcomes excessive, parts should be adjusted or renewed. 

The manufacturer’s instructions should be carefully studied. His recommenda¬ 
tions are based on experience with hundreds or thousands of machines. 

PUMPS 

Necessity for the movement of liquids by pumping occurs often throughout a 
manufacturing plant. Haw materials may be delivered to the plant as licpiids. 
Many materials arc liquids during all or part of the manufacturing pruc.esscs. Water 
and sanitary services may require pumps as docs steam-generating equipment, cooling 
and washing equipment, etc. 


Centrifugal Pumps 

The centrifugal pump is the type most widely used for transferring liquids of all 
types—^raw materials, materials in manufacture, and finished products; as well a.s 
ior general services of water supply, boiler feed, conileiiscr circulation, condensate 
return, etc. They are availabh* through a vast range of sizes; in capacities from 2 
or 3 gpm up to 100,000 gpm; and for discharge heads (pressures) from a few feet up 
to 3,000 psi. The size and type best suited to a particular application con bo deter¬ 
mined only by an engineering study of the problem. 

The principal advantages of a centrifugal pump are simplicity, low first, cost, 
iinifonn (noninilsating) flow, small lloor siiace, low maintenancr expense, quiet oper¬ 
ation, and adaptability to motor or turbine drive. 

A centrifugal pump, in its simplest form, consists of an impeller rotating within 
a casing. The impeller cou.sists of a number of blades, either open or shrouded, 
mounted on a shaft which projects outside the casing. IinpelliTS may have their 
axis of rotation either horizontal nr vertical to suit the work to be done. (’losed- 
type or shrouded impellers are used for nio.st types of work as tht‘y are gimerally 
most efficient. Open or seiiiiopen impellers are used for viscous liquids nr liquids 
containing solid materials and on many small pumps for general service. Impellers 
may he of the single-au<'tioii type or double-suction type: single, if the liquid enters 
from one side; double, if it enters from both sides. 

Chasings are of three general types but in any case eonsi.st of a chamber in which 
tlie imiieller rotates, provided with inlet and exit for tlie liquid being pumped. The 
simplest form of casing is the circular casing, coiiMsting of an annular chamber arouiirl 
the impeller, no attenqit being made to overcome the loK.ses that will arise from 
eddies and shoc'k when the liquid leaving the impeller at relatively high velocities 
enters this chiimber. Such casings are seldom used. Volute casings take the form 
of a volute, increasing in crnss-si'ctional area as the outlet is approached. 

The volute converts the ^'eloclty energy imparted to the liquid by the impidler 
into pressure energy, with comparatively low hissos. 

A third type of casing is used in diffusor-type or turbine pumps. In this type 
guide vanes or diffusors are jnterpo.sed between the impeller and the casing chamber. 
Ixwses are kept to a miiiiiiuiin in a widl-designed pump of this type. This construo- 
tion is often used in multistage' bigh-liead pumps. 

Centrifugal-pump Characteristics. Figure shows a typical characteristic 

curve of a centrifugal pump. It is important to note that pump will operate along 
this curve and at no other points. For instance, on the curve shown, at 200 gpm 
the pump will generate 87-ft head. If the head is increased to 100 ft, 120 gpm will 
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Gallons per Mmule 

I'lo, 8-158 C'ontrifug«i]-puinp characteiistir nirve for diffpiont impeller Bisea 



QALLONS PER MMUTC 

Fig. 8-159. Centrifugal-pump pliararteristie eurve for different speeda. 
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be delivered. It is not possible to reduce the capacity to 120 gpm at 83-ft head 
unless the discharge is throttled so that 100-ft head is actually generated within the 
pump. On pumps with variable-speed drivers such as steam turbines, it is possible 
to change the characteristic curve as shown by Fig. 8-159. 



Fig. 8-160. Typical cradle-mounted pump. 


Single-stage Centrifugal Pumps. Single-stage centrifugal pumps are available in 
capacities up to and over 50,000 gpm for heads (pressures) up to 200 ft or .sointdirnes 
as high as 350 ft. They arc available in a variety of designs for particular services. 

Cradle-mounted Pumps, Cradle-mounted pump is a term usually applieil to sin¬ 
gle-stage units of simple design with impeUer mounted on an overhung shaft for 



Fig. 8-161. Single-stage double-suction pump. 


capacities up to about 3,000 gpm and heads up to about 200 ft (see Fig. 8-160). Such 
units are rlesigiied for ease in dismantling and accessibility. They practically always 
have single-suction impellers. 
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Douhle^mdion Single~8iag^ Pumps. Double^uction sin^enstage pumps (see Fig* 
B-161) are used for general water-supply and circulating service and for many transfer 
services. They are available for capacities from about 25 gpm up to and over 50,000 
gpm and heads up to 200 ft or so. Such units are available in iron or bronze or iron 



Fig. 8-162. A typical closo-coupled pump with built-in motor driver. 



Fig, 8-163. Immersion-type coolant Fig. 8-104. Side-wall-type coolant 
pump. and circulating pump. 


with bronze fittings. Other materials increase the (!ost, and where such materiala 
are required, a standard-type chemical pump or other special service pump is usually 
more economical. 

Close-couplsd Pumps (see Fig. 8-162). Pumps with built-in electric motor or 
sometimes steam-turbine driver (i.c., with pump impeller and driver on the same 
shaft) arc known as cioSo-coupied pumps. Such units are extremely compact and 
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are suitable for a variety of eervioes where standard iron and bronze materials are 
satisfactory. ’'Fhey are available m capacities up to about 2,000 gpm for heads up to 
about 240 ft. Twonstage units in the smaller sizes are available for heads to around 
500 ft, and some manufacturers furnish such pumps with a considerable number of 
stages. 




Fio 8-166. Two-stage pump with double-auction impellers. 


Specialrapplication Pumps A iiumliru of poinp designs are available for special 
applications such as handling chemicals, paper slock, hoi liquids, volatile hydrocar¬ 
bons, etc. Such pumps are basically ol the tvpes described but with features designed 
to meet special needs of the service for which they are to be used. Pump manutac- 
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8-168 A lO-ataKC' verticMl pun’-p 


turers can furnish complete mforniation 
on units for such applicatums. 

Sump Pumps, Sump pumps aro 
small single-stage pumps used to drain 
shallow pits or sumps. They usually 
have single-suction open-type impellers. 
The pump itself is immersed m the 
liquid and driven hy a shaft from a 
motor or belt pulley above thf‘ pit. A 
tube or column encases the shaft and 
ioims a conntH'ting support betwc^en the 
puni]) and the driver and for Avhatever 
shaft bearings may be leqiiircd 

Coolant Pumps, Coolant jmnips are 
used for riiculaiing coolant on machine 
tools. 'I'heae are oft cn of the immersion 
type in which the pump is immersed in 
the liquid (see Fig. 8-163) Others of 
the side-i\all type fsee Fig 8-164) an* 
mounted on the sidi of a tank 

Multistage Centrifugal Pumps. 
Multistagi* pumps are, in gcneial, useii 
for sei vices requii iiig highei hoails (pres¬ 
sures) than can bi gi‘iicrated b\ siiigli- 
stage pumps. Pm h si rvices include li-p 
water-supply pumps, hie ])uiiips, boiler- 
feed pumps, ehaige puiiijis lui iffiiieiv 
proce‘-Ref 3 , etc. Such pumps arc .unila- 
l)le for pressures as liigh as 3,0(M) psi 
at cajjacitiea up to 3,000 gimi and 
above 

Multistage pumps inav be of the 
volute tvpe or of the diffusor t^J)e 
Volute-type pumps (see Fig 8-1 (lo iisu- 
alh have siiigle-suction impi'lleis ai- 
niiigeil WMth halt the iinpellei inlets 
facing tme direction and half in the op¬ 
posite direction to Imlance thrust 
Sf»me t\vo-t>t«ig(‘ fsee J‘ig. 8-166) units 
haM* iloiible-suction iinpilltrs, but this 
construe tion, except for speeial-jnirimse 
units, makes the casings of impTactiral 
Bize for more stage s. 

Diffmsor-type jiunips (see Fig 8-107) 
usuall> have singh*-suction impi'lleis ar¬ 
ranged with all impeller inlets facing in 
the same direction and impeller thiu^t 
neutrah/eil by a differentia 1 pressure 
dcvjte known as a “balancing drum ” 

Pumps for very high prc'^Mires oftem 
have an iiimr volute-typo casing or as- 
BPiiihly of (lifTuaor units phieed within a 
foigpd-st(*(l shell or barrel. 

Multistage pumps for small or mod¬ 
el ite capnt it'v are ax^ailable m a vertical 
design w hicli for niaiiv services simplifies 
the piping and installation (see Fig. 
8-168), 
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Propeller Pumps 

The term *‘piopelIer pump" is applied 
to unils With axial-flow oi mixed-flow (i e , 
part axial and part ceiitnfuKal) irnpellerb 
iSueh mills aie availalde m eapacitioh from 
100 gpm upward for heads up to about 
100 ft per stage. Pro])eller pumps are usu- 
allv vertical, although some bingli^stagc 
horuontal units arc built. 

A common form of piopeller pump has 
the pump element mounted at the bottem 
of a column which serves as the discharge 
piIK? (see Fig S-lfi9) Such units aie mi- 
inerwd in tb(' liquid to bt pumped and die 
commonlv used foi large-volurac drainage 
and large-volume eirculating hervut such 
as surfaee eondensirs, itc. 

Anothe i foini of the pump his a shell 
Minounding the punipiiif! element which is 
eoniurttcl to tlie int'ikc jiipe (see Tig 
8-170) III this form the piiiii]) is ii'^tcl on 
londeiisitc heivjce m pow« r plants and for 
pioetss woik such as cmouutcrfd in oil 
rehiiciies 
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A rharacteristic curve of a typical a\ial-rtow purup {^iven m Fig. 8-171. Pumpa 
with mixed-flow impellers have a loner shutoff {i f ^ closed disrliargo) head and lower 
horsepower at this point, but not so low’ as for u cpiitpifugal pump. 

Selecting a Pump 

In selecting a pump, it is iiec<‘ssary to know the liquid lo be handJerl, the total 
discharge head, the capacity, tlie suction lift or head, aiul in most cases, the temper¬ 
ature, viscosity, and vapor pressure of the liquid lo be handled. 

To illustrate these points, a tvineal extiriiple is given: An indusfiial plant w’ishes 
to install a pump to lift 200 gjnti of W’ater at 72‘^F from a sump to a tank on the roof. 
The water is to be delivered into the lank at 10 lb pressure. The tank is 58 ft above 
the sump, and the pump is 4 ft above the water level in the sump. The diseharge 
pipe from the pump to the tank Is 400 ft long and contains four standard elbows, 
one check valve, and ime gate valve. A diseharge line is already installed 

which the plant superintendent would like to use if jjosHible. The suet ion pipi* is 4 
in. in diameter, 2o ft long, and contains two eJbowa and a foot valve. For comparison, 
two solutions are given in Table Solution A, using the availalile 2' i-in. discharge 
pipe, and Solution B, using 4-in. discharge pipe. Friction losses in tliis problem are 
based on using old, rough pipe. Solution A shows 295 ft total head which will require^ 
a pump driven by a 25-hp motor. Stdiiiinn B shows 108 ft total head which will 
require a pump driven by a 7*^2-hp mmor. These tw'o problems forcibly point out 
the savings that a discharge pipe (»f proper size makes possible. 

Reciprocating Pumps 

There are two general classes of piston or reciprocating pumps: steam pumps and 
power pumps. In general, the action of the liquid-transferring parts of these pumps 
is the same, a cylindrical piston, phiii^Hr, or bucket being caused to pass hack and 
forth in a cylinder. The device is equipped with valves for inlet and di.ieharge of 
the liquid being pumped, and the operation of Ihese valves is related in u definite 
manner U) the motions of the piston. 

Reciprocating pumps are usually provided with an air chamber, as shown in Pig. 
8-172. This serves to smooth out irregularities in the discharge of the pump and 
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Table 0-6S 


- 

rioliition A 21i-iJi dini barge 

boliitinn h 4-111 dischajffo 


pi|M , I'lji auf tion pipe 

pi}H,4'>m hiiction pipe 

DiHcharfft' htarl 



of diBcharge i»ii>c 

4(X»' 

40t>' 

4 tils—equivali lit Itngih of pipp 

4X62' - 24 8' 

4 X 10 2' = 40 8' 

1 flititk vahe -cqiinaWt length of 



pipe 

1 V 22 22' 

1 X 41 = 41' 

J valve—equivalent htiKtli of pipi 

J X 1 tU - 1 r 

1X21 = 21' 

Total length for hgiiring fni tion 

% 8 1' 

483 0' 

I nftioii loss ppi 100 ft 

to 3 

4 3 

Total iliatbarge fnriion loss 

4U 3 X 448 1 ^ , 

1 3 V ISt 0 


100 “ ^ 

UK. - *' 

Statu disrharge pumj> to tank 

58' 

68' 

llekd, tank pnssure 

10 X 2.1 1 - 21 r. 

23_L' 

Total discharge hfod 

288 f>' 

101 9' 

Suction lift 



Length of Rurljijii pijji 

1 25' 

25' 

2 ells —tcpiivalcnt length of piiw 

2 X 10 2 = 20 4' 

2 X 10 2 - 20 4' 

hoot vahe -eqmvalmt liiuth ft 

0 

0 

1 olul length loi figuiiug fncticai 

4' 

45 4' 

1 n lion loss |Kr 100 ft 

4 i 

4 3 

Total suLtion frictirui lobS 

4 1 X 15 4 

4 t X 45 1 ^ , 


"= 2 0' 

■- 2 0' 


too 

100 

Htatir ^urtioii lift 

4 ' 

4 ' 

Total Ruitioii lift 

' b 0' 

1 6 0' 

Total held 



lotal ilischaigc load 

2S8 6' 1 

101 V 

J 1 tal Mil tinn lift . 

1 0' 1 

, 6 0' 

Total Iliad 1 

2‘*1 (/ 

107 9' 



Fxg. 8-172. Simplex direct-artma steam pump. 
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gives a muform flow It is alv^a.'vs usr d with bingU bioain pumps and power pumps 
With low-prebsure, diieet-atting, duplex bteam pumps, it is not needed With duplex 
pumps its volume should be four times the displaLimeiit of one piston per stroke, 
with all other types, eight times 



Iiu S 171 V simplex outside pirkid plunger pump 


Types of Reciprorabng Pumps 'llu ordinal t^^KS of i(i iprot itiiig pumpH are 
the four pumps ch s< iib( d bdois 

1 Simpler f)o ihU \(t{n(f Hirst nn> b< dirrrt-uting (t r , dirert-ronnett(d to 
a steam cvlindci) or ptmti drnen (through ri ink iiid flvwiurl liom thi trosslu id 



ing pump 


of i steini cnginej Figuir 8-172 is a 
pump of this t>p( dtsigiutl for usr it 
heads up to 200 ft 

A simple X, outside-p o kr rl pliingr r 
pump ol the t>pt used with hadrauhr 
prtssts and for similar bt^rvire is shown 
111 Pig 8-17J 



2 Duplex, Double Acting "Jhrst pumps diff r pnmirily from those of the sim- 
pltx type in having two water ryluideis whost oprration is coordinated These 
pumps may be either direr t-ar ting, hteam-rlriven, or power-diiven with erank and 
flywheel 
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3. Tripiex, Single Acting. 'Thoflo pumps havp three flinglc-aetLng plungers and 
cylinders and are used to give a uniform flow. They are u<jualiy of vertical design. 
The drive may be from a motor, belt, or steam cylinder and is through gears or crank 
and flywheel. This is the common type of power pump, an example of which, 
arranged for belt drive, is sliown in Fig. 8>174, from which the action is readily 
traced. 

4. Triplex, Dovhle Acting. This is a double-acting arrangement of the pump 
discussed under 3. The design is generally used for horizontal triplex pumps. Other 
features arc similar to 3. 


Choice of a Reciprocating Pump. The advantages of a direct-driven pump lie in 
good efficiency over a wdde range of operating conditions and flexibility of capacity, 
head, and speed. The disadvantages arc usually high first cost, large floor space 
required, noisy operation, and more attention required. 

The advantages given for a direct-driven steam pump do not apply to power- 
driven pumps. A tnph^x single- or tloubh^-aclmg pump does not have flexibility as to 


speed or capacity. It does have utiiforni 
delivery. Its use is indicated in pumping 
wells, in handling steady flow of liquids, and 
in serving machines operated by hydraulic 
pressure. 

Discharge - -^ Socfhn 



Fio. 8-176. Vane-type rotary pump. Fio, 8-177. Cam-an d-pist on-type ro¬ 

tary pump. This unit show-n, with 
jackets tor heating of viscous liquids. 


Simplex double-acting pumps are mo‘=(t suitable for water service and boiler feed. 

Duplex doubh^actiiig pumps are uiuversally adaptable, hen made of the proper 
iiiaterials, particularly as to cylindt^r hiiing.s nnd \alve material, and when of correct 
design, these pumps are frequently used foi tars, oils, and other viscoub liquids. 

Triplex single-acting pumps are suitable for producing uniform flow’ wdieii condi- 
tioiKs are const ant. Tiiplex double-acting pumps arc used under the same conditions 
as triplex hiiigle-acting pumps but are generally of horizontal design. 

Reciprocating pumps, particularly of the direct-acting, steam-driven design, are 
available in a great variety of designs and sizes to fill (‘very need for whieh such a 
pump is suitable. 

Another fonn of reeiproeatiiig pump is known as the “diaphragm pump.’* In 
these units a flexible diaphragm hepar»t(*s the suction chamber from the discharge 
chamlxT. I'lie diaphragm movies up and down through the action of a yoke or rod, 
and a discharge valve force's the hqiiid from the suction chamber into the discharge 
jiipe. Diaphragm pumps are used for emptyuig tiLuks and sumps and for dewatering 
excavations, etc 


Rotary Pumps 

Itotary pumps differ from centrifugal and reciprocating pumps in that they will 
deliver a positive quantity of liquid under conditions of varving head or pressure. 
These pumps will handle any liquid that contains no grit or abrasive inatt'rial. 

This type of pump consists of a stationary casing in which are Located one or 
more rotating members. When one rotating member is used, it is mounted eccen- 
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trically on the shaft. The impeller in this typo of pump is usually cirrular in section 
and is provided with a reciprocating >)ladc or blades or a horizontal nbutniont. Fig¬ 
ures 8-175, 8-176, 8-177, and 8-177A, show w*voral typos of rotary pumps. 

Rotary pumps are available in two goneral classes: interior bearing and external 
bearing. The interior-bearing tyjie is used for hamlliiig liquids of a lubricating 
nature, while the ^exterior-bearing type is used with nonhibricaling Ininids. The 
interior-bearing pump is lubricated by a part of the Ihpiid being pumped, while the 
exterior-bearing type is oil-lubricat.od by an attendant. 

Among the liquids handled by rotary pumps are water, mineral oils, vegetable 
oils, animal oils, greases, glucose, molasst's, paints, varnish, shellac, lacquers, alcohols, 



Fjo. 8-177a. Screw-type rotniy puinj). 

catsup, brine, mayonnaise, sizing, soap, tanning Inpjora, vinegar, and ink. It should 
bo kept in mind that most rotary inimps are not suitable fur handling Ininids carry¬ 
ing grit or a])ra.sive material. 


Air-pressure Pumps 

Handling Liquids with Fluid Pressure. In addition to the Jiipiid-handliiig devices, 
such as pumps, that depend on the mechanical action of jiisloiih, plungers, or impellerH 
to move the material, there is another group of devices for this pnrjiose that einplovs 
gas or air pressure to move the liquid. This group includes air lifts, acid eggs, jet 
pumps, and pulsometers, among otliers. 

Air Lift. The air lift is a device for raising liijjuid by means of compressed iiir. 
In the past it was widely used for pumping wells but lias been less wiihdy used smc(‘ 
the development of eftineiit cfintnfng.Tl pumps. It op(‘i:jtes by intmdvieing com¬ 
pressed air into the liquid near the bottom of the well. The air and liquid mixture, 
being lighter than liquid alone, rises in the well casing. The advantage* of this sys¬ 
tem of pumping lies in the fart that there are no moAdiig parts in tlie well. Th<* 
pumping equipment is an air coirifiiessor which can be located on the surface. 

Displacement Pumps. Displa(*eineiit pumps opertite by forcing the liquid that is 
to be moved from one point to another by means of air or gas pressure on the surface 
of the liquid. Thu acid egg is a device of this type frerpiently (‘iii'ouiiiered by chem¬ 
ical engineers. It consists of an egg-shaped coiilaiiiei viluch <*an be filled with a 
charge of the liquid that is to be pumped. This contaiiu'r is fitted witJi an inlet and 
outlet pipe for the liquid and a pipe for the admission of compressi'd jiir or ga.s. Pres¬ 
sure of air or gas on the .surface of the liquid forces it out the dis^dnirge pipe. Such 
pumps ran be manually operated or can be arranged for R(*miautoinatiu or automatic 
operation. 

Jet Pumps. Jet pumps constitute another claR.s of liipiid-handliiig devices that 
makes use of fluid pressure as an o])erating medium. Ejectors and iiijeriors ari> the 
two types of most common interest. 1'he ejector, also called siphon, exhauster, or 
eductor, is designed for use in operations where the head pumped against is low and 
is less than the head of the fluid u.sed for pumping. The injector iw a special type of 
jet pump used for boiler feed and similar services. 
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The efficiency of an ejector oar jet pump is low, around 1 or 2 per cent. The head 
developed by the ejoctor is also low, except in special tyx)es. The device has the 
disadvantage of dHuting the fluid pumped by mixing it with the pumping fluid. In 
ste.am injectors for boiler feed and similar services, where the heat of the steam is 
recovered, the efficiency is close to 100 per cent. 

The simple ejector or siphon is used, in spite of its low efficiencVi for transferring 
liquids from one tank to another, for lifting chemicals, or solid-containing liquids of 
an abrasive nature, for priming other tvpes of pumps, etc. 

Packing and Shaft Seals 


Proper packing and shaft seals are items of major importance, particularly for 
centrifugal pumps handling chemicals or high-tomperaturc lifiuids. The suc/cess of 
the pumping installation often depends upon the proper selection of packing. Many 
types and designs are available, some of which are dcacrihed below. 

Stuffing-box arrangements vary with the liquid, the temperature, and the pres¬ 
sure*. They can generally be classified 
as being packed solid or having a sealing 
cage locatf*d approximately in the Seaf must b6 
middle of the box. In the latter case 
tJie sealing liquid may come directly age m easing 
Iroiij the pump, in which case it is said when packing 
to lie internally scaled; or if from an iSCOmprCSSW^ 



VA fit Ki — 



outside source, the box is said to have an external seal. The following arrangements 
will cover most pumping conditions: 

1. Positive Pressure on the Suction. WTien there is a positive pressure on the 
suction, the s»‘al cage may be omitted, and the stuffing boxes can he packed solid 
and adjusted so that a slight leakage cools and lubricates the packing (sec Fig. 8-178) 

2. Suction Lift Whim a unit is working under a suction lift, it is important to 
pn*vent air from leaking into the pump through the stuffing box, for this will cause 
a reduction in capacity or loss of prime. To prevent air leakage and to lubricate the 
packing, sealing liquid is injected at a seal eage usually located at approximately the 
center of the box. \Mien the sealing medium is thi‘ liquid pumped, thi* arrangement 
is know^i as an ^'internal seal” (see Fig. 8-179). i^Tien tlie sealing medium comes 
from an outside source, it is known ,n.s “extermal scaling” (see Fig 8-180). 

3. Flooded Suction. An extiTiml or intemul seal should be provided in order to 
cool and lubriciite the packing (see Figs. 8-179 and 8-180), 

i. Gritty or Corrosive Liquids. Whim the liquid handled is gritty or corrosive, 
tin* slufliiig boxes should be externally sealed wdth a cool, clean liquid at approxi- 
iiiateK 10 p.'i jibru * the suction pressure. The sealing liquid should be supplied at 
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oonatant pressure to prevent flexing action m the packing (see Fig 8-180) When 
gasolinPi kerosene, gas, oil, or similar hydrocarbons are being handled with nominal 
. suction pressure, a stick gre^c-type 

0& S lubnoator can be used to mjcct grease 

A ^ m into the seal cage, instead of using 

n ^ 1/ globe \alvo '»howii m Fig 8-180 
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(6) Bleed-off Box, It sometimes happens that the suetion pressure must be reduced 
to an amount that can be safely parked in order to ensure satisfactory operation of 
the stuffing box. This can be aceomplished by locating a bleed-off bushing in the 
bottom of the stuffing box as shown in Fig S-182. The bleed-off bushing CHn usually 
be used in conjunction with any of the stuffing-box arrangements previously described. 
The tapped blecd-olT connection must bo piped to a low-jircssure point in the system. 
The pressure should never be rcdiiced to such an extent that it will be below the 
vapor pressure of the liquid at thppumpiugtcnjjiernture. 

Smothering Glands. When liandJlng liquids 'sphere 
the lubricating leakage through the packing might 
result in inflarnmabh^ gas, noxious fumes, or steem, a 
smothering-type packing gland may bo furnished fsee 
Fig. 8-1 SSh ITie >\atcr used for smothering may be 
taken from a cooling-water liiK* through a flexible hose 
or dead soft copper tube. 

Mechanical Seals. In order to o\ercome packing 
(litUiuilties, several typ(*s of mechanical sealing devices 
have been designed and have proved very satisfactory 
under severe ojierating conditions (see Fig. 8-184). 

Mechanical seals eonsist of a rotating and a sta¬ 
tionary' clenient having si'aliiig faces that are brought 
into sliding eontact under a pressure sufficient to prevent 
eseape of the lluid being jmniped. 

MecliJinicul scalis are generallv used whore the fluid 
handled has at l(‘nst slight lubricating qualities and is 
free from abrat'ive and other foreign matcrml that 
would tend to destroy the sealing faces. 

Satisfactory operation of a luecliaiueal seal il^'pcuida 
on innintaining jx*rf(*ct eontact of the sealing faces at all 
times. 

Double Mechanical Seals. I'here are a few condi¬ 
tions of siTvice wdieie it is desirable to provide a double seal to prevent the liquid 
being liundled by the pump from coming in eontact with the sealing parts. 

Pumps h mdling cormsive and high-tein pern tun' liquids may require a double 
si'fd. Ill such cases, iion< orrosive or low-1 einperaturc luiuids are injec-lcd betw'oen 




Ftg. 8-183. Smothering- 
type stuffing-box gland 


the two seals at a inessure .slightly higher than that obtained ni the pump chamber 
next to the inner si'ul 

Foi double Reals, it is neee.ssnry to have additional equipment such ns sealing- 
liquid pump, tank, presbure regulator, and piping to the stuffing bo\Ob. 
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Terms Used in Pumping 

liquids are said to be practically incomprc^ssiblo. This is near enough to the 
truth at low pressures, but at high pressures there is a slight change in density, which 
in some oases it is necessary to consider. 

The pressure existing at any point in a liquid at rest is caused by the pressure 
exerted on its surface plus the weight of liquid above tlie point in question. If the 
liquid is in an open vessel, the pressure on the surface is atmospheric pressure. Pres¬ 
sure thus exerted on a liquid is equal in all directions and acts perpendicularly to any 
surfaces in contact with the liquid. All liquid pressures can be thought of as equiva¬ 
lent to a (H)lunm of liquid of a height sufficient by its weight to produce the pressure 
in question, In pumping practice, pressures or heads are thus often expressed in 
feet of liquid. 

Capacity. Capacity is the volume of liquid handled by a pump, It is usually 
expressed as volume per unit of time as gallons per minute (gpm) or barrels per hour 
(bph). 

Velocity. Since a liquid is practically incompressible, there is a definite i elation 
between the quantity flowing past a given point in a given time and the velocity of 
flow. This relation is expressed thus: 

Q = Av 

V (for circular conduits) =* 0.4085 gpm/d® = 0.2850 bph/d* 

Viscosity. In flo'wing liquids the existence of internal friction or the internal 
resistance to relative' motion of the fluid particles must be considered. This n^sist- 
ance is calh'd “viseo.Kitv ” It vanes gn'atlv from one liquid to another and deereapses 
with rising temperature Vihcou*^ liquids tend to increase the horsepower required 
by a pump, to reduce the pump efficiency, head, and capacity, and to increase the 
friction in pipe linos. 

Friction Head. Friction head {h/) is the pres,suie (in terms of feet of liquid) 
required to overcome the rr'sistance to flow in pipe and tittings. 

Velocity Head. Velocity head ih,) is the vertical distance a bodv would have to 
fall to acijuire the velocity v. It corrcMponds to the static or pressure head which 
would cause that velocity, 

hi = v^^2g = OOlo.se* (approx ) 

(for ciicnlai condui1‘»') = 0.002.59 gpm* = 0 00127 bpJi^ d* 

Velocity head may l>c converted to equivalent pressuie liead by .smtalile nican.s 
such as a Venturi tube. In any flowing liquid the .sum of pre.s^iiie head and velocity 
head remains constant. 

Total Static Head. Total static head (A/,) on a pump i.s the vertical distance (in 
fcH't) betwt'c*n the fri'e level of the source of supply and the point of free discharge or 
the level for equivalent level) of the free .surface of the discharge liquid. 

Total Suction Lift. Total suction hft (f,) is the reading of .t mercury column at 
the suction flange of a pumi) (corrected to the pump center hnef and converted to 
feet of liquid; minus the velocitj head fin feet; at the ixiint of column attHcUioent * 

L = Lh + A/ suet 

Total Suction Head. Total suction head (Aj is the* reading of a gauge at the 
suction flange of a pump (corrected to the pump ^'enler Unef and converted feet 
of liquid) plus the velocity head (in feet) at the ^x^int of gauge attachment * 

A« — A« - A/ suet 

Total Discharge Head. Total discharge head [hti) is the reading of a pressure 
gauge at the discharge flange of a pump (corrected to the pump center linef hikI 

* The text version nf these foimulas apiiUes to xn exHting pump installation. The symbol vcibioii, 
following the loxt veision inav he used Huen eetjnmtmg before a pump i.s installed. 

t On \ ertioal punipe the correction should be made to the p\ p uf the aurtion impeller. 
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converted to feet of liquid) plus’ the velocity head (in feet) at the point of gauge 
attacluneiit. • 

hd - h„d + hf discharge + velocity =* head loss at discharge of system 

Total Head. Total head (If) on a pump is the total diseharge head minus the 
total suction hc^ad or plus the total suction lift.* 

H ^ hd ht or H /id + U 

Net Positive Suction Head (NPSH). Net positive suction head is the head avail¬ 
able at the entrance or eye of a pump impeller to move and accelerate the water 
entering the (‘ye. It is the gauge pressure at the suction flange of the pump (cor- 
rwted to the jiunip center line’] and converted to feet of liquid^ minus the gauge 
vapor pressure in feet of liquid corresiKinding to the temperature at the point of 
measurement plus the velocity head i^in feet at the point of measurement).* 

NPSII « Atm + /ia — vp = Atm — h,/ suet — vp or NPSH 

=s Atm — /a - vp = Atm — /sj, — k/ suet — vp 

When the NPSH requiretl by a pump is known and it is desired to find the static 
suet ion lift which the pump \vill handle, the following form of the formula ia 
convenient: 

Max static buci lift = Atm — NPSH — /i/ suet — vp 
Suction Limitations on a Pump 

The maximum llit'oretical suction lift would be a distance equivalent in feet of 
litpiid to the atmospheric pr(‘ssure Ji‘ss the head (*quivaleut to tln‘ vapor pressure of 
the lifiuid, less the head equivalent to the pressure of any gas in solution, less the 
Fiiidiun head, and less the head equivah'iii to the entrance loss. i*ractically, how¬ 
ever, the suction lift that can be handled without cavitation and vibration in the 
pump is sonu'uhnt less than (he thcor(*tical. I’he actual suction lift obtainable 
(h'pends not only on the above factors but also on the characteiislics of the liquid, 
the bital head, and the puiiq) spet'd, capacity, and imptdler design. Abnormally 
high suction lifts usually cause serious reductions m the ciipacilv and efficiency of the 
pump and oil ‘ii lead to serious troubles from \ibraTioii and eavitatioii. Every pump 
manufacturer knows the suction limitations of each of his pumps. Therefore, when 
icquestiiig quotations on u puiii)) foi a particular job, the suction eonditioiib should 
be giv(*n so that the manufacturer can recommend a proper jiunip for those conditions. 

Work Performed in Pumping 

To move a liquid against gravity w ith a pump, work must be expended, A pump 
may actually raise the liquid, force it into a pressure vessel, or merely give it enough 
head to overcome pipe friction. No matter what the service required of a pump, all 
forms of energy mipaited to the liquid in performing this service must be accounted 
for m establishing the W’ork perforni(‘d. In order that all these forms of energy may 
be algebraically added, it is customary to express them all in terms of head expressed 
ill f(‘et of hquid. 

Ill order to determine the work required of a pump, it is necessary to know^ the 
total dynamic head and the weight of liquid to be pumped in a given time. ITsually 
weight is not given but rather volume in gallons per minute or barrels per hour, 
along with the density or specific gravity. The weight can be calculated from this 
Jiiforinatioji, but this is not necessary since the horsej:H»wer formulas are usually 
given in terms of gallons per minute or brake horaepow^er. Theoretical horsepower 
of a pump is usually called the hydraulic horsepowrer. 

_ gpm(H)fs) bph(H)(s) 

Hya Up - - -- = 3 ^ 

* The text vpieion of tlicsp fomiulaB upplim to an exiHtinft ptimp in^talla lion, The symbol vmision, 
following the text version, niav be u'ti'd when patimating before a punjp h in-stalled 

t On vBitical jiuinps the correction should be inafle to the eye of the Huctioii impeller. 
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Hyd bp 
Brake hp 


(Kpm)(H^) ^ (bplO(^r) 
1,714 Mr»o 

|gpm ( TI)(a) 
(3,960Xpump eff) 


The actual or brake ho^S('po^\<*r of a pump is greatei than the theoretical or 
hydraulic horsepower by the amount of the losses incurred m tlu‘ pump throufi;h fric¬ 
tion leakage etc. The efficiency of a pump is, tlierefon', nieasurcil as 

Pump off = hydraulic hp/brake hj) 


Other useful formulas arc 
For motor-driven pumps: 

Kw per 1,000 gal per hr (if liquid =■ 

For direct-acting steam pumps: 

Duty in terms of ft-lb per 1,000 lb steam 


_ 0.00315(s)(II) 

(pump effj (motor off) 

_ theor hp( 1,980^1,000,000 
total steam per hr, lb 


Sometimes theoretical liorHcpowcr for figuring diitv is calculated using static head 
instead of total dynamic head. In this case duty is m terms of foot-pounds of useful 
work done per 1,000 lb steam. As given above tlie formula is in terms of fool-pounds 
of actual work done pc‘r 1,000 lb of Ht<‘am. 


Symbols Used in This Subsection 
A = flow area of conduit, sq ft 
Atin — atmospheric jiressure, ft of liquid absolute 
bph = flow in barrels (12 gal) per hr 

d =* inside diameter of circular conduit, in. 

g = acceleration due to gravity, ft/see-' at sea level and 4,)' latitude; this is 
32.174 fpB, and this value has been used in eoiuersions 
gpm = flow, gpin 

H = total head, ft of liquid 
lip — total head, psi 
hd — discharge head, ft of liquid 
h/ — friction head, ft of liquid 
K * suction head, ft of liquid 
htd = static discharge head, ft 
Air = static suction head, ft 
ht^ — total static head, ft 
hi *= velocity head, ft 
L = suction lift, ft of liquid 
= static suction lift, ft 
Q = quantity of flow, cfs 
B = spt'cific gravity (water at 60®F » 1) 

V = velocity of flow, fps 

vp « vapor pri'&surc of liquid, ft of liquid abaohile 
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WATER-HAMMER PROTECTION FOR 
PUMP DISCHARGE LINES 

BY Joseph Segel, 

Mechanical E7i\;meer {Relired) 

DEFINITIONS AND ELEMENTARY THEORY 

hammer is the rise in prewsure that ocrurH when the water flow in a pipe 
line or closed conduit is reduced or stopped, regardless of how lliis floAv is checked. 
IJiniuner can occur in any line carrying liquids. Usually, the probhun is important 
only in water lines. 

The clashical water-hammer problem is that of protecting penstocks that supply 
unter to Avater turbines. If the flow in the penstock is suddenly reduced by action 
of the gates controlling the M'ater flow to the turbines, the penstock pressure at the 
gale immediately rises, then drops below the initial pressure, and continues to surge 
111 regular periods until friction damps the surges out. 

Puinp-discharge-luie pressures w’ill surge in the same way if all the operating 
j)umpH are stopped at once, except that the initial surge which occurs at the pumping 
end of the line is doAMiward. The rise in pressure following the downward surge 
ma\ be suflieient to rujiture the pipe or pull the line ajiurl unless juotection is provided. 

FORMULAS 

'Fhe foniiulas most useful in uater-hammer problems are (ASM]', AS!'E symbols) 
n = 4,720, 

hiUM *= ii^Vy./g 

IVnod of pipe line -- 2L/u = one interv^al, seconds 
u liere a = the velocit,\ of the iiressure aa ave in the pipe line, fps. (This is the Avlocity 
of sound ill th(' water of the pipe line.) 

K = the hulk modulus of the liquid in the pipe line, psi (approx. 300,000 for 
water) 

E = ^ ouiig’s iiioduiiis for the pipe-line material psi (30 million for steel) 
d — the diameter of the pipe 

r = the wall thickness of the pipe; d and r arc ahvays in the same unitH, /.c., 
both feet or both inches. 

/iiiiM - tlic iiinximuni pressure rise tor drop) that can occur if the water flow is 
stopped instantly and there are no complicating features such as noiinni- 
form pipe, branch lines, etc. I'lie unit of /imax of tlic formula is in feet of 
the liquid fiow'ing. 

1 K = the velocity in the pipe line just previous to the disturbance eausing 
water hammer, fj»s 
if = graAoty, ft/see“ 

L - the length of tlie pipe line, ft 

Other terms used in tlie argument are 

h =s the hammer pressure actually developed, ft 
fh = the operating or sleady'State pressure in the pipe line just previous to the 
disturbance causing water luimnier, ft 
T = tlie actual time in W'hieh the floAv i.s stopped, si'c 

'rhe value of a normally is soniew’luTC belAATen 3,000 and 3,500 fjw. An accurate 
value usually is not needed for estimating surges in pump discharge lines. 
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The maximum water-hammer pressure which can occur in a simple pipe system 
is hmmx) hut this is not the maximum pressure in the pipe line because hmui adds to 
Ho the existing pressure m the lino just previous to the disturbance. The maximum 
pressure existing is, then, hmn plus Ho, and if Ho is near the design pressure, it may 
be noted that rupturing pressures may occur. The water-hammer pressure hmaa is 
alternately both positive and negative. When negative, the minimal pressure is 
Ho — htoait. Obviously, the pipe-hne pressure cannot reduce below zero absolute. 
If the downward surge carries to zero, vacuum will form, and the collapse of this 
vacuum may cause a major water-hammer blow. It may be noted that hnva is inde¬ 
pendent of the length of the line and depends only on the water and the wave veloc¬ 
ities. The value of is usually between 40 and 45 psi per fps of water velocity 
destroyed. 

The period of the pipe line 2L/a is, by inspection, merely twice the length of the 
line divided by the W'avc velocity. It is the time' it tiikes the pressure wave front to 
travel from the point of origin to the end of the line or other rellection point back to 
the origin. The wave of rarefaction, or subnormal pressure wave, also takes 2L/a 
sec to make the round trip. The time hy stop watch between two crests of the pres¬ 
sure wave is then 4L/a sec. The value of 2L/a is important because the artual 
hammer h is reduced below if the tune it takes the flow' to stop is greater tlian 
2L/a. This is true because the subnormal phase of the wave rcaciics the point of 
origin before the pressure wave has ceased to build up and adds algebraically to the 
pressure wave. The value of h is for ordinary hues about I'qiial to 

hmax/1* /2Lfo> — hmm.w2L / o 7*, 

with the understanding that in this formula T cannot bi' less than 2Ij/u, This for¬ 
mula holfls reasonably well except for lines of high velocities and low jiressures, in 
which cases h is much increased. In general, T shoulcl be live to ten times tlie value 
of 2L/a to eliminate destiuetive water hammer. 

On power failure, the pressure drop at the pumps is never Am*, oxcejil for v(*ry 
long lines of high Ho. Short lines, except those of high water velocities, liave very 
little pressure drop since 7’ is large comimrcd to the 2/j/fi. Such lines usuallv n(‘ed 
no hammer proteetion. For iiiternuMhatc' lines the pressure drop on powi'r failure is 
about one-half aVu/g. The subsequent pressure rise may be slightly more than that 
unless a vacuum has formed, in which ca,se lU'arly the full hammer develops. 

PROTECTION AGAINST WATER HAMMER 

If the water velocities are low, sav, below 2 fps, and the lines are ronqiaratively 
short (leas than 1,500 ft), usuallv no protection is nei'ded. Wator-haminer pressures 
III other pump discharge lines following power failures can be kept within safe liinila 
either by lengtliening the how-stopping time T to several intervals of 2Ij or by 
spilling water to relieve tin* pressure, or by both. The measures that may be taken 
to obtain these effects are listed below. 

Stopping the how in several pipi'-linc intervals: 

Flywdieels on pumps 
Air chambers 
Air aspiration 
Air injection 

Air valvi's ("lliese also spill water) 

Relieving the pressure bv discharging water: 

Slow-closing checks at the pumps 
Relief vilvea, several tvpcs 

ThfTP may bo other systems of protection, or the Ihie may bo built strong enough 
R> take the hammer without damage 

T'hc proteetion equipment to be uswl depemds mainly on the preswiri' at the pump 
end of llie line Ho, the contour of the line, the terminal conditions, the maximimi 
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water velocity, the length of the linr, and ihe dneign proBSurc of the pipe as compared 
to the operating pressure. 

It is perhaps obvious that, if there are adequate flywheels on the pumps, the dis¬ 
charge lines will not be subjected to appreciable water hammer, regardless of the 
factors mentioned above. Flywheels can be, but usually are jiot, used mainly because 
of costs and energy loss. 

Properly proportjoned and opc'rated air chambers protect any line. They are, 
however, seldom used because of high costs and the difficulties of maintaining the 
air pressure in the chambers. 

Air Aspiration. Air aspiration can bo used on lines which are fairly level and 
which discharge into reservoirs having little elevation over the pump heads. A line 
of this type is illustraled in Fig. 8-185. 'NVhen then' is power failure and no protec¬ 
tion, the pressure drops below atmospberf' and may go to nearly absolute-zero pres¬ 
sure if the dihlaiice from the water level to the pump head exceeds the barometric 
height. Now, if ordinary brass or bronze check waives are installed in the pipe wall 
in sueh a way that air will be drawn into the piiw' when the pressure drops below 
atmosjdiere, the forward motion of the water (on power failure) is then not retarded, 
and there will be several intervals before the flow stops The return velocity—^by 


Motor 



Fio. 185. Aspirated-air piotertion. Air cheekfl at pump house only. 

pilie-liiie brcivthing, aided perhajis b\ the hc-nd from the reservoir or other elevation 
IS now iinicli reduc*ed. "I'his, coupled witJi the air cushion trapped in the pipe, 
previ*nts any destructive' water hammer 

Tins tyjM' of protection can be used on any systeni in \Ahich the elevation at the 
reservoir la not more than 40 ft above the pump head. At greater elevations— 
imless the water velocity is unduly high or the pipe is very long—the downsurgo does 
not curry well below sitmospbere, ami ]uotectiun is impaired. These checks should 
also be placed at other high ixnrits in the line or its connections where a vacuum 
might devehqi. If a portion of the line is above the hydraulic gradient (pipe-line 
pn*a.sure below atmospherej, the checks should, of course, be located at the points 
w tiere the water pressure is normally positive. 

Tlie size of the air checks to be used is not critical. Ordinarily, the equivalent 
ol a 2-iii. check is sufTicumt for a 3lViii line. Excess ehock-valve capacity is nu det- 
lunent. The checks should be installed in multiple since, if one fails to open, there 
w lil be at least partial protection. The cheek connections should be short to eliminate 
delay in air inflow upon iwwer failure. It is necessary to protect the rhecks against 
frost in exposed locations. 

Air-<*heek protection is fully applicable to long flat lines. It is not so applicable 
to lines having a terminiil ris<» unless the design pressure apprcciablv exceeds the 
operating pressure because the surges usually exceed the operating pressure. 

The second air check showm in Fig. 8-185, although of some use in reducing ham¬ 
mer in the main line, is installed primarily to prevent destructive water hammer in 
the pump riser. If the riser exceeds the barometric height, a vacuum will form when 
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the pump is Hliut down if thore ih no air inlc't. If tho pump is iniiiicdiaU'ly started, 
there is nothing to retard the w^atcr flow until tiic cher-k valve is reached, and a full 
water-hammer blow results. A.ir in the riser prevents this. 

Air Injection. If the pump discharge lines are of medium length and unc-lialf 
aValg subtracted from Ha is not well below atmosphere, they can be protected by 
the use of an air tank as shown in Fig. 8-186. The tank air pressure is iiiaiutained 
at 10 psi (approx.) below the pipe-line pressure by means of an air compressor con¬ 
trolled by a pressure switch. On power failure the pipe-line pressure drops, air 
enters, and the water continues flow'ing for a sufficient length of time to reduce the 
hammer surge. 

The size of the air tank should be such that, on the downsurge following povrer 
failure, the air continues to displace water for a period of approximately three times 
2L/a sec. The tank size needed then varies directly with the expected maximum 
flow (cfs) and the length of the line and, inversely, as the pressure. A line 3,000 ft 
long, flowing water at 30 cfs and at a pressure of TjO iisig Would be adequately pro¬ 
tected by an air tank of 50-cu ft volume. The connection between the tank and the 
pipe line may be 2 in. diameter per 30 in. diameter of water pipe. 



The installatiiiii uc'cds opeiating atlejiUon only to SfTvuc llu* coiniire^sois and its 
control and to drain leakage watei lioiii iWe tank. 

Both this system and that u.suig a.spiiated air are unsuitable if it imperative 
to keep air out of Ibe water line. Both sv-hlems are also uiisuitabh' if the opeiatnig 
pressure is very little below the de.sign pressure because some surgi'S above operating 
pressure will occur in ail luies except those which arc flat. 

Aspirated or injected air, if it can be tolerated, is also effective in reducing cavi¬ 
tation which in fundamentally rcpea(i*d water liamiuer on a siiiall scale. 

Air Valves. If the line will aspirate air on power failure, and it is important to 
keep air out of the line and also to jireveiit any hammer pressure above the operating 
pressure, the air valve may be used. This valve opens on a drop in pressure below 
atmosphere but closes slowly under dashpot control when pressure returns. Thi' 
valve, therefore, discharges air first and then w’^aier on the return surge, thereby 
reducing the surge pressure t<i safe limits. It is advisable to inslall an air check in 
parallel with the air valve as auxiliary jiroteetion should the air valve be inopi'rative 
because of freeze-up or for any other reason. The air valve should jiot l>i‘ installed 
unless there is a substantial static iiressure, say, 30 ft of water or more in the hiif*, 
siiice otherwise the valve will not close automatically. 

The location for the air valve is the same as that for air-cdieek protection, ejz., 
the high sjiots in thi* line near the pump or puirijis and elsewhere. 

The size and number of air valves mav hv select(‘d on the basis that one 6-m. 
valve at each high spot will protect a 30-iii. water line. 
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PROTECTION AGAINST M^ATER HAMMER 


[Sec 8 


Slow-closing Checks. Jf pump operating preasures, pipc-lme olcvaticuib, water 
vclonties, length of lines, and other ennditions arc such that air aspiration or lujeelioii 
IB not suitable, some way of ndicving the return water-hammer surge by spilling 
water beroiiies necessary. Slow-elobtiig eheeks in the pump discharge hues may be 
ii4rd foi Hu* purpose. These checks are piovidcd with controls to prevent the chp< ks 
from (losing imiiiedialely on a reverb.il of water flow. Thcbe vaUes arc usually 
liyd mull rally operated, and the closing rate can be predetermined. 

Slow-elosing-eheek protection ran be u&ed on lines of the type shown by Fig 
8-187 Ujxm power failuie, the line acts as two separate lines. The cultimn of 



Fra 8-1S7 Slo^^-rlosing pump-<her k and ispiri1td-au proteclion 


water sepiratfs a\ /i, and the srrtjon AU> B 'surgt^s sepaintely from tliat part of the 
line hoin B to C lln section is proterted by spilling w iter backwards through 
tlu (h( (ks and the pumps For full protection, the closing time of the checks should 
be not liss tlinn /i\e tunes the piniod (2L/a) of the pipe linr 1 to B This time is 
not e\( (ssiM if tlu line A^B is short, say, from 1,500 to 3,000 ft Short(T lines ordi- 
iiariU lued no proti itioii Longrr hues Tef|uirr sudi slow dosing thit the backflow 
of water miy damigi the pumps 



lie S-ISS Surfp supprc'^som iHotLi I rntin line 


The Imes like A-B of lig 8-187 and an} othei line m which the pressure does 
not drop b( low atmosphere on jiow cr failure can be proter ted by surge suppri'Bsors. 
ITicbc valves are instnlh^d on the pump dibcharge pipes and on the line bide of the 
check valves The buppr(*ssor valves open it all th(* pumps stop, and the water then 
dibchargcs to waste The efleit of the valve action is the same as that of the slow- 
elosLDg che(ks, but the pumps are now b}-passed and, therefore, arc not distressed 
A. tyj)i( al installation is shown b} lig 8-188 These v ahes open on mtcrruption of 
eleitric eurrciil to solenoids A pi(*sbuie switch set to open the solenoid circuit when 
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Sbc. 8] WATER-HAMMER PROTECTION FOR PUMP mSCHARGE LINES 


the water preamire drops is a usual auxiliary. CoiisequcuiUy, Ihe valves open if the 
pumps stop for any reason. The opening and rinsing times of the valve arc adjustable. 
The opening cycle of the valve may be sot at 2 to 4 sec. The closing time should 
be at least five times the pipe-line period (^ZL/a) for ordinary short lines ami ten 
times for long lines or short lines having high water velocities. The valve is hydrau¬ 
lically operated and closes automatically, rc'gardJpHS of the preseneo or absence of 
current in the solenoid circuit. Electricity suiiphes the trigger action only. 

The water-discharge capacity of the valve or valves may bo somewhat loss than 
the maximum estimated flow in the line to be protected. It is advisable to install 
two or more valves rather than one large valve. If there is a change in size in the 
pumping main, such as usually exists in a well held, one suppressor should be installed 
at or near the point where the full-sized main begins. 

These valves, if properly selected, installed, and operated, will prevent any pres¬ 
sure rise in excess of the design pressure. 

Spring-loaded relief valves arc not used for water-hammer prot(‘etion. They 
open too late, and they may sot up a cyclic disturbance exceeding oven the original 
wator-hanim(‘r surge. 

Hydraulically operated relief valves without the sfilenoid feature are adapted to 
control surges that do not have steep wave fronts. 'I'hese valv(‘S open on a pressure 
rise and close slowly -N^heii the pressure drops. They are mostly useful to protect 
lines having booster pumps where the accumulated shut-in jireHsure of the pumps in 
series (‘xeeeds the design pressiire of tlie lines. These V!ilvr\s msy he iiislulled in out- 
of-the-way locations where some hammer protection is desirahle, but electric current 
is not available. 
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INDUSTRIAL WATER-COOLING SYSTEMS* 

BY L. T. Mart 

President^ The Marley Companyj Inc.^ Kansas C^ty^ Kansas 

FUNCTION 

In nearly all industrial prooeases large quantities of heat must be dissipated. 
This is most eominoiily aecoinpliahed by circulating water through heat exchangers. 
The water thus heated, il conserved and reused, must be cooled, and this is accom¬ 
plished in the watfT-cooling system. In actual practice the cycle is continuous, and 
the heat added to th(‘ water in the heat exchangers equals the heat transferred from 
whaler to air in the water-cooling system, ('oolmg and reusing water is quite popular 
and offers many advantages over the use of water from wells, lakes, or streams. 

TYPES OR CLASSES 

There are many styles of water-cooling systems. One general classification is the 
spraV-i)ond type, and another is the wat(»r-cooling tower. The latter can be classed 
a4 niilurnl or rn('(‘liiniicnl draft, depending upon whether fans are or are not used for 
moving aii* through the structures. Atmospheric 'wat(‘r-rooling towers fall in two 
giMierid classes, viz., the sprav tow^er and the deck-typo tower. Mechanical-draft 
towers nia> be clas-^ed as forced or induced draft, depeiuling upon the location of 
the [‘ins. Nearly all industrial towers are of wood constnietion, whereas those 
hn'at(‘d in lnrg(‘ cities and restricted fire zones must be noiicoinbuHtiblo and therefore 
of steel or masonrj’. 


THEORY OF PERFORMANCE 

The gene^'aHy accepted theory of the cooling of watiT assumes that heat is trans¬ 
ferred from water to air both by convection (sensible heat) and evaporation (latent 
heat). The scientific explmintion generally accepted was well offen‘d by Walker, 
licwis, and Mc^d.'ims ^ 

This theory was further dev(‘lo])ed by Merkel in 1925 and by many others since. 
The basic equation can best tie ('xpiessed as follows: 

L dT - ha dV (A" - /il or {KaV/D = lf/r/(/i" - h)] 

where A' = in ass-transfer cordficient based on '\ajMir-eonleiit iiotential 
0 = aq ft of exposed water Mirf.oe per eii ft of tower 
V = acthe tower volume, cu ft per sq ft 
L = welter rate, psf 
T - water temperature 

h'' = enthalpy of saturated air at water tempeniturc 
h - enthalpy of main air stream 

This equation offers a basis for selecting the diflerciice in enthalpies as the driving 
force to nc(‘ount for the transfer of both sensible and latent heat in cooling-tower 
performance and also shows w hy ptMfoi inanee is determined bv w et-bulb temperatures. 

The left-hand side of the eijuation {KnV/L) represents the tower coefficient, 
while the meolianir^al or graphu*ul iniegnition of the right-luind side gives an evalua¬ 
tion of the performance conditions. 

^SupnioT Bumboia lefpr sp^^citir li.ti'fl at tb. end of thia auhaedion. 

SoS) 
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INDUSTRIAL WATER-COOLING SYSTEMS 


DESIGN AND APPLICATION ENGINEERING 

Wet«bulb and Dry-bulb Temperature. Tho dry-bulb temperature is that tem¬ 
perature which is ordinarily read on any (dry) commoreial thcriiioraeter. The wet- 
bulb temperature is that lower temperature to whirh air ran be cooled when fully 
saturated with water vapor. The wet- and dry-bulb temperatures are equal when 
air is fully saturated. Relative humidity is a measure of the actual per cent of mois¬ 
ture in air by weight to the total amount possible. The relationship between wet 
bulb, dry bulb, and relative humidity is (^iven in Table 8-54. 


Table B-64. Per Cent Relative Humidity (Barometric Pressure 29.92 in. Hg) 


Dry-bulb 

temperature 

25 

30 

35 

40 

45 

50 

55 

60 

65 

70 

75 

SO 

85 

90 

100 











Wet-bulb temperature 










60 

44 5 

45 7 

46 

9 

48 

0 

40 

0 

50 

, 

51 2 

52 1 

53 1 

54 

1 

55 

1 

56 

1 

67 

1 

58 


CO 

65 

48 0 

49 4 

50 

9 

52 

0 

53 

1 

54 

2 

55 6 

56 8 

58 0 

59 

0 

GO 

0 

61 

1 

62 0 

63 

0 

65 


51 5 

53 0 

54 4 

56 

0 

57 

1 

58 

6 

59 9 

61 0 

62 1 

63 4 

61 

9 

65 

9 

66 

n 

68 

n 

70 

75 

65 0 

56 5 

58 

1 

50 

8 

61 

1 

62 

8 

61 0 

65 2 

66 8 

68 

0 

00 

1 

70 

1 

71 

5 

72 

9 

75 


58 5 

60 0 

61 

9 

63 

9 

65 

1 

66 

9 

68 2 

(i9 9 

71 0 

72 

4 

74 

0 

75 2 

7b 

5 

77 

7 

80 

85 

61 8 

64 0 

65 

8 

67 

7 

69 

3 

71,0 

72 8 

74 5 

76 0 

77 

1 

78 

8 

80 

0 

81 

3 

82 

8 

85 

90 

65 0|67.2 

69 

2 

71 

4 

73 

0 

73 7 

77 0 

78 .5 

SO 0 

81 

9 

83 

0 

84 

5 

85 

9 

87 

1 

90 

95 

68 6 70 0 

73 

1 

75.3 

77. 

.1 

79 

1 

81 0 

83 0 

81 7 

86 

0 

88 

0 

89 

5 

91 

0 

92 

0 

9.5 

100 

71 9174 9 

76 

9 

79 

1 

81 

6 

Ki 

9 

85 7 

87 9 

so 1 

01 

0 

92 

0 

94 

0 

05 

0 

07 

1 

100 

105 

75 0|78 0 

80 

6 

83.8 

85 

9 

88 

0 

90 0 

92 0 

03 0 

06 

9 

07 

.3 

00 

0 

100 

9 

102 

0 

105 

110 

79 0 82.0 

84 

9 

87 

0 

00 

0 

92 

1 

94 4 

06 8 

08 5 

100 

n 

102 0 

103 

6 

105 

1 

107 0 

no 

116 

82 9*86.0 

89 0 

92 

0 

9t 

5 

06 

0 

09 1 

101 1 

102 9'105 

0 

107 O'108 

5 

110 41112 

0 

115 

120 

86 2 

90.0 

93 

0|96 


98 

9|101 

5.103 2 

100 0,107 0 inq 

1 ' 

Ojlli 

9 113 

1 

9 11.5 

1 

run 

1 

0 

120 


Total Heat of Air. At any given wet-bulb temperature the total heat of air 
remains constant regardless of humidity or drv bull). ^\ith ingoing and outgoing 
wet-bulb temperature known, the total h(‘at earned off bv' (‘ach jiound of air ean lu* 
calculated for aiij' given heat load if ingoing and outgoing wet bulbs are known, 
ITie properties of air arc show n in Table 8-55. 


Table 8-66, Psychrometric Table 



Euthalpv, Btu ‘ 
ppr lb dry lur 

Volume, cu ft 
mixture pur lb 
drv ail 

(baeed on dr^ 
bulb tempera¬ 
ture) 

Wtijfht, lb f»f r 
1,000 Lii ft 

UTQ tion 

pri“«, pM 

Kaiiirntiori, 
buinlditv ratio, 
grains water per 

Temperature 

(basi d on w( 1- 
bulb tnmpera- 
ture) 

r>.T*.ed un dr\ 
bulb tempi ra- 

tuii) 

(bas( il on dew¬ 
point tenipera- 
turi) 

lb iln Rir 
(ba«ier| on dew 
point tenipera- 
ture) 

50 

20 25 

12 09 

76 08 

0 1780 

53 38 

5.5 

23 15 

n 15 

rO 05 

0 2140 

61 31 

60 

26 .37 

13 32 

1 7.5 08 

0 2561 

77 21 

65 

20 96 

13 40 1 

1 74 1.3 

0 .1054 

92 4(1 

70 

3.3 06 

1.3 68 

73 10 

0 3628 

no 2 

76 

38 46 

13 87 

72 10 

0 4295 

131 1 

80 

43 51 

11 08 

71 02 

0 5067 

155 5 

85 

49 24 

14 .30 

69 93 

0 5060 

lai 0 

90 

55 70 

14 53 

68 82 

0 0080 

217 1 

95 

63 05 

14 79 

67 61 

0 8110 

255 G 

100 

71 40 

15 07 ' 

1 

' 66 36 

1 

0 9487 

.300 5 


Design Wet Bulbs. Water can lie cooled only to the w’et-bulb temperature aft it 
which no heat transfer can lake place. The coinmerehil cooling system never eonls 
to that theoretical limit but is de.signed to accomplish a portion thereof. Aceuiate 
information on weather and design wet bulb is necessary in eonneetion wnth w^ater- 
cooling problems. 8ugg(‘sted safe d(‘sign wet liulbs are given in Table 8-56. Tw^o 
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ISbc. 8 


TtUe 8-66. Design Wet-bulb Temperatures Based on Three Summer Months 


CSty 

State 

Average 

noon 

temperature 

Not 

exceeding 
100 hr 

Ibany. 

New York 

riS 

73.0 

Ibuquerqufl. 

New Mexico 

61 

67.0 

marillo. 

Texas 

6S 

71.0 

Uanta. 

Ccfirgia 

70 

78.0 

uguata. 

Georgia 

73 

79.0 

■ftkpr. 

On gnn 

54 

65.0 

>altiiaorc. 

Maryland 

68 

80.0 

ellcfonii'. 

Pennaylvania 

65 

74 0 

irniiitghani. 

Alabama 

73 

78.0 

iismark. 

North Dakota 

60 

69.0 


Fdaho 

57 

67.0 

>(>Nton. . 

M aKaarhuaetts 

64 

74.0 

rnwuHvillp . 

Texas 

70 

80.0 

uiTalo. 

New York 

62 

74.0 

iamdeu. 

New Jersey 

67 

78.0 

'harlcHton. 

South Carolina 

76 

80.0 

heypnni* . 

Wyoming 

54 

65.0 

'ill Pago. 

IlUnuia 

G5 

76.0 

incinnaii. 

Ohio 

66 

78.0 

lU’vt'land. 

Ohio 

63 

76.0 

'onrortlia. .. 

Kansaa 

07 

76.0 

iailaa. 

Texas 

71 

78.0 

ienvcr. 

Colorado 

56 

65.0 

ipfi Moiiiea. 

Iowa 

66 

75 0 

k'trnit. 

Michigan 

64 

74.0 

>evilB Lake. 

North Dakota 

59 

68.0 

lafltport. 

Maine 

57 

70,0 

11 kina. 

West Virginia 

64 

73.0 

11 Taao. 

Texas 

64 

70.0 

Ivansvillc. 

Indiana 

69 

79.0 

argn. 

North Dakota 

61 

70.0 

'rueno. 

Calif ornia 

63 

71.0 

t. Smith. 

Arkansas 

71 

78.0 

Irand Junction. 

Colorado 

1 58 

66.0 

ircpn Hav. 

Wi.seonsin 

1 62 

76.0 

irecTivillc. 

South Carolina 

69 

76,0 

[plena. 

Montana 

56 

64.0 

[oughiou . 

Mirhigan 

58 

72.0 

Inuston . ... . 

Texas 

74 

80.0 

luron. 

South Dakota 

63 

73.0 

lidianapolif) . 

Indiana 

66 

77.0 

a'-kaon. 

Mississippi 

74 

80.0 

ai'l aonville. 

Florida 

74 

80.0 

‘Ti ■.^Hs riiy. 

Missouri 

68 

77.0 

'*H'>Jtville. 

Tennessee 

70 

77.0 

laf 'roane.. 

Wiaeonsin 

65 

78.0 

iSguna npanh. 

California 

65 

68.0 

^exington. 

Kentucky 

67 

77.0 

.iiieoln. 

Nebraska 

67 

74.0 

ittle Rock. 

j Arkansas 

72 

80 0 

.08 Angelfa . 

California 

64 

68.0 

•uiii^ville. 

1 Kentucky 

' 69 

1 78 0 
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Table S-56. 


INDUSTRIAL WATER-COOLING SYSTEMS 


Design Wet-bulb Temperatures Based on Tliree Summer Months 

{Cmd,) 


City 

State 

Average 

noon 

temperature 

Not 

exceeding 

100 hr 

Medford . 

Oregon 

fi9 

63.0 

Memphis. . 

TenneRROc 

72 

80.0 

Miami ■ ■ ■ ■ . 

Florida 

76 

80.0 

Milwauker. 

Wbcoiisiii 

63 

76.0 

M obile. 

Alabama 

75 

80.0 

Moline. . ■ • . - 

Illinois 

07 

78.0 

Moudena. . 

Utah 

56 

64,0 

Montgomery’ . 

Alabama 

73 

79.0 

Newark. 

New .Jersey 

66 

77.0 

New Haven ... 

('nniiertie.iit 

65 

76.0 

New Orleans . 

liOuiHisria 

75 

81 0 

Now York. 

New Y(4rk 

66 

77.0 

North Platte. 

Nebraska 

64 

73.0 

Oklahoma City. 

Oklalinnta 

71 

78.0 

Omaha. 

Nobraaka 

66 

77.0 

Phoenix. 

Arizona 

69 

76 0 

Pittsburgh. 

I'ennsylvania 

65 

76 0 

Portland. 

Maine 

61 

71.0 

Portland. 

Oregon 

59 

68.0 

Pueblo. 

C'olorado 

5!) 

66. U 

Raleigh. 

North (brolino 

71 

78.0 

Rapid Cit 3 ’. 

South Dakota 

60 

69 U 

Reno . . 

Nevada 

55 

04.0 

Sacramento. 

Califurnin 

63 

72 0 

ISalt Lake C'ity. 1 

Utah 

57 

64.0 

San Antoiiiri ... . 

'Pexas 

74 

78.0 

San Diego. . . 

('alilurnia 

' 64 

72 0 

San Pranrisro . 

California 

1 

64 0 

Savannah . . 

Oeorgia 

75 

80 0 

SaulL Hte. Marie .... 

Miehigan 

59 

71 n 

Sea ttle. . 

Waihiiigtnn 

56 

66 0 

Shreveport. ... 

Louiniaria 

74 

80 0 

Sheridan ... . 

j Wyoming 

58 

66.0 

Sioux City. . 

1 Iowa 

65 

76.0 

Spokane. 

Washington 

! 6.5 

64.0 

Springfield. . 

Missouri 

1 68 

76.0 

Bfiringfiold . . 

Jlliiiob 

68 

78 0 

St. LouIr. 

Missouri 

69 

77 n 

St. Paul. 

Minnesota 

63 

75.0 

Toledo. 

Ohio 

64 

74.0 

Tuba. 

Oklahoma 

71 

78.0 

Vicksburg. 

MisHissipjii 

74 

80.0 

Wanhington. 

Distriet of f'oliimbia 

68 

79.0 

Wirhita. 

Kansas 

68 

76.0 

Williams. 

('alirornla 

57 

73 0 

Willbion. 

Nor^h Dakotn 

68 

67.0 

Wilmington.| 

Nori/h Carolina 

73 

79.0 

Yellowstone Park . 

Wyoming 

61 

60.0 

Yuma. . 

Arizona 

72 

81.0 
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DESIGN AND APPLICATION ENGINEERING 


columns of wet-bulb figures are shewn. The first is reoommended for average year- 
round industrial use, and the second is for freon air conditioning which must produce 
maximum load during holiest weather. For steam-jet refrigeration even higher wet 
bulbs arc recommended. Fartora affecting actual wet-bulb choice are inan 3 ’', and 
Ihey include (1) operating load factor, (2) total annual days of op«»ratioii, (3) capi¬ 
tal costs, (4) elevation above sea level, (fi) overload protection, and added minor 
lufiuences. 

Pipe Sizes for Circulating Water. Two factors must be taken iiitr> consideration 
when determining the size pipe to use in distributing water. ^I’lie larger the pipe, the 
more the initial exjiense and the less the friction lo8.s. 

If the diblribution system is of considerable length and required to operate over 
long periods, larger pipe should be used as the pumping costs will thus be low. If 
the system piping is short and if the operating season is brief, then the smaller pipe 
sizes are recommended. 

Some suggested pipe sizes and capacities are given in Table 8-57. Column A 
should be used for a eontinuous distribution system, ('’olumn B for an intermittent 
use, and Column C for a water-distribution system that only operates a small part 
of the time, f , an air-uoiiditioiung layout. 

Table 8-67. Pipe Sizes and Allowable Gpm—Standard-weight Steel Pipe 



Inmdt diameter 


Gullona pei niiniito 




A 

B 

r; 

'ilM» »iae, 


l 'fiutinuoiiH flow 

Intel mitir^nt flon 

0(>< onional flow 

lU. 

Standurd-wenflit 





hloel nipe 






.10 ft furtion loss per 

50 ft fiiciiou IcisH per 

75 it fiiotion losa per 



1,000 ft of piiK* 

1 OOO ft of Fupe 

1.000 ft of pii)e 


0 

1 ‘ ^ 

1 65 

2 00 


0 824 

' 2 55 

3 3.5 

4 2 

1 

1 010 

4 7(» 

0 30 

7 89 


1 380 

11 85 

13 15 

16 so 

Pj 

1 010 

14 0 

1U 6 

22 5 

2 

2 007 

28 8 

37 7 

47 1 

ii’/ 

2 400 

40 1 

50 9 

74 7 


.i 0(i8 

08 4 

131 5 

167 8 

•i'i 

3 548 

110 5 

1 150 0 ; 

186 G 

t 

4 02G 

Ibl 0 

1 -^17 5 

270 ,5 

5 

6 047 

300 0 

395 0 1 

490 0 

U 

C> 00.5 

485 0 

f)40 0 

796 0 

H 

7 081 

1,000 0 

1 305 0 

1,626 0 

10 

10 02 

1,810 0 

1 2,.)85 0 

2.960 0 

12 

12 00 

2 010 0 j 

1 3,820 0 

4,790 0 

11 

J3 25 

3 HOO 0 

5.000 0 

6,220 0 

1(1 

ir> 25 

5,51X> 0 

7 200 0 

9,000 0 

i8 

17 18 

7,500 0 

9,900 0 

12,300 0 

10 

P) 18 

10,000 0 

13,100 0 

16,300 0 

24 

24 00 

18,(H)0 0 

23,51H) 0 

28,500 0 

iO 

30 00 

33 000 0 

4 1 800 0 

,58,000 0 

!() 

3h no 

63,000 0 

70,000 0 

87,000 0 


Sound. Sf)und-levol niciisurements and noise control have become increasingly 
important. Cooling tow'ors mstalle<l in iiidnstrial locations seldom presi'iit a serious 
problem since the ambient or background sound level is usually of about equal mag¬ 
nitude to that of the cooling tower. This is not true of cooling towers located in 
congested downtown, business, or hotel distnets or in residential areas. 

The response of the ear to sound is not proportional to the intensity but is more 
nearly proportional to the logarithm of the intensity as is shown in Fig. 8-189. The 
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characteristic ivould be a straight line if the response of the ear i^ere stiictly logarith¬ 
mic. Figure 8*189 also shows the loudness levels of familiar sounds. 

The decibels scale, which is logarithmic, has been widely used for measurements 
in electrical communication, and it has logically been adopted for sound measurements. 
A decibel number reprcbcnta a ratio rather than a definite quantity, so some refer¬ 
ence point is necessary. This value for sound measurements is 10 watts per sq cm 

at a frequency of 1,000 cycles and ac¬ 
tually represents approximately the 
threshold of hearing for a pcisoii whose 
ears are shghtly more sensitive than 
average. 

A decibel ratmg represents a ratio 
of powers which may be expressed by 
the equation 

db 10 log (Pa/Fi) 

where Pi and Pi represent the two 
powers being compared, and the decibel 
rating of two sound levels is not the 
sum of the two coinpoiiciits 

The noise produced by a cooling 
tower IS caused by the falling water and 
also b> the fan on mechamcal-drait 
towers Fan noise may be miiuniized 
bj installing oversize fans operating at 
lower speeds. Baffles eonstnicted of 
sound-absorbent matciial may be used 
to absorb the souiiii or to deflect it *" 
Dehgnification of Wood. The pies- 
en<e of sodium carbomite in the cir¬ 
culating w’^ater results m delignilHatioii 
of the wood Htnictuie of the tower 
This IS because the ligiun whirh binds 
the wood hbeis together is dissolved by 
the sodium larbonati, leaving the wood 
surfaie in a white, fibrous condition 
Piolongrd exjxisure redacts the struc¬ 
tural strength of the wood The rate 
of delignificution is roughly propoi- 
iional to the tone entrain )ii of sodium 
carbonate piestni, and a com cntiation 
of 200 to 300 parts pt'r million will 
result in damage to the wood structure 
and iill. 

Deligniflcation appears first on those' 
paits of the towi'r whu h are alternately 
wet and diy since the evaporation at such points rapidly mireases the concentration of 
dissolved sohds For this rt isoii tlic ait ion is far worse m atmospheri» towers 
Wood parts m mechanical-draft towers are continuously wet, and deligmfication is 
thus much slow’er. 

The presence of sodium carbonate in harmful amounts is usually indicated by a 
high pH reading ol 9 to 11. It should be understood, however, that the delignifica- 
tioii is caused bv the piesenre of sodium carbonate and not by the high pll value of 
the water Ihe sodium caibouate ma> be neutralized by the use of sulfunc acid 
which converts it into sodium sulfate buch a +reatment lowers the pH value of the 
water w Inch should he maintained at 7 3 to 7 5 

Sodium caibonaie seldom occurs naturally m the make-up water but is a product 
of water treatment ILgh eoneentiations are usuall> found when a zeolite water 
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J iG R-191 l*low relationship of steam to water for steam rondoiibors, based upon 960 Btu 
per lb of steam 

total heat may bo more or less, depending upon the steam condition, as due allowance 
should be made for moisture or superheat being present 

Allowable hot-wator temperature leaving the steam eondenser must be somewhat 
less than the (condensing steam temperatures This m knoiKii as the “terminal dif¬ 
ference" (Fig 8-190) For reuprocating^team-engme work, a vaeuum of 26 in is 
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practical, and for atoam-turbinc operation vacuum a of 27 to 28 in. are practical. 

j‘rt-tyi»r Rleam roudcpBcrii arc used, the outgoing hot water should be approxi¬ 
mately five degrees cooler than the exhaust steam. When surface-type condensers 
are used, a differcnne of 8 to 10” is considered g(jod practice (Fig. 8-191). 

Excessive teriiunal (liffcrencc indicates one of several things, including 

1. Air or other iioncondenflable vapors in the condenser 

2. Dirty or scaled-up coohng surface 

3. Insufficient water velocity which reduces the heat-transfer rate 

4. Too small a condenser 

WATER-COOLING SYSTEMS 

Spray Pond. The spray pond (Fig 8-192) requires large areas and is practical 
only wliere ground is cheap and wheie drift is not objectionable to surroundings. If 
the soil is such that a concrete basin is required, the cost is prohibitivi^. If surround¬ 
ings and drift conditions force the use of a 
louver fence, the spray pond is not recom¬ 
mended. Ponds are very low in first cost, 
and maintenance over a period of years is 
almost negligible. No serious icing problems 
occur 111 winter. 

Systems are usually designed for from 5 
to 6 lb pressure at the nozzles, and nozzles 
are elevated about seven feet above the sur¬ 
face of the water Total pumping heiid 
required averages 25 ft on smaller systems 
and upwaid to 30 ft on large jionds. 

For good practice space requirements 
will apjjroxunate 1 3 to 1 G sq ft i>er gal of 
water sprayed Ijarge ponds should be relatively long and nairow. Actual width of 
the spraying seetioii should be 25 ft for small single-nin spray .systems and should 
be held to not over 100 ft m large systems An added clearance area of 15 to 20 ft 
on all Bides should be iillowefl for dnft prevention (Fig 8-193). 


Table 8-68. Recommended Spray-pond Standards 






hiirfaio poudtnsir's 


Jot oondensprs 


Wet 

bulb 

Vacuum, 
in. Hg 

Stt am 
tem¬ 
poral uro 

Hut 

v^atcr 

Cold 

\»Hlf l 

Range 

lljtio 
lb H O/ 

pliam 

Hot 

vvator 

r'old 

water 

liuiigp 

KhUo, 
lb 11 , 0 / 
‘•U am 

80 

27 0 

114 8 

1(U 

91 

12 


108 

96 

12 

80 

80 

27 25 

111 8 

101 

90 

J1 

Bb 

TtM 

95 

11 

86 

80 

27 50 

108 i 

ug 

89 

10 

U5 

J04 

94 

10 

95 

7fi 

27 25 

in 8 

KKl 

87 

13 

73 

lUC 

93 

13 

73 

76 


IDS 1 

OH 

8(1 

12 

80 


92 

12 


76 

27 75 

104 8 

96 

SI 

11 

86 

102 

01 

11 

86 

70 

27 50 

108 4 

07 

83 

14 

68 

104 

90 

14 

68 


27 75 

104 8 

ns 

82 

12 

73 

102 

89 

13 

73 

70 

26 00 

100 8 

93 

81 

12 

80 

100 

88 

12 

80 


The water is broken up into droplets only once in a spray pond and falls rimiugh 
a relatively short distanee. This limits the jiraetieiil eoolmg eftieieney and usually 
results m more water being eirciilnted than in a cooling tower. 

Maximum practical eoolmg r flieieiicv does not exceed GO per cent in small single- 
run S3’'3tems and seldom exceeds 50 per cent in large ponds if w e eonsidtT performance 
to be measured as follows: 



Fio. 8-192. Typical spray pond for 
cooling water with atinosphene air. 


Cooling efficiency 


Imt water — cold water 
hot water — wet bulb 
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max poss. cooling range 
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Suction sump and screens 



Side End 

Expansion roll ond plote 

Pips roll artd plats dstoil 
for spray pond 


Fiu. 8-193. Airangpinent of spray pond .showing piping, nozzles, Joiiver-fonro, water-HUinp, 
and pipe-expanAion deiaiU. 


iSouie riH'ornnjended sprav-jtoiid standards for stt'iiin rondenaing nre indieatpd in 
Table 8-58. 

Atmospheric Spray Tower (Fig. S-19-1). The atmosplierie spray tower is very 
popular and i>raetieal in smaller sizes only. It is simple in design and easily erected 
by the average engiut'er or mt'elianie. A 
faeLory supeuiiteiident is not required to 
inatall it. Perforinaiire possibilities are lim¬ 
ited to mueh the same as for a spray pond. 

Initial cost is low. Maintenance is easy, and 
repairs are negligible. Total pnm])i]ig head is 
from 20 ft on the smaller units to 26 ft on 
l.'irger sizes. Drift ean be objeolionable iu 
h>gh winds. V\ lien installed upon building 
loofs, it should be set back from the sidew.alks 
111 prevent drift on streets or other surromid- 
.ngs below 

Atmospheric Deck or Tray Tower (Fig. 

8-195). In the atmosplioriV-derk type of cool¬ 
ing system, the hot wat<*r is introduced across 
the top by suitable diKlnlmting nozzles or 
(Uiines. Jt then cascades downward, splash- 



Fto. 8-104. Atraoapherio-spray water- 
cooling tower. 


iiig and dripping from deck to tleck. Air }uisses borizonliilly tlirough the structure, 
dependent upon existing breezes. 

The effeetive width is usually about twelve feet, and height ranges from 28 to 36 
ft. 'The total ])iimpmg head varies from 30 to 40 ft. Inclined louvers are required 
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cm all Bides to prevent excessive drift. Velocity of the air through a well-designed 
unit will not exceed one-quarter to one-third the existing breeze available at the site. 
During periods of zero wind, some air moves vertically upward if the oncoming water 
is hotter than the air. 

This style of tower performs well during periods of good breeze, but results are 
very poor during low-wind periods or with wind direction lengthwise rather than 
crosswise. Good exposure to prevailing breezes is essential. 



Fig. B‘195. Atmospheric-deck water-cooling tower. 

Plan area required is a minimum for atmospheric towers. While very popular 
for many years, atmospheric; towers are fast being outmoded by the; modern improved 
mechanical-draft tower. 


Table 8-69. Approximate Effective Areas Required for Atmospheric-deck Type 

of Cooling Towers 


Cooling range, degrecNS 

Square feet per gallon, approach to wet bulb 

6“ 

10'’ 

15" 

5 

0.864 

0.312 


6 

0.984 

0.424 


7 

1.10 

0.620 


7H 

1.16 

0.562 

0.230 

8 

1.20 

0.604 

0.264 

9 

1.30 

0.672 

0.332 

10 

1.38 

0.744 

0.392 

11 

1.44 

0.B08 ' 

0.452 

12 

1.60 

0.856 

0.496 

13 

1.57 

0.912 

0.536 

14 

1.61 

0.052 

0.576 

lA 

1.66 

1.00 

0.621 

16 

1.70 

1.04 

0.656 

16 

1.77 

1.10 

0.724 

20 

1.B3 

1.18 

0.780 


Table 8-59 gives a rough approximation of the size or sectional area of tow'cr 
required per gallon of w'ater circulated. For instance, with a 15° range and 10° 
approach, 1 sq ft is required. A 2,000-gpm tower would require 2,000 ft of exposed 
area, and if the tower is 30 ft high, the length would be between 65 and 70 ft. Effec¬ 
tive area is measured by height times length inside the louvers. Tlie above table is 
for 70“ wet bulb. With higher wet bulbs a reduced area is required for a given range 
and performance. With lower wet bulbs an increased area is required. Actual areas 
and wet-bulb correction factors vary considerably from the above figures, depending 
upon the make and style of tower being considered. 
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The Medumical-draft Water-coolinK Tower* MechHiiical-draft watcrHMwlinK 
towers ran be divided into two general classes. Forced draft pushes air into and 
through the tower, whereas induced draft pulls air from the tower. Most manufac¬ 
turers prefer to build the induced-draft style. MechanicalHiraft towers can also be 
classed as oounterflow or crossflow, depending upon the direction of air flow as it 
passes through the active cooling surface. 

Mechanical-draft toners have nearly constant air-to-watcr ratios and give uniform 
cooling results regardless of direction or velocity of wind. Performance tests can be 
easily conducted, whereas it is very difficult to t<*st a spray pond or an atmospheric 
cooling tower because of variation in wind velocity and direction. 

Mimimum space is required for mechanical-draft towers, llipir external appear¬ 
ance is excellent, and there is no free moisture or drift loss to wet the surrounding 
ground or buildings, llecause of drift elimination, they can usually be located much 
closer to the equipment they serve, thus reducing the cost of water lines to and from 
the equipment. 


Table B-60. Recommended Mechanical-draft Tower Standards 





Hiirfare oondeuaerB 


Jet rondeiiMero 


Wet 

Vacuum, 

« . 


















bulb 

in. Hr 

teini*. 

Hot 

water 

C'uld 

water 

Range 

Ratio 

Hot 

water 

C'uld 

water 

Range 

Ratio 

80 

27 0 

114 ft 

104 

00 

11 

08 

109 

95 

14 

68 

80 

27 26 

111 8 

102 

89 

l.*l 

73 

107 

94 

13 

73 

80 

27 50 

108 4 

100 

88 

12 

80 

105 

03 

12 

80 

75 

27 25 

111 8 

101 

86 

15 

63 

107 

02 

15 

63 

75 

27 50 

108 4 

09 

65 

14 

08 

105 

91 

14 

68 

76 

27 75 

104 8 

97 

84 

13 

73 

103 

90 

13 

7.H 

70 

27 60 

108 4 

98 

82 

10 

GO 

105 

89 

16 

60 

70 

27 76 

104 8 

96 

81 

15 

G3 

103 

88 

15 

63 

70 

28 UU 

100 8 

94 

80 

14 

08 

101 

87 

14 

68 


Table 8-tiO indicates some suggested practical ])crforniaiice staiidard.s for steam- 
eondciising operation. Three different vacuum conditions are indicated for each of 
tliriH! wet bu'.bs. The higher wet bulb is suggested for the (lulf ('oast areas; the 
inti'rincdiatc wet bulb is satisfactory for the central part of the ITiiited States; and 
the lower wet bulb is for northern locations. 

Table 8-61. Approximate Effective Areas Required for Mechanical-draft Towers 

A|iitrfiarh Iri wet bull* 

C'oolmK degreps ] 

10® 1.5° 


5 

0 313 1 

0 174 1 



0 412 

0 237 

0 154 

iO 

0 489 1 

! 0 287 

0 195 

15 

0 598 1 

1 0 373 

0 260 

20 

0 670 

0 438 

0 311 


Tabic 8-61 gives a rough approximation of the size or sectional area of tower 
required per gallon of water circulated. For instance with a 15“ cooling range and a 
10“ approach 0.373 sq ft is required per gallon. Thus for a 10,000-gal tower, 3,730 
sq ft are necessary, and if the tower pickl'd has a width of 40 ft, the length must 
l>e somewhat over 90 ft, the exact dimension depending upon the manufacturer’s 
standards. 

Table 8-61 has been prepared for a 70“ wet bulb. With higher wet bulbs a 
reduced area is required for a given range and performance. With lower wet bulbs 
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fin mcrfiasod area is required. Actual areas and weVbulb correction factors vary 
considerably from the above figureb, depending upon the make and style of tower 
being considered. 

Crossflow Water-cooling Towers. In the crossflow style (shown by Fig. 6-196) 
the water falls vorticallv {lownwardb, and the an flows horizontal!v across the cooling 
section of the tower, wbc'rcus in the counterflow st^le of tower the air flows vertically 
Upward The crossflow prinrijilc has been popular in Kuropean practice for many 



years m both atmo‘'ijheijt and iiu < hanii al-draft equipment In 1938, the first laige- 
capacity crossflow cooing tower w m intioduced into A-menran prarticc, and in a 
short time its popu)aiit> was uiKpiestioned In th(‘ larger industiial towers, instead 
of a single cooling tower pei ian, the ciistoinarv practice is to use one fan for each 
two cooling units This results in v luit is known as the double-flow coohng tower 
shown by 1 ig 8-197 I he ciossilow st>l( of towei incliulf s practically all the advan¬ 
tages but none ot the* dis id\'ini igi s of eoimterflow towers. 



liQ 8-197. Persiic ftivp \iew of a double flow waier-ooolmg tower. 


The crossflow tow* r is f*f miniimini height and required pumpmg head Being 
low and wide, it is easy to brace stria tuialh for winds and earthquake Accessibility 
to the niecljaniral equipment upon the top of the tower is easier than with conven¬ 
tional highei designs [)^‘^t^hut^on of the hot water t( the cooling surfaces of the 
tower IS accomplisla d with a total Jiead of onlv 6 to 8 in of water 

The water-dibtnhutiiig system can be easily inspected at all times and while the 
tower is in operation Mud can ea«*ilv be removed, clogged nozzles can be cleaned, 
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and most important of all, it is psisy to adjust the float-control valvos to make each 
tower cell take its proportionate quantity of water. These features are not possible 
in towers of counterflow design. 

In conventional towers, the wider the framew'ork, the higher must he the structure, 
and because of practical limits in the extreme larger sizes, two njws of fans are required, 
whereas with the crossflow tower tin* two cooling-tower cells may be sot at any dia- 
tance apart, and there is no limit to the maximum diameter of fajis which can be 
used. Larger fans mean larger eella with fow^r inlet water lines and fewer sets of 
electrical wiring and starting equipment, thus simplifying np(*ration and maintenance. 
An extremely low draft loss is claimed for this style of towe*r because of less resistance 
to air flow past the slat fill as compared to the vertical or counterflow principle. The 
drift eliminator also provides a smaller draft loss because the eliminator area is much 
larger than the actual air-flow’ scrtion of the tower proper. Because of the low draft 
loss, greater air per horsepower input to fans is obtained than with conventional 
towers. 

OPERATION AND MAINTENANCE OF WATER-COOLING SYSTEMS 
Spray jioiid, atmospheric towers, and mechanical-draft towers all require a regular 
maiiitcnaiico schedule to keep them operaling cflicjcntly. The water-distribution 
problems are about the same in any wati*i-cooling system. 

Starting. When first fetaiiiiig opi‘iation or aftc^r a shutdown all water basins 
should be clean and free of any dirt or foreign matter, and they should be watertight. 
All pipe eoimections, valves, and nozzles hliould be ibecked to make certain thev are 
111 good working oider. Tlie cold-water basin should be filled w’lth water, and then 
tin* system sliould be started o])eiatiiig. The watcr-distribulion system should be 
iiispe(*ted regularly to make* certain tlie nozzles are spra\ing projierlv and that the 
evaporation and drift loss are not excessive. Low nozzle jirpHsuTe indicates insuffl- 
cient water, whereas high nozzle pressun* imlicates excessive water. 

Make-up Water. Miik(*-up wiit<»r must be added continuously to a cooling sys¬ 
tem while in operation. Two dillerent losses occur: (1) the loss due to evaporation 
and (2) the loss due to drift or free-moist ure removal. 

Evaporative Loss. Kvaporative Joss cannot exceed 1 per rent for each 10® of 
cooling. This assumes full heat dissipation by evaporation, which never occurs as 
part of the U* at is dissipated by convection. In practice, evaporation dissipates 
from 50 to 90 i)cr cent of the total heat. The evnponitive portion is gn'atest in hot¬ 
test weather and with longest cooling ranges. 

Drift Loss. Drift loss or carry-over of entrained free moisture of any one stand¬ 
ard of design vuries through wide ranges in atmospheric cooling s^ystems, dciiending 
upon wind velcx-ily, wdnd dii<*ction, and stniclural design. Well-designed spray 
ponds wdll show no loss at zero winds and 3 to 4 per rent at extreme winds. "ITicy 
will average less tluiii j 2 1 per cent. Deck towers will come within these limits, 
but 5 to fl per ef'iit maximum drift loss in high w'liids is not uncommon with older 
designs. Ill nicchaiiiral-dralt towers the drift loss remains fairly constant. Well- 
designed units will average about ^lo of 1 pt*r cent loss, and when the loss exceeds 
0 of 1 per cent, drift becomes objectionable. Drift-loss comparisons are shown by 
Tig. 8-198. 

Algae. Algae can be expected to grow in almost all basins, espceially those which 
exposed to sunlight. If algae tliat have formed on basin floors and walls become 
thick, they will break loose to the surface and clog the water-distribution s^Titem. 
Uy using chlorine, copper sulfat**, potassium permanganate, or some other suitable 
chemical, algae may be minimized or completely eliminated. A reliable water-treat¬ 
ment engineer should be consulted for the proper treatment. 

Scale. Scale-forming miiterinls arc found in practically all water. Scale will 
reduce heat-transfer raten, and scale forming in pipes and nozzles ivill reduce the 
effectiveness of water-eooliiig systems, A wjilcr-lreatment engineer should be con¬ 
sulted to keep scaling at a minimum. Scale should be removed at regular intervals. 

Concentration. As water is cvapoiatcd from the system the soluble solids remain 
in the water and increase in concentration These solids will hamper the efficiency 
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of the coding system. Solution wet bulbs will be mised, and the system efficiency 
eim be senously reduced. Concentrations of solids can be controlled either by * ‘ blow¬ 
ing down'* or by a continuous overflow” to the sewer. A good water-treatment 
ei^pneer can recommend the best way to control these solids. 

Water Flow. Ibe amount of water being circulated should be checked occasion- 
aily. Water flow can be checked by means of orifice meter, weir, pitot tube, pump 
characteristic curves, or spray-nozzle capacity curves. R^uced water quantities 
may indicate clogged or worn pumps, clogged nozzles, scaled-up tubing or piping. 

When shutting down it should be made certain that all parts are properly drained 
and that the distribution system is protected from freezing and corrosion. While 
^ut down, the entire system should be thoroughly inspected and repaired if necessary 
80 it will be ready for immediate operation. 

Structural Maintenance. When the system consists of a cooling tower, a careful 
maintenance and inspection schedule should be maintained to make certain that the 



. &-198. Drift-loss comparison of atmospheric and mechanical-draft towers. 

structure is always in first-class condition. The following comments apply to both 
atmospheric and mechanical-draft units. 

Before starting all corrosive parts should be cleaned with special corrosive-resistant 
paint. 

Any weak, broken, or warped lumber or structural members should be replaced. 
All loose bolts should be tightened. Bolts in wood structures should not be pulled 
up too tightly as some allowance must be made for swelling of wood when wet. 

Any loose, dry algae from hot-water basins or troughs and also from drift elimi¬ 
nators, deck Ailing, or air-inlet louvers should bo removed. 

All parts of band rails, ladders, or stairways should be carefully examined or 
iniQiected. 

Any painting of the exterior should be done while the structure is thoroughly dry. 
Painting of wood is not recommended as a presen^ative but for appearance only. 
Steel-cased towers should be painted annually. 

Slat filling should be checked carefully, as any sagging of the deck slats or their 
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support framing results m serious loss of roolmg efficienty. Amiratc s^iariJig and 
position of riats is important. 

Any possible strurtural failures of wood or hardware should be checked for, and 
wood should be examined for any signs of dehgniheation 

If the system is in continuous operation, periodic inspections at mtervals of 2 to 
3 months apart are recommended. 

Maintenance of Mechanical-draft Equipment. Where mechanical-draft equip¬ 
ment IS used, a more ngid system is required, and nltendarits ■should mspect all mov¬ 
ing mac hinory at least once per S-hr shift. 

Motors should bo greasc^d, painted, or otherwise maintained in accordance with 
Ihc motor manufacturer's written msiructions. 

The alignment of motors, drive shafts, and gearboxes should be carefully checked 
at established mtervals. Slight misalignmcut rciaults in rapid failure of universal 
joints and is frequently the cause of excessive vibiation Universal jomts should be 
oiled or greased as recommended, and dnve shafts should be properly protected with 
guards to prevent damage to fans in case ol failure. 

Gearboxes should be drained and old oil replaced at intervals as recommended by 
the maiuifactureri- The instructions on the gf‘ai box should be followed Too much 
end play of shafts indicates excessive beanng wear, and worn bearings should be 
replaced Tltniovable shuns aie usually provided to permit take-up of bearings if 
end play develops \ir \ c nta should be kept open, and any w ater which may have 
accumulated in the gearbox should be drained oil 

Table 6-62. Some Trouble Tips 

7 j ouhie Poatetlie raucfi 

LitUHual iioi>)L ur Mbraiirui Bad motor boannfc 

Worn luuvcrsal joint 
Iioosu iiminr or gt arbox yoke 
TVlott r and f^tarbox not aligned 
Bad btaiing in g(aibox 
Lo(><.( fan )iub 
Loriflc bolls in fan olinder 
I ori^p bolls 111 toivcr structure 
1 an hladi s | iIlIu d uni \ tnly 

Lzoratiive drift Wnryed broken or niisning eliminators 

C Inggf d r«r worn no/rlrs 
Expphsivp norrie pressure 
Basin too full 
Iligli winds 

IiiiroasLcI tcniprralurc ran'r I^rticaRcd watrr iiiriilation 

Dirt al|jao scab or mud 
\ ah iB partly rlowd 
( logged drainers 
\\ om punipM 

Hight r wall r t< nipcraturcs Ki liuci d nir fioa—roptnctiona nearby 

Worn m dirtv norsles 
rxlreini' ait bulb unditinns 
High I one I ntratinn of sohds 
Sagging of fill blats 
\lgan on pliininatorB or docking 

Hotting or diHinUgrati )ii of toair Wood di rav due to piceenco of fungi 

Inspr t alts, k 

Dehgiiification 

Agi 

Poor \aiuuin Mud or scaling m oondrnner 

Noncondinsible vapors in oondonsir 
Kcducpd a ater quantity 

Jans should be repainted as often as the need arises. The pitch of the fan blades 
must be uniform and should be cajcfulh checked A fan out of balance should be 
rebalanced at once Fan cylinders should be kepi painted if made of metal AH 
bolts should be tightened The fan cylinder or ring requires frequent inspection and 
tightening Clearance betw ec n fan ring and blade tips should be checked penodieally. 

In general, the greatc'st mamtenaiicc* diflicultic^s lie ui the mechanical parts of the 
tower Costly repairs and HhntdowiiH can l>e prevented by a slnct inspection and 
inamtenance scheclule. Spare mechanical pa its should be earned m stoi^k. All spray 
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ponds, atmospheric deck, or mcrhanical-drofi towers require much the same opera¬ 
tion and maintenance technique. However, individual iuBtructions issued by the 
manufacturers for each type of water-cooling system should be carefully followed for 
the best results. 

Winter Operation. Freezing weather demands extreme care and watchfulni»ss to 
prevent serious damage. For atmoBi)lieric-deck-typo towers a winter distnbutiiig 
header is recommended and is installed at a lower elevation. Ice accumulates on 
louvers and decks especially in the lower tower section and on the air-inlet side. 
Serious structural overloads occur, and resultant damage can easily occur. 

Mechanical-draft towers have serious icing diffinultiesj but these can be eliminated 
or controlled by proper operation. Two-speed motors equipped with reversing 
switchers should be standard equipment. l<\illy enclosed or splashproof motors are 
recommended. Splashproof motors equipped with space heaters provide good results. 

Most forced-draft bowers accumulate ice about the fans or fan rings duo to mois¬ 
ture or spray. ^Serious damage to the mechanical equiphient results if ice is not 
caught in time. Induced-draft towers cannot ice up the fans, and ice accumulation 
is confuK^ to the inlet louvers or adjacent fill thus at least protecting the mechanical 
equipment. 

It is practical to operate funs at one-half speed from fall to spring with a great 
saving in horsepower. During extreme frc'cziiig weather fans may lx* shut down 
continuously or intermittently as load conditions require. If icc still accuniiilates, 
fans may be reversed for short intervals, thus melting the ice. 

If operating troubles (levolop, several sources should be inv’Cbtigatcd. Most 
probable of these are included in Table 8-62. 

EVALUATING A WATER-COOLING TOWER 

AMien cooling-tower mamifacturors submit proposals to a buyer, the jnirchaser is 
confronted with various types of towers and varioub-pri(‘ed towcis. Tiach tower is 
said to give a certain performance. Wlule almost all jilant engineers know something 
of w'ater-cooling towers, too often thev have nothing too tangible to use as a guide 
in selecting the best cooling tow'cr. The following material Ruggf‘atK some items that 
should be taken into consideration when puichasing a cooling t(»wcr. 

Structural Theory. Struc turally, a cooling tower may be (‘on.sidered as a shell or 
housing enclosing apparatus for mechanically forcing air through droplets of watcT 
for the purpose of cooling water. The housing mu,st bo capable of sup])ortmg 

1. Internal loads of winter pas,sing through or being corded in the cooling tower, 
the piping and tower filling (multiple strips used to mix meclianically the falling 
w'aler with the air so as to facilitate heat transfer), the fans for forcing the air through 
the tower 

2. l^xternal loads of wdiid, earthquake aeeelorations, and lempemiure effects; 
wind loads are usually assumed as (rj) 20 psf of exposer! vertical surface for cooling 
towers located on or near the ground level; (h) 30 jisf for cooling towers located on 
roofs or other exposed locutions. JOarthquake loads are usually eonsidiTcd as hori¬ 
zontal forces (acting in any direction) equal to 0.1 of the vertir'al loads at or above 
the points or level of the structure under consideration. 

The structural framewxirk of a cooling tower consists of a series of framed bents 
(runiimg both longitudinally and transversely in the tower). The horizontal ties or 
beams of these bents support the filling, water-spray or -distribution system, fan 
enclosure, and drift eliminators. The vertical posts act as supports for the be.-inis 
and as struts in the wind or earthquake bracing system of the bent. ITie external 
casing and air-inlet louvers are usually attached to and supported by the exterior 
posts. 

Any ordinary stmeturnl material that can be properly protected or is inbereiitlv 
rc'sistant to decay when subjected Ut constant immersion in w’ater (or alternate wet¬ 
ting and drying) can l)e used for cooling-tower constniction. Redwood, cypress, 
Wolmanized fir, steel, and concrc'te are all used in \aryiiig degrees for that j)urpoHP. 

Redwood^ and cypress® (heartwood.s) are the mosl comrnojiJv used niaterials 
because these timbers are impregnated with natural toxic ingredients w'hich protect 
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them irom decay and insect attack, ^incc redwood is more generally used, its prop¬ 
erties will he discussed briefly. 

Redwood has a rtdatively high strength-weight ratio. It is highly resistant to 
warping and curling hoeausc of its low shrinkage and expansion with change of mois¬ 
ture content. Select heart redwood is usually used for the struclural framework. 
Clear heart wood is used for exterior casing, louvers, trim, and other ])arts requiring 
good appearance and watertightuess. \^'orkiIlg stresses used in the design of cooling- 
tow'cr structures for the grades of redwood outlined above are as shown in Table 8-63. 

Table 8-63 


Extreino fiber in beiidinf;. 900 pji 

Tentauii. 060 pin 

C'nmprcssioii Mvith Krain. , . 800 psi 

CuiupTesHiou aerrMS 260 pai 

HQrj 2 ontal slieur ... . 6Q psi 


Modulus of olaaticily .. ... . 1,200,000 psi 

Since the cooling-tower frame is subject to severe exposure and possible vibratory 
loads, the connections or joints iiuist he structurally adequate and designed for long 
life. These requirements dictate that bolted joints must be used throughout the 
framework with apiiroved Umber coimectors** (such us the ’'IVco ring type) used at 
all joints carrying horizontal loads. The uailing of the cooling-towcT structure does 
not guarantee periiiaiiency and should not be used. Hardware should be of cast 
iron, bronze, or other corrosion-resistant material to ensure a well-balanced, long- 
lasting cooling tow’er. 

Detailed Specifications for Mechanical-draft Towers. When requesting proposals 
from mauuCaeturers be sure to imdurle the following data; 

1. Description of service intended 

2. iioculion of installation or desired w^et bulb 

3. T'otal load in Btu or pounds of steam 

4. Desired vacuum and style of condenser 

r». Capacity in gallons per minute 

(i. Alhnvable hot- and cold-water temperatures 

7. Idiaruc I eristics of electrical current or power avjiilablc 

8. (’ost of e^'etricity or other pow'cr if any 

9. Space limit.ntions if any 

10. (’lass of creelinii labor required 

11. Desired delivery ami erection sebeilule 

12. Is location on ground or roof 

13. Is railroad siding available 

14. Must any local codes be adhered to such as fire or earthquake 

15. Will electric power and \va1er be a\ailable at site 

10. Distance from site to nearest town 

17. Specify wdif‘ther bronze or galvanized bolts aiul nails 

18. Specify who wdll furnish 

а. ll(‘ceivijig and unloading 

б. Erection supervision 

c. Erection labor 

d. Foundation and anchor bolls 

c. Water piping and valves to tower 

/. l^Jectrical wiring and starters 

g. Painting if any 

Suggested General Specifications for Purpose of Purchase. 

1. All lumber shall be of heart California hmEvoocI, free from sap and any serious 
defects. It shall be equfil to No. 1 heart common or better as graded by the Cali- 
fonua Redwood Association. 

2. The successful bidder will furnish a stn*HS diagram. He wmII furnish detailed 
informatLOiL of all joints and sizes of main frame members and bolts and also details 
of all load calculations. 
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3. Structural timber members shall be designed according to the basic unit 
etresses (reduced 30 per cent for continuously wet operating conditions) as established 
in the chapter on Structural Timbers, pages 99 §. of the "Wood Handbook" of the 
Forest Products Laboratory, edition of 1935. (^onneetions shall be designed to 
develop the stresses in the members with no allowance for nails or spikes. All depend¬ 
ence for the developing of the joints shall be upon the bolts or ring connectors, llie 
strength of the bolted or ring connector joints shall be determined by the procedure 
and values established in the chapter on Timber Fastenings, pages 119 jf. of the 
aforementioned "Wood Handbook." The general design of the timber frame shall 
be according to the chapter on Wood Beams, Columns and Arches, pages 149 in 
the above-mentioned "Wood Handbook." 

4. Concrete members shall be designed according to the recommendations of the 
latest edition of Joint Code of Building Regulations for Reinforced Concrete Struc¬ 
tures of the American Concrete Institute. 

5. Cast iron used structurally shall conform to the standard specifications for 
gray iron castings, serial designation A-^8-32-T, of the American Society for Testing 
Materials. 

6. (^ast steel used structurally shall conform to the standard specifications 
for steel castings, serial designation A-27-24, of the American Society for Testing 
Materials. 

7. Unit stresses for combined dead and live loads and wind may be increased 
33^3 per cent over the provisions stated above for static loading conditions, provided 
that the section obtained thereby is not less than that required for dead and live 
loads along with the static unit stresses. 

8. CJooling towers shall bo designed to withstand a wind pressure of 30 psf, act¬ 
ing from any direction. Adequate anchorage shall be provided for uplift either during 
construction or in the completed tower. 

9. Jf installed upon a roof, a ladder with guard will be provided. If installed 
upon the ground, a stairway will be provided. If in I'xcess of 100 ft in length, two 
stairways will be provided, one to be at each end of the* tower. 

10. Deck-fill slats (flat side horizontal), if of ' nominal thickness, shall be sup¬ 
ported at intervals of not less than 18 in. If of 1-in. nominal thickness, they shall be 
supported at intervals of not less than 30 in. Allowable span for inlet louvers and 
eliminator slats may be double this amount where inclined at not less than 45 deg to the 
horizon lal. 

11. Motors shall be of the splashproof type unless otherwise required. 

12. A spei'd reducer using spiral bevel gears is preferred. This shall be contained 
in a cast housing, oil-1 ubrieated and with antifiictioii roller-type bearings. 

13. All material and w'^orknianship shfiU be guaranteed for a period of 1 year, 
and manufacturer will replace free of charge f.o.b. shipping point any defective 
part. 

14. A i>erformance acceptance test may be conducted at any time within 1 year 
after completion of erection. The maiiufaclurer may have a representative pres(*nt. 
Test will be condii<‘t(‘d at purchaser’s expense, and readings shall be taken in accord¬ 
ance with the ASMK code for watcr-cooUiig equipment, 

15. The purchaser may employ a competent licensed profesRioiml engineer at hia 
expense to check structural drawings runiishcd, and successful bidder agrees to alter 
his .structural design to meet the specifications of the purchaser if found n(H*eKsa.y. 

16. ('asing shall be nut less than 2 in. (nominal) in thickness. It may be of 
single- or tloiiblt*-wall couHtniciion. 

17. Fill or deck slats of interlocking naiUess design are to be preferred. 

18. The cooling tower shall have a guaranteed drift loss of not exceeding 0.2 of 1 
per cent under condition of S-injih wind I’f of atmospheric design or under any and 
all conditions if of mechanical-draft design. 

19. llot-watcr-flow control valves shall be furnisliLil for each section or ct‘U of 
the tower. 

20. The successful bidder shall furnish a prmted manual with full instructions for 
care, operation, and maintenance of the tewer. 

576 



REFERENCES AND BIBLIOGRAPHY 


[Sec. 8 


'References 

1. Walxj:b, Lewis, and McAdams, ‘'The Principles of Chemical Engineering,*’ 1923. 

2. American Tentative Standards for Noise Measurement, Bull. Z-24.2, Anierican 
Standards Association, 1936. 

3. American Tentative Standards for Sound I^evcl Meters for Measurci«f‘nt of Noise 
and Other Sounds, BuU. Z24.3, American Standards Association, 1936, 

4. The Strength and Related Pniperties of Rcd'wood, U S. Department of Agriculture, 
Forest Products Laboratory, Tech. BuU. 305, 1932. 

5. “Wood Handbook,” U.S. De])artmeiit of Agriculture, Forest Pioducts Laboratory, 
United States Oovemment Pointing Office, Washington, D.(y*., Sc^ptenibcr, 1935. 

6. “Manual of Timber Connector Constrv'-tion,” Timber Engineering Company, 
Washington, D.C. 


Bibliography 

“ASIIVE Guide,” p. 507, 1945. 

Boeltbr, L. M. K., Trans. ASHVE, 46, 615, 1939. 

-, Tram. ASHVE, 49, 309, 1943. 

Koch, Jakob, “Investigation and Computation of Cooling Equipment with the Aid 
of the Temperaturi.Mjnthalpy Diagram,” Berlin, 1940. 

-, “Untersuchung und Berechnung von Kuhlwerken,” V.D.I. For8c}i ungsJieft, 

No. 404, 1940. 

Lichtenstein, J., Trans. ASME^ 66, 779, 1943. 

McAdams, W. H., “Heat Transmisbion,” 2d ed., McGraw-Hill Book Company, Inc., 
Nmi York, 1942. 

Mebkel, F., “Forschungsarbeiten 275,” 1925. 

-“Verdun.shungkuhling,” VJ).l. Forschungsarbeiten^ No. 275, 1925. 

Niederman, H H , E. D. Howe, J. P.Lonowell, li. A. Sedan, andL. M. K. Boeltdr, 
Trans. ASIIVE, 47, 413, 1941. 

Notta(5e, H Cl., Trans. AsWVE, 47, 429, 1941. 

- and L. M. K, Boelter, Trans. ASHVE, 46, 41,1940. 

SiMONb, E , Chem. Md. Eng., 46, No. 2, 83,1939, 46, No. 4, 208, 1930; 49, No, 4, 82, 
1942; 49, No, 5, 138, 1942; 49, No. 6, 83, 1942, 

Simpson, W. M., andT. K Sherwood, Refrigerating Engineering, 62, No. 6535, 1946. 

- and-, “Performance of Small Mechanical Draft Cooling Towers,” 

ASRE Journal, December, 1916. 

WALKER, W. II., W. K TiKWiH, and W. H. McAdams, “Principles of Chemical Engi¬ 
neering,” 1st ed., McGraw-llili Book Company, Inc., New York, 1923. 


677 



HYDRAULIC TURBINES 

BY Frank H. Rogers 

ConmtUirig Sales Engineer^ Hydraulic TurhineSy The Baldwin Locmnotive WorkSy 
Eddystonej Pennsylvania 

The national importance of water power in the United States to supply the needs 
of industry, transportation, and domestic use is indicated in Fi| 5 . 8-109. It will be 
noted from this chait that, until 1805, the hydraulic-turbine industry was small and 
of little national importance. In that year, however, the first large water-power 
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PROGRESS CHART OF THE HYDRAULIC TURBINE IN THE U 5. 1695*1946 

Fig. 8-199 ProRrpbs rhart of tlio li^draulie turbine in the United States, 1896 to 1946. 
{Federal Power Commisbion.) 

develoiiment at Niagara Falls was started; and smee th'it time, the demand for water 
powei has progressed at a rapid rate. From 1922 to 1031, installed horsepower 
increased at the rate of about 800,000 hp per year The slope of the curve rises to a 
htill higher rate of about 870,000 hp per year flora 1937 to 1945. Because of eondi- 
tions growing out of the Second World War, only about 15,000 hp of new capacity 
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went into service in 1946; but from present data available about 500,000 hp went into 
service in 1947 and over a million horsepower is expected in 1948. 

The increfise in output from single units (unit borsopower) has been very great, 
starting in 1900 ^itb the hjOOO-hp units installed in the original Niagara Development 
and progressing to the 150,000-hp units first instalh^d in the Grand Coulee Station 
on the Columbia lliver in Washington in 1941. These are the most i>owerful units in 
the world. Nine units are now in opeTotion, and six additional units arc under con¬ 
struction. In comparing hydroelectric power with Hloam-eleetrie pow^r, the impor¬ 
tant role played by the former is shown by tlie fact that, of the total power generated 
in central stations, about 35 per rent is furnished by hydroeleetrie plants as compared 
to 65 per cent from steam plants. 


TYPES OF HYDRAULIC TURBINES 

There are two generjil types of turbines, impulse and reaction. In the impulse 
type, all the energy contained in the water is converted to velocity head at the noz¬ 
zle, where the buckets of the wIkh'I receive the jet and convert the velocity in the jet 
to iiiechanieal ikiwit by impulse action. Tn thi* reaction-l>pe turbine, the energy is 
eonverted to power in the runner by means of values turning the WMiter, thus causing 
a high pressure on the face of thi' vanes and a lower preshurc on the back, causing a 
leactioii. The reaction type is further subdivided into the following classifications: 

1. The Francis turbine is of the niixed-flow^ type in that the water enters the run¬ 
nel m a radial direction and discharges the w^atcT in an axial direction. Huch runners 
aie usually constructed with fiom 12 to 10 vanes supported by the crown of tlie 
luiuier which is connected to the turbine shaft and guided by the band near the dis- 
chaige side of the nuiiiiT. 

2. The propillcr turhne also belongs to the reaction type but consists of from 
thn'o to eight blades, the flow' tliiough the runner being in a general avial diieetion 
liotli at mfiow and discharge. The luniier blades are supported Ity the hub and have 
no band, thus in gcnerul res(‘mbling a ship propeller, from which it derives its name*. 
Turbines of this tyiie, having fixed blades, are usually referred to as jiropeller tuibines. 

3. Kaplan turhineji are similar to fixed-blade propeller turbines, except that the 
Idades are automatically adjusted during operation in order to develop high (‘fhc lencies 
over a wdde i aiige in loads. 

Specific i ^eed. As the head, horsepowTr, and sjieed may differ wddely in different 
installations, a comparison of the various types of hydraidic turbines may best be 
made by comparing their specific sjieeds. Speeifie speed is the speed in rc'volutiona 
per minute at whn‘h any turbine would oj-ierate at its best efficiency if the dimensions 
of such turbine are geometrically reduced so that the turbine would develop 1 hp 
under a net head of 1 ft. As a formula 


Is\ = rpm X 

where N, = specific speed 

rpm =“ revolutions per minute 
hp =• horsepow'^er developed 
H — net effective head 

The hpi*cific speed of the runner selected dejiends on the head. For high-head 
tlovelopmeiits, low-speeLfie-speed runners arc us<‘d; and as the head decreases, the 
'specific speed may be inrrca.sed. An approximate formula to dcti’rmine the spi'cific 
sliced for various heads is as follows; 


for Francis-type turbines: 
For propeller-type turbines: 


AT. = m/VH 
N, •= 0,750/Jf 


The size unci shape of runners of different speeifie speeds differ materially as incli- 
catwi hy Fig. 8-200, whirh shows a eotriparison of five nmners of different speiifie 
hjiceds. All these runners are drawn to the same scale, and each runner would develop 
the same horsepow'er output under the same net head but w’ould operate at speeds 
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proportional to the Bpecifie speeds indicated. The runner shown at the top, having 
a specihr speed of 20, would be suitable for heads up to about 1,000 ft; the second 
runner, having a specific speed of 35, for heads up to about 300 ft; the third runner, 



Fkj. 8-200. Kuniiers of etjual power but 


with different hpeciSr speeds. 


having a specific speed of 53, for heads up 
to about 150 ft; the fourth runner, having 
a specific speed of 85, for heads up to 
about 60 ft; and the fifth runner, of the 
propeller type, having a specific speed of 
143, for heads up to about 48 ft. 

It is a char art eristic of design that, 
as the specific spet'd of a runner increases, 
the horsepower-efficiency curve becomes 
steeper, t.e., the part-load effieiencies de¬ 
crease. This characteristic is indicated 
by Fig. 8-201, which shows typical horse¬ 
power-efficiency curves for the same run¬ 
ners indicated in Fig. 8-200. It may be 
noted from these curves that for high-head 
plants with runners of low specific speeds, 
flat horsepower-effieiency curves are ob¬ 
tained; whereas for the runners that 
would be used in low-head plants, where 
higher specific speeds are used, steep horse- 
power-effieiency curves result. Thus, in 
the ease of the lixed-blade-propeller run¬ 
ner, the horaepowcr-effiriency curve is 
quite stc‘ep, and low efficiencies are ob¬ 
tained at part loads. In order to correct 
this inherent weakness in the characteris- 
ties of fixed-blade-propeller turbines, the 
Kaplan adjustaVdc^blade turbine is used. 
This runner w^as named after Vietor 
Kaplan of Austria, who first suggested it. 
It consists of runner blades supported in 


bearings in the runner hub. The blades ran move while the turbine is in opera¬ 


tion by means of an operating gear wdthin the riiinier hub. This gear is con¬ 
nected by an internal shaft within "the main turbine shaft, and the internal 
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Fig. 8-202, Horsepowpr-effidenry curve for Kaplan-type turbine. 

[^haft is ponnecteil to a piston in a aorvomotor revolvinK with tlip main shaft. Oil 
pressure controlled by the governor is admitted to the revolving servomotor in order 
to adjust the runner blades. These runner blades and the turbine guide vanes are 
automatically and simultaneously adjusted in areordance 'with the load demand on 
the unit in order to provide the best possible hydraulic 
relation between the guide vane opening and the ruimer 
blade position. A typical horbepower-effieieney curve for 
the Kaplan-type turbine is shown in Fig. 8-202. Kach 
of the dotted hues shows the performance of the unit if 
operated as a fixed-blade runner at the blade angle indi¬ 
cated. By automatically moving the runner blades at the 
same time as the guide vanes, tlie unit may be operated 
at the peak of each separate efficiency curve, so tliat the 
envelojje curve (shoi/sm solid) becomes the actual operat¬ 
ing curve of the imit. The Kaplan-type tiu-bine, there¬ 
fore, permits the adoption of high speed, yet maintains 
the high efficiencies over a wide range in load. 

ACTUAL INSTALLATIONS OF DIFFERENT TYPES 
OF TURBINES 

Impulse Type. Figure 8-203 shows a runner of a 
vciy large impulse turbine installed in the Big Creek No. 

2- \ Development of the Southern California Edison CK)m- 
pany. The rumicr illustrated develops 35,000 hp under 
a net head of 2,200 ft at a speed of 250 rpm. A single 
unit consists of two overhung runners, each runner being 
provided -with a single noz 2 le, so that the complete unit 
develops 70,000 hp. 

High-head Frands Type, Figure 8-204 is a shop view of an assembled turbine 
built for the Hoover Dam Plant of the U.S. Bureau of Reclamation, ]o<'ated on the 
Cnlorndo River between Arizona and Nevada. Each unit is ilcsigncnl to dev(*lop 
115,000 hp under a net head of 480 ft at a speed of 180 rpm. Twelve units of this 
size are now installed in the Hoover plant, together with one smaller unit of 55,000 
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Fio. 8-203. Impulse run¬ 
ner, Big Creek 2-A De- 
vplopiiieui of the Southern 
California Edison Com¬ 
pany. 
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Fig. 8-204. Hoover Dam turbine, 115,000 hp, in shop. 




Fto. 8-205. Turbine of 18,000 hp capacity, 
Loup River Public Power District. 


hp. There, is still space iii this plant for 
installing three additional main turbines 
and one additional unit of the smaller size. 

Medium-head Francis Type. An ex¬ 
ample of the Francis-typc turbine operating 
under a medium head is given in Fig. 8-205, 
a shop view showing runner and shaH being 
lowered into the unit. This turbine was 
built for the Loup River Public Power 
District, C/olumbus Power Plant, Nebraska. 
Three units are now in operation, each de¬ 
signed to develop 18,000 hp under a net 
head of 112 ft at a specKl of 150 rpm. The 
illustration shows only tht*, assembled guide 
vanes and head cover, but this unit is pro¬ 
vided with a plato-stecl volute-type casing. 

Low-head Propeller Type. As an ex¬ 
ample of a low-head development, Fig. 
8-200 shows the runner of a fixed-blade 



Fig. 8-20fi. Propeller runner, 45,000 hp, 
fixed-blade type, Wheeler Darn Development 
of Ten,nessee Valley Authority. 
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propcIler-type turbiiio built for the Tcnnrssoc Valley Authority, WTioeler Dam Plant, 
on the TeniiCHtiee River in Alabama. Six uiiiia are now inhtnlled in this plant, and 
two additional units arc under construction. Each unit is rated at 45,000 hp under 
a head of 48 ft at a speed of 85.7 rpm. The runner illustrated has an outside diame¬ 
ter of 22 ft. 

As an example of a Kaplan-type 
turbine for low-head operation, J'^ig. 

8-207 is a sectional view through one of 
the turbines built for the TennesHee 
Valley Authority, Watts Bar Dam, 
on the Tennessee River in Tennessee. 

Five of these turbines are now in opera¬ 
tion, each unit developing 42,(KX) hp 
under a net head of 52 ft at a speed of 
94.7 rpm. 

LABORATORY TESTING 

Research work is carried on by all 
the turbine mamifaeturers in sp(‘emlly 
designed hydraulic laboratories in order 
to be able to predict the performance 
of the L'lrge unils in the held. Models 
exactly homologous to the large units, 
including the intake, casing, and draft 
lube, arc tested over a wide lange in 
jiower and speed. The inod(‘l runners 
are usually from 10 to 10 in. in iliameter. 

1 luring the test iiig iirogr *un, c*liang<'s can 
readily be made ui the runners, guide 
vaiM»s, rasing, and iliatt lube m order to 
fditain the best iKJSSible combination 
before starting const met ion of the large 
units. From tlie test data secure<l in the 
laboratory, tlu* jerforniancc of the large 

units UI the held ciin be aecuriitelj prixlieted. Iroiii the tc'sts made on the models, 
curves may be plotted b<‘tween the speed tact or phi and unit hoi.sc‘p<jw’er (the power 
the runner w^ould develop undiT a l-lt head and a 1-lt niiuier diameter') and between 
jilii and elliciency for various gate openings. The sjie'ed factor phi is the ratio of 
the perijiheral .sjM'cd of the runner to the bpoiiting velocity of the watiT under the 
full head, or cxpresMul as a formula 

= {Oz X rpni)/(l,83t> X H) 

/>> lejnesents tlu' diciuicter at the throat of the runner in inches, and H is the net 
etleciive head on the unit 

The model lebults can be stepped up to the field condilioiia by the following 
foiiriulas at the phi selected for the field conditions; 



Fio. 8-207. Section of 42,000-hp Kaplaii- 
t\pe turliHie, WuUh Bur Development uf 
Teiinebbee Valley Authonlj. 


hp, - hpi X (D,//>x)2 X 


vhere hp 2 = expected horsepower fiom prototype or large unit 
hpi » horseiMiwer diwelopeil by model 
1>2 — runner throat diameter for prototype unit 
Di = throat diameter of model 
Rz net effective head on prototype unit 
ffi = net effective head on model 

The eflieiencii'S of the prototype will be higher than the model efficiencies because 
ot the smaller iiitermil losses of the water ffowmg through the larger passages. The 
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Moody formula, whirh w generally accepted, may l>e used to determine expect4‘d 
field efficiencies as follows: 

E^ - 100 - (100 - Em) X 

where Ep = oxiMTted offieiency of prototyix* 

Epi — maxiimiiii eflicieney obhiined on model at its best phi 
Dm = throat diameter of model 
Dp = throat diameter of prototype 

The gain in efficiency for the prototype unit, or Ep — is then applied to the 
effieifmey of the model at the phi selected for the prototype* unit. The performance 
of the unit in the field for various heads can be predicti‘d in the same manner by 
using the phis corresponding to the hi'ads considered. 

CAVITATION 

Cavitation research is of vital importance both to the turbine industry and to 
the operating companies, and specially equipped laboratories are U8t*d for these 
studies. Cavitation may be defined as the formation of vapor-filled cavities at points 
on the runner blades or at any point within the wati*r stream which disturbs the con¬ 
tinuity of flow or causes the ivater to leave the* blade surfaces. Cavitation reduces 
both turbine output and efficiency, and because of llu* collapse or “implosion” of 
the cavities where the flow reaches points of highc*r iiri'ssure, it causes pitting of the 
runucr or adjacent parts. 

At a given elevation aliove sea level and a given water tenipcrature, the absolute 
pressure available is the water barometric pressure. At the runner discharge, this 
pressure is reduced by 

1. The elevation of the runner above tail water 

2. The velocity hi'ad 

3. The curvature of the flow lines 

This third element is depeiideni upon the ruimiT design, particularly on the pro¬ 
portional magiutudc of the blade area and the blade spacing, and may differ mate¬ 
rially on two runners of the same 8p<*cifie speed. Heiiec, for any given runnier, it is 
necessary to determine the correct elevation with respect to tail water so as to assure 
sufficient absolute pressure at the discharge of the runner blades under the required 
head to avoid cavitation. In tlie special cavitation laboratories, the elevation of the 
tail water can be varied while the total head on tlie model turbine is inaiiilaim'd con¬ 
stant. As the tail water is lowered, oliservatioiis are made of the discharge, power 
output, and elhcieney; and the break in these curves indicates the cavitation limit. 
The cavitation coefficient is known as sigma and is given by the formula 

0- = ilh - H.)/H 

where Hb = height of water barometric column at projier elevation above sea level 
and normal water tompprature 

= greatest elevation of runner above tail w^ater at which cavitation docs 
not occur with turbine operating at its rated capacity 
H = total ('fleetive head on unit 

It is to be noted that, if cavitation begins while the runner is still b(*low tail water, 
H, is negative and represents the least depth of runner below tail water a*, which 
cavitation does not occur. 

Values of sigma must lie determined over the entire range of pow(*r and head 
through which the runner is to be operated. In fixing the elevation of the runner in 
the field, a factor of safety of from 3 to 4 ft should be aUowvHl, i.c., the value of sigma 
used in the field should be well above the actual value detiTinincd in the laboratory. 

From studies made of the behavior of various mstalhitions iii operation, with par¬ 
ticular reference to the avoidance of pitting, the curves show'll in Fig. 8-208 may be 
used as a general guide to the s(*le(*tion of pliint sigma valiK's. This curve is presimted 
RS an approximate method of determining the cdevatioii of the runnier for a proposed 
installation; but the final (dcvatioii should lie fixed from the results of cavitation 
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tCRts made on the model of the nmner to be uned in the actual installation. As an 
example for the use of this curve, if we assume a hydroelectric installation where the 
elevation ab<ive sea level is 1,000 ft and the net effective head on the turbine is 300 
ft, we can arrive at the approximate elevation of the runner above the low tail-water 
level in the followinf; manner. 

From the approximate formula for determining specific speed as shown on page 
570, it will be noted that, for a head of 300 ft, the specific spe<*d should be about 38. 
For this specific speed, from curve shown in Fig. ^208, it is noted that the plant 



0 10 20 30 40 50 60 70 80 90 100 110 120 130 140 150 160 170 180 BO 200 

Ns AT RATED CAPACITY 
Fi«. 8-208. Vlaiit bip;jna vs. sppfifif* bpeed. 


for higma shown on page 584, the distance of the runner nliovc tail water U, is obtained 
as follows: 

IIa * 31,f) - 0.09 X 300 - 4.0 ft 

In a similar manner, if we assume the installation of a Kaplan-type turbine where 
the total net head is 48 ft and the plant is located 1,000 ft above sea level, a spoeific 
spewed of 141 could be used; and using the same formulas, il is found that the runner 
should be located about five feet below low tail-u aier elevation. 

FIELD TESTING 

It is desirable, when possible, to conduct p<‘rformaiico testa of turbines at site, as 
tl r data thus obtained peniuis the most economical operation of the units for the 
v .inus flows and h(‘ads to be encountered. Field testa are usually conducted in 
ar oordance with the Test Code for Ilydnuilic Prime Movers of the AKMK, originally 
issued in Juno, 1938. Tlie presf'nt treatise will, therefore, only briefly describe the 
values to be measured in order to determine turbine efficieney. 

The turbine efficieney is thi‘ ratio of the brake horsepower delivered by the tur¬ 
bine to the water horsepower available, or 

E = bhp/whp 

Water horseiwwcr is givim by the formula 

\>hp ~ (Q X ir X //)/550 
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■where Q — flow, efs 

w = weight of water, lb per cu ft 
H “ esfferlive head, ft 

In the ease of hydroelectric units, the brake horsepower is determined from the 
generator output divuled by the generator effieieiiey. The generator effieieney may 
be determined by tests made in the shops of the builder or after installation, either 
by direct measurement of input and oil! put or by the separate loss method. 

The effective head on the turbine is the djffereiiee between the total energy con¬ 
tained in the water immediately before its entranee into the turbine and the tcjtal 
energy in the water immediately afU^r its cliseharge from the draft tube. As the 
total energy at any point is the pressure head plus the veloeity head, the net effective 
head on the turbine is given by the followhig: 

-h (ViV2ff) -i-n - 

where Bp = pressure hc'ad measured at easing intake, ft 

V 1 = velocity at point whore pressure head is measured, fps 
]) — distance from point of measurement of pressure head to elevation of the 
water in the (ailra(‘e near the draft-tube discharge at points reasonably 
free from local disturbances, ft 

V 2 — veloeity at the siM tion of measurement in the tailraee, fps 

The pressure head Up is usually obtamed from calibrated pressure gauges or 
direei-rcading U lubes nr elevation tubes, llie veloeity W is det(‘rmined by dividing 
the tiOtal flow 111 cubic feet per second by the area in scpiare feet at the pomt ol meas¬ 
urement, and the velocity Vz is dtdermined b> dividing the total quantity 111 cubic 
feet per second by the area of lluit part of the 1ailra(‘e ehannel which may fairlj be 
charged to the unit under t(‘Kt. 

The measurement of flow in cubic feet per second is usually eousiilered the most 
difficult of all factors to lie determined. Many dilTer<‘iit methods of quantity d(‘ter- 
mination have lieeii list'd, depending on local conditions, such as the Venlun metei, 
weir, pitot tube, current meters, salt velocity, and (bbson methods. Tin* last two 
methods have been in goju'ral use for a miniber of years and are eonsidt'red the most 
accurate for cletennining lh<* flo^^ of walir. Theiefore, a biief cleseriplion will be 
given herein in conueetiou with each of these two methods. 

Salt-velocity Method. The salt-velocity or Allen method for measuring the flow 
of water was developed by Professor (’harles M. Allen of t\oreester J’olyleeliiiie 
Institute, Mawsjicljusetts. This Jiietliod lias been very widely adopted in a large 
number of tests made in this country and many fori'ign countries. The method is 
based oil the fact that sjdl in solution jjiereases Die eler^trical conductivity of water. 
The salt solution is iiitiodiiced iH'ur Die upper end of the roudnit, and the passage of 
the solution neross one or more jiabs of electrodes at otlier points in the eondiiit is 
recorded grajihically by electrical instruineiiis. The passage of the salt solution 
between tw’^o points is accurately timed, and the volume of the penstock between the 
same points is accurately measured. The clisiharge in cubic b'ct per second is then 
equal to the volume of the penstock in cubic feet divided by the time in seroiids. 

In making such a test, it is necessary to provide for the introduction of the sail 
solution and for two sets of electrodes and a source of electrical energy, geiUTnlly 110 
volts direct curicnl or alternuting current. A recording ammeter or wattmeter is 
connetded in the eirriiit of the electrodes; and before* tin* salt solution is inti-odiiced, 
the initial steady reading of the meter will be from ^ to 1 amp. When the salt 
solution reaches the first set of electrodes, the <*urrent pas'^ing betw'ecii the bars 
inereases (owing to the greater conductivity of the w'lder), reaeiies a maviinum value, 
and decreases again to normal as the charge of salt passes by, thus produeing a bumped 
eurve on the chart. A similar curve is drawn by the meter when the salt Sidution 
passes the second set of electrodes. The lime is i.lso ri'corded on the same chart by 
a clock or si*coiuls pemluhuu e(»nneetf*d electricaPy to a pi*n 01 by n hot spark. The 
time ltelwi‘en the eenlers of gravity of the two curves productal is the av(*rnge time 
it has taken Ihi* wu1(t to travii the distance between the two sets of electrodes. The 
volume in cubic feet between the two sets of electrodes is aceunitely determined 
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by physical measuremeutis, and tlic quantily llo^viiig in cubic feet per second is the 
volume divided by the time. 

Gibson Method. The (iibaon method of water-flow meaHiiremoiit wms develop^'d 
some years ago by Norman R. Oibson, Consulting Kngiiioor for the Ningara Falls 
Power Company. This method raakes use of Iw'o well-known prineiples, the first of 
which is Newtonsecond law of iii(»tioii, that the force is equal to the product of 
the ]uaBS and the rate of change of velocity of that mass, or 


F = Midv/dt) 


This (‘quatinn may also be written F di = M dv, w'hieh expresses the fact that the 
impulse or product of force by time is equal to tJie change in momentum or the prod¬ 
uct of the mass by the vi‘lociiy change. 

The second principle is the corollary of the first, viz., the relation between the 
change of pressure and the change of velocity of a column of wat(jr expressed in 
t(Tms of velocity of the pn'ssure waves wluch are propagated during the change from 
one end of the coliiinn to the other. 

To apply this principle bo the dclcrmmatlon of water quantity flowing in a pipe 
of uniform eross si'etion, the gat(*H of the turbine at the lower end are closed gradually 
in a given time, so that the veloeity of the water in the iiijx* is diniiiiished and is 
finally stoppi'd when Die turbine gates are fully closed. During this closure, the 
pressuri* in the pijje rises, and this pie'asure rise is tlic manifestation of the force 
exerted to stop the flow of the mass of water in the pipe. From the fundamental 
impulse equation given above, if the mass of water in the pipe is known and the time 
taken to stop its flow and the uv(*rage foiec exerted in doing so are measured, the 
velocity of the water prior to the mierruption of its How may readily be determined. 

Thus 


PwaT = (Law/g) X V 


from which 


V - gPT/L 

w'here a — area of pipe, sq ft 
L «= long 111 of pipe, It 
V = velocity oi water, fps 
T = time to atop flow, sec 
P = average pri'ssure rise during time T, ft 
w — weight ol water, lb piT eu It 
g = aecolerntion due to gravity 

The avernge pressure rise P and the time T are recorded by specially designed Gibson 
apparatus so that it is necessary only to mt'aaure the length L of the penstock to 
determine tlie velocity V, 

Til pnn-tice, the lest procedure eonsists of placing the desired amount of load on 
the unit and, for a period of time, observing the head water elevation, tail-water ele¬ 
vation, easing pressure, speed, gate opening, and the viuious electrical measurements 
oecessiiry to obtain the generator output. At a given signal, the turbine gates are 
cIosihI at a slow* rate, and the load is iakcii up by another unit operating in synchro- 
nism with it. The rate of closure need not be uniforui, although this operation should 
lnki‘ place as smoothly as possible. During the ('losure, the How in the penstock is 
beuig retarded and produces a change in pressure. A continuous record of this 
pi'-T-^ure change and the time of closure is made by the Gibson apparatus. 

In most installations, the sections of the penstock are not of iniiform area, but 
tile penstock is made up of a series of sections of different lengths and different areas. 
The formula is, therefore*, usually exiiressed in tcrnih of disidiarge, the net area of the 
pri\ssuro-timc diiigriim, the constants of the apparatus, and the physical dimensions 
of the penstock, by the following foriinda: 


wdiere Q 


Q « K,Ai/SF 

discharge, cfs 

calibration constant of rei'ording apparatus — g/y 
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y B vertical heiglit, iii., on diagram currcapouding to 1 ft of pressure change 
in the penstock 

Ad =» net area of pressure-time diagram, sq in. 

8 time constant of diagram » horizontal length, in., corresponding to 1 sec 
of time 

F — constant of the penstock. If pipe is of uniform cross section, F L/a. 
If penstock is of non uniform cross section, F is the integration of length 
divided by area 

Because of the fact that some leakage always occurs through the turbine guide 
vanes when in their closed position, this leakage quantity is not cut ofi by the closure 
of the gates. The total turbine dihchargc obtained by the above formula must 
therefore be correeteil by adding the amount of such leakage. 

OPERATION OF UNITS IN THE FIELD 

Field tests as previously describi'd are of very considerable value to the operating 
forces at the plant, as from such test data the umts can be operated as near their 
points of maximum efhciency as permitted by the loading. Curves of power discharge 
may he plotted so that the tuibine itself may be used as a nieaburing device or indi¬ 
cating flowmeter. It is also possible, when making the held tests, to calibrate a flow¬ 
meter coiisistmg of a closed U tube, each arm of which is connected by piping to a 
piezometer in the water passage, where the velocities difter by a reasonable amount. 
Headings are taken during the efheieiicy tests on the turbine, and curves may be 
plotted betw’cen the total deflections of the U lube and the discharges deteimuied 
during the test. Such a calibration curve may be used in station operation for deter- 
luiiung quite accurately the flow under any load condition and whether the efficiencies 
are being propeily maiutuined. A diop in eflicieney might be due to we>ir at the 
seal rings between the runner and stationary paits or possibly to foreign material 
wedged m the runner vanes to such an extent as to decrease the flow at a given gale 
opening. 

The data obtained in held tests are also of value in setting the gate Uiuits on the 
turbine to prevent overloading If tuibines aie t>perated appreciably beyond their 
rated hoisepower, there is a drop iii effieieiiey and an inerc‘ase in discharge beyonrl 
the full rated flow. This practice results not only in Ions of eflieieney l)ut also in 
pitting on the turbine runners and adjacent parts due possibly to exceeding the 
eavitatioii limits. 


INSPECTION AND LUBRICATION 

Regular inspections of the visible parts of the turbine are usually made once each 
day or piefeiably once each shift. Such inspeetiuns cover shaft swing, bearing feed, 
stuffing box, and opiuntiiig gear. 

If the shall swing mereases appreciably, it may be due to bearing wear from lack 
of proper lubrication or to unbalance in the generator or turbine. Oil-type bearings 
are usually supplud by two motor-diiven pumps, the regular pump being driven by 
an a-c motor and the (‘nieigeney pump by a d-e motor from the storage battery. In 
case of failure of tlie a-c motor, the d-c motor pump should automatically slait up. 
These controls should be carefully ehccked at each K'gular inspection. 

In many installations of veitical-shaft turbines, watcr-lubrieatt^d bearings arc 
used. Such bearings consist of strips of ligimiii v itae or compressed phenolic laatfTials 
driven into slots in the bearing housing and then boied or ground to the fmished 
diameter to give proper clearance on the shaft. Where the available water siqiply is 
reasonably free of foreign materials, sudi water-lubricati'd bi^arings arc entirely satis¬ 
factory and require less auxiliary equipment than the oil-typo bearings. The main 
stuffing box may be located above the bearing and is, therefore, more accessible for 
inspection and adjustment than the stiiflmg liox with the oil-type bearing, W'hich 
must be located below the bearing rurtheiinoic, for wat(T-type bearings, no oil 
pumps or sump pumps are required One very important consideration, however, for 
an installation wdth water-lubricated bearings is an assured water supply at ail times. 
The water may be taken from the ordinary station system if reasonably clear. Other- 
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wise, filtered water Bhould be uat^d., A flowmeter ih iubt^lled in the feed line with a 
low flow alarm connected electrically to the blation Hwitehlmard so ab to give the 
operator immediate notice of water supply below normal. In such an event, the 
unit should be shut down, cither manually or preferably automatically, to prevent 
damage to the bearing. 

Excessive shaft swing may also be due to unbalance in the turbine runner. The 
runner is usually balanced in the manufacturer's shops before shipment, so when first 
installed it ^ould operate smoothly. Unbalance at a later date may be due to for¬ 
eign material becoming wedged between the vanes. 

In the main stuffing box, the packing should be adjusted to allow a small leakage 
at all times to prevent the packing from cutting the shaft sleeve. 

The operating gear, consisting of all pins, levers, and links connecting the operat¬ 
ing ring to the servomotors, should be free of lost motion due to wear; otherwise the 
speed regulation will be impaired. If such wear is discovered, the pins and bushings 
should be repaired or renewed. 

, Lubrication. The guide-vane bushings and all pin connections between the levers, 
links, and operating ring arc lubricated by a high-pressure grease system. This 
usually consists of a high-pressure grease gun, operated by air pressure from the sta¬ 
tion system and connected through reinforced flexible hose to a hand-operated meas¬ 
uring valve and trigger control. C'onneclion is made by the operator to special 
fittings at each bearing or sliding contact, and a measured amount of grease is forced 
to each point requiring lubriratioii. In some plants, automatic lubrication is pro¬ 
vided by piping the grease gun to all ])omis and automatically greasing at fixed time 
intervals. 

It is recommended that all parts of the operating gear be lubricated at least once 
a day and preferably once every shift. 

For Kaplan-type turbines, the runner hubs are filled -with oil to lubricate the 
blade-shank bearings. The oil is earned up through a central hole in the turbine 
shaft to a revoh’^iiig oil chamber so as to maintain sufficient oil pressure in the hub 
to prevent leakage of water into the hub. The oil level at revolving oil chamber 
should be checked at regular iiitervalb. A falling of this oil level shows loss of oil 
from the hub, whieh should be re'plaeed. If such loss is exc(*ssivc, the unit should be 
shut down, and the packing at the runner blade shanks adjusted or ro]>laeed. 

A rise in i!ie oil level at the revohdng chamber indlcatc^s that water is leaking 
into the rumur hub and forcing the oil up through the shaft hole. Such a mixture 
of oil and water in the hub would cause damage to the blade-shank bearings, and the 
water should be drained or forced out of the hub by adding more oil at the filling 
valve in the shaft. 

Inspection of Internal Parts. The first inspection of the internal parts of the 
turbine should be made withiu 6 mouths after starting the machine in initial etpera- 
tion, and thereafter complete iusixjction of internal parts should be made at least 
once a year. 

The clearance between the runner seals and stationary seals should be cheeked 
with feelers. This is of particular importance in connection with high-head turbines, 
as excess clearance at the runner steals would result in considerable loss in eflicicncy. 
Such wear is of less importance in connection with low-head turbines. 

Of particular importance in connection with these inspections is the pitting wiiich 
ojiiy occur in connection with the runner and other parts. In the ease of Fraucis- 
pe turbines, such pitting will usually be found just beyond the discharge orifice of 
I he nimier vanes, or what is usually known as the “spoon” of the vanes. 'Jins is 
due to the fact that, wiieu the water has left the discharge orifice, it is no longer 
guided, and the water may leave the back of the vanes, causing points of high local 
vacuum, resulting in pitting. Jn connection with Francis-typo turbines, it is also 
found that pitting will sometimes occur on the back of the vanes near the intake edge 
and extend onto the runner band. This is due very often to the rapid curvature of 
the runner band near the entrance edge of the vanes. 

In the case of propeller-type turbines, pitting is apt to oeeiir on the back of the 
blades near the outer periphery and toward the trailing edges of the blades. Pitting 
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also occurs in this type of turbine near the runner hub where the blades must be of 
considerable thickness to Inuismit the load to the hub. 

lotting also sonietinies oecurR on the stationary parts near the runner discharge 
where the velocity is extreniel}' high. Pitting or niei'haincal wear is also sometimes 
found on the distributor jilatcs iinincdiatelY above and below the guide vanes and 
also on the guide vanes theiiiselveH. Such wear is inoie apt to occur if units are oper¬ 
ating at small loads or as synchronous condensers with the rasing full of water. 

If pitting or wear of the internal parts is severe, repairs should be made by chip¬ 
ping the pitted areas to clean metal and wehhrig with stainleRS steel. It has been 
found from experience that stainless steel will resist pitting for a considerably longer 
period than ordinary cast steel or plate steel. It is for this reason that in many 
turbines the parts of the runner vanes or blades moat likely to jut are prewelded in 
the shop with stainlesb sti^d. 

When inspections are made of \ he internal parts, it is also advisable to check any 
possible wear in the guide-vane bushings by means of fetders. Such wear is due to 
the thrust of the water aguitiai the guide vanes m the direction toward the center of 
the unit, or possibly may be due to lack of proper luhncation of these parts. 

At the time of these yeailv inspections, a complete record should be kept of the 
wear at the various points and particularly of anv pitting w'^hich is occurring on the 
runner vanes or other parts. It is advisable to number the runner vanes and to 
make sketches showing the location of the pitting and its depth on each vane, so 
that, ill future iiiS])cctions, coinparisoiis may be made of the increase in pitting or 
wear each year. 
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JIY IT. I) BlV4N 

PMadelphia Distnd Manager^ Ihe Terry Stram Turbine Company 

PRINCIPLE 

The mochariK al-dnvo turbint* oporaies on the same liasip principle as the turbine 
of a large turbogenerator unit It converts heat energy into mechameal energy In 
its simplest form it consists of a single \ihMi with bhdes or buckets mounted on the 
peiiphery Steam is expanded through accurately proportioned nozzles which con¬ 
vert the en(Mg> in the hteaiu into velocity energy The high-vcdoeity steam then 
stnkes the blacleb and caiiscb tlie wheel to rotate, Figure S-209 shows the action of 



Im Jv-209 


the steam in two t’^jies of single-stage mechanic al-drive tin bines These units, and 
practically all ineclianicalHlnvc turlmies, iiu of the impulse tvpe 

DETAILED DESIGN 

Turbme designs are flexible, and inou or less standard machines are built for a 
Wide \arietv of diives and steam conchtions The design and the cost of a mf‘chan- 
n 'il-dri\e turbine depend upon the conditions under which it will be used. To sub¬ 
mit figures on a turbine, the nianufaeturei must know 

1 Hoisepower required and tvpe of driven machine 

2 Steam pre^saure which will be avuihbie at the tuibine inlet and condition of 
i»nm at inlet, mz , whether it is dry and saturated, moist and per cent quality, or 
superheated and deg F 

3, Pressure at turliine exhaust 

i Speed at w Inch the driven machhie will operate and tvpe of governor or con¬ 
trol ineehamsm that will be required 

If occasional low initial pressure, high bark pressure, or overload is likely to be 
enpountcied, these should be staled so the nianufac‘turei will supply suflicienl nozzle 
capacity. All these could be taken c are of by one or moi e ext ra hand-valve-controlled 
nozzles which would permit the turbine to be dc'signed for best efhcionoy at rated 
conditions. 
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If now boilers with higher pressure or temperature are likely to be installed later, 
consideration should be given to designing the turbine so it can be operated with the 
new conditions. Under some ciretimstances it is more practical to install new parts 
in the turbine when the future changes take,place. The manufacturer can make 
recommendations if he knows the requirements. 

5. Any other details or special requirements such as operation as a bleeder tur¬ 
bine, as a mixed-pressure turbinej maximum total steam consumption desired, etc. 



8-210. Singlo-staae, back-pre«iflure turbine wjth oil relay governor, forred-feed 
lubrication, and haiid-'^alve-roiitrullod iioEzles 

TYPES OF MECHANICAL-DRIVE TURBINES 

Mechanical-tlrivp turbines are used cxtenaivelv in the boiler plants of all iiuliis- 
tries, in process plants, chemical plants, od refineries, paper iiiills, breweries, etc. 
They commonly drive equipment such as 

C’eiitnfugal pumps—boiler feed, fuel oil, condenser circulating, hot well, fire, gen¬ 
eral sendee, etc. 

Fans and blowers—forced and induced draft, gas, etc. 

Electric generators—au\iliary exciters, emergency electric-generator units, etc. 

Miscellaneous appaiatus paper machines, coal pulverizers, line shafting, cen¬ 
trifugal compressors and exhausters, centrifugal refngeration machines, etc. 

Back-pressure Turbine. Most mechanical-drive 1 urbincs are of the back-pressure 
or rcdiicing-valve type. They are used where there is a demand for lo\v-pressure 
steam for f(»cd-wuter heating, general heating, or for some eomnn rcial proeess. 

In installations of this kind the turbine acts as a power-generating redueing valve 
It reduees th<‘ pressure of the steam from that in the boiler to that required for heat¬ 
ing or process At the same tune it skirns off power as a by-pioduct but in ho doing 
extracts onlv a small pen*entage (about 10 per cent) of the total heat in the steam. 
The value of tin* steam as a heating medium is, theioforo, not impaired, and it is not 
contaminated bv oil. d’he steam charge for this by-product pow'cr is approximately 
10 per cent of the steam passing through the turbine. This results in extremely high 
over-all thermal efficiency. 
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The smaller drives of (his type arp^single-fitage turbines fFig. 8-210). If the heat 
Italanec of the plant requires a lower steam rale than ia obtauiabJe with n siTi|!;lp-b>taf;e 
maehine, the more efficient multistage turbine with two or more sets of expanding 
nozzles and corresponding wheels may be used for some of the larg n‘ drives. Figure 
8-211 shows the Hteam jKith through a inachinp of this type. 

Condensing Turbine, lu the eniidenHiiig tuibine steam is exjjanded through the 
turbine to a condenser (Fig. 8-212'. \MiiU* tlie steam rate is lower, a large part of 
the heat in the steam is given up to the eondenser, and heat returned to the fwiler 
in the eonderibate is a relatively small part of the bent content of tlie exhaust steam. 
Figure 8-213 shows the ix'lative Inxit recovery from a condcuising turbine compared 
to that from a iioncoiidensiiig or back- 
]jressure turbine 

Since the steam is exi»aiided to a 
lower pressurf‘ in a condensing maidiine, 
there h more hi‘at available jfor making 
])oner Ilian witli a bat'k-pressure tur- 
1 ) 1110 . To utilize this energy efliciently 
iL is g<*Jierallv necessary to use a 
iiiultistage tuibine. Siieh a turbine is 
considorablv more expensive than a 
single-stage unit, and there is an added 
investnif‘111 for a eondenser, ])UTnping 
(‘fjiiitunent, etc,, which is difficult to 
justify for small inst alia lions. 

for in-italluthms where it is desir- 
nt)le to operate condensing at low first 
cost, single-stage eond'oising turbines 
riifu be installed, ('are must be used 
ill seler'ting a single-stage' turliini' for 
condcJisiiig ojieiation, hov\evfi, since 
the high lieat drop and consequejit high 
st(‘ain velocity through the turbine may 
cause j'apiil blade wear. 

(’ondensmg turbines are sometimes 
installed to operate in eonjuiu'tion with 
bafk-pri'Ssiire turbui(‘s. The back-pres¬ 
sure machine is operated when steam 
tor heating is nec'ded, and the condens¬ 
ing turbine is used when no exhaust 
steam is required. 

Bleeder Turbine and Mixed-pres¬ 
sure Turbine. The bleeder turbine 
combines the advantage of the back¬ 
pressure turbine with that of the eon- 
densiiig turbine (Fig. 8-2111. High-pressure steam is admitti'd to the turbine and, 
afte» lieing eviKindiMl to the required pressure through one or more stages and mak¬ 
ing pow'er, is extracted fi*oin the turbine casing for process or heating. If the quantity 
of ■‘ft uni extracted i.« not sufficient to di‘velop the full horsepower leijuiretl, additional 
sti am is expanded tlirougli the low-pressure stages of the turbine to a condenser, and 
this [)ortioTi of the powj^r is made with a low water rate. Such a machine wdll take 
care of plants where the pow'cr and proccKs feitcam loads do not vary up and down 
together. 

The lileeder tin bine is fitted with a valve gear to inaiiitaiii the required bleeder 
pressure automatically. 

In some installations, insti*ud of having a coiidi'iising low-jiressure end, the bleeder 
turbine is built to exhaust at a back pressure above alniosj)hcric but brdow bleeder 
pressure (Fig. 8-2IT)). This type of turliine could be used in a plant requiring process 
steam at 75 lb gauge pressure, for examiile, but with an additional heating load at 5 
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liG 8-212 Hiijh-speed (ondonsmg multi'^tage turbine with poinluiied! trip and throltlo 
valve dirert-acting vaiiable speed oil Rovcriior with iiuinual- ind piessure-operated sjitpd 
eontrol eleetru trip on eiiicigcn > ovtrsjiecd govprnoi hind oil pump /or starling «nid 
steaiii-sealod glands 


Total energy in a given quantity of steom available 
for heating and power 



Non- 

condensing 



Condens ng 


Mrs; 

Consumed by 
B88882a auxiliaries 

I I Energy ovailable 

I -1 for heating 


Bearing friction 
HlHi and rad lotion 

B Lost to 

condenser 


Tig 8-213 


lb gauge pressure Such a mnehine, however, \iould not be profitable for a bleeder 
pressuri of IT lb 'with \ secondary recjuircmtiifc for steam at 5 lb lor such condi¬ 
tions a straight bark pre ssuie turlnnc t\luilisting at 15 lb should be use il 

The bhidci luibirie is not otten built m ri/cs below 500-hp binre its initial 
(ost IS too high when compand with the savint^s that can be* olitaiiied with lower 
hoiRopower ratings 

1 lu lilciedcT tiiibiUL is also buiH is a mixed prcssui e or mi\ed-ilow unit (Fig 8*210) 
This iR similar to the straight bh c der turbiuc, but in addit ion to bleeding steam, the 
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valve gear is arranged to aftmit any stilus steam from the process line t^j the turbine 
low-pressure stages. With this flexible installation it is possible either to bleed 
steam to or absorb steam from the proems line. The valve gear takes care of 



Fig. 8-214. Partly assombled 12-fitafEO bleeder turbine which bleeds steam after the fifth 
stage. 



this extraction and absorption automatically. The steam passed in or taken out 
of the turbine is determined by the steam pressure in the process line. 


Low-pressure Turbine. Low-pres¬ 
sure turbines, in general, operate w^ith 
initial steam pressures at or slightly above 
atmospheric and exhaust to a condenser 
(Fig. 8-217). The energy available in 1 
Jb of steam at atmospheric pressure ex¬ 
panded to 28 in. Hg vacuum is approxi¬ 
mately the same as for steam expanded 
from 150 lb gauge to atmosphere. 

Plants with a reasonably (!onstant 
amount of surplus low-pressure steam 
can convert it into mechanical power 
with this type of turbine. The turbine 
is much larger than a high-pressure ma¬ 
chine, has more stages, and requires a 
condenser. Therefore, it has a high in- 
staliation cost. It can often make very 
attractive savings in spite of this fact, 
however. 

If the low-pressure steam supply is 
erratic, a mixed-pressure machine should 
be used. In the mixed-pressure turbine, 
low-pressure steam is absorbed and con- 


Sf»am wKtroettit for 
rfloti¥9l/ high 
pressurt proctss 



1 


EMhoust jfggm to 
hoot.'og systom 
at low prossyrt 


verted into power; if there is not enough 

low-pressure steam to carry the load, high-pressure steam is automatically admitted 
to the turbine to maintain the power output. 
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Fig. 8-216. Mixed-pressure bleeder turbine direct-conneeted to a rentrifiigal blower. 



Fig, 8-217. A 980-hp, 4,000-rpm, low^-pressure turbine operating with 2 lb gauge iule 
steam pressure and exhausting to a condenser. 

MAXIMUM PRESSURE AND TEMPERATURE CONDITIONS 

Most steam turbines are so constructed that in emergencies they will withstand 
increased initial pressures of ,10 per cent or 50 lb gauge, whichever is lower. They 
are also oonstriicted so that in emergencies they will withstand increased initial tem- 
I)erature8 of 25“F for periods not exceeding 15 min in duration and which do not 
occur more than twice in 24 hr. 
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Initial 


Initial nteain Leniix^ralure, drg F 


MaiiufaeturcrB dGsi^u maohincB for various initia] etcam-prcsBiirG and tomporature 
rlassJficatiouB as shown in Tabic 8-64. 

PERFORMANCE "■*** 

Water Rate. Stcam-iurhino perform¬ 
ance is indicated by water rate (or steam 
consumption) which is expressed in 
pounds per brake horsepower per hour. 

(Calculations usually involve total steam 
lluw ill pounds per hour, which is brake 
horsepower multiplied by water rate. 

Manufacturers determine water rates 
troiii actual te.st data. Riiice steam con¬ 
ditions, horsciiower, spiked, and turbine 
type all affect water rates, no attempt is 
made here to indicate them. Manufac¬ 
turers’ dsjtii should be consulted for this 
iufonnation. 

Heat in Exhaust Steam. For hcat-balance calculations it is necessary to deter¬ 
mine the lltu contained in the turbine exhaust steam. The amount of heat exhausted 
from a lurbiiie eaniiot be dcterinmod directly from steam tables. Tbe heat per 
Iioiiiul of I'xliMust it. cciual to Lhe total heat of the steam when it eiiiers the turbine, 
minus the heat loss due to radiation and minus the heat utilized in making power. 
A convenient formula for det(‘ruiining the heat in the exhaust steam is 
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* Nciiia eublipalion 43-88. 


- //, ^Hh + 

where Ue = Btu per lb of exhaust sliNain 

III =-• total heat of steam, Htii per lb at turbine-inlet conditions 
He = heat radiated. Bin p(*r lb 

For HEi a close appro\imiition is 3 per cent of the difference hetween the total 
heat of th(* steam at th(' lurbine inlet steam condition and the total heat at the tur¬ 
bine exhaust iiressure after adiabatic expansion (constant entropy). 

Temperatuic of Exhaust Steam. Turbine-exhaust stejim teniiwrature is deter¬ 
mined on the oilier chart at the intersect ion of the exliaust-preshure curve and iHu 
per pound of exhaust steam. 

Efficiency. Theoretical water rale in pounds per hoisepower-hour is equal to 

2,545/(i/i - H 2 ) 

wh(‘re 2545 = Btu equivalent of I hp 

II\ = total h(‘iLt of st(‘ain in Btu per lb at turbine-inlet coiiJilion.s. 

H‘i = total heut of steam in Btu per lb at 1 urbiiie-exhaust pressure after an 
adiabatic expansion (at constant entropy) 


Thermal efTicieiicy 


theoretical water rate 
actual watci rate 


X 100 


Rated-load Water Rates. Water rates are usually given at ratod-lond and raled- 
‘'leini conditions. Xozzles are selected for a steam-chest pressure which allows for 
pressure drop through the, turbine governor vahe. Therefore, the stcani-ehost 
i)i(*asure is close to the inlet pressure when the turbine is operating at rated condi- 
liuTiB, and high nozzle (‘ificieiicy is obtained. 

Partial-load Water Rates. At loails under rating the turbine will overspi'cd uiiloss 
Ihc steam flow is redueod by the governing valve. WTien the flow is reduced, the 
stcam-chesL pressure, the (‘ffcclivc heat in the steam, and the nozzle efficiency are 
lowered, and water rate is increiised at the lighter load. 

Hand-valve Control at Partial Load. Hand valves to elo.so individual nozzles 
can be supplied. Cffosiug one or more of thc^e valves at partial load reduces the total 
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nozzle area, Emd therefore, more governor-valve opening is required. This raises the 
Bteam-eheet pressure ahead of the nozzles so it is closer to the design pressure, and 
improved efficiency and water rate are obtamod. A turbine can be designed with 
hand-valve-oontrolled nozzles to permit it to carry a peak load without sacrifice of 
efficiency at the lower normal load. 

The dotted line in Fig 8-218 is a typical water-rate curve for a mechanical-drive 
turbine operating at constant speed with governor or throttling control. The effect 
of closing successive hand-valve-controlled nozzles is shown by the solid line 



Load on Turbine Tull Load Load on Turbine Full Load 


Fm. 8-218. I'lu. 8-219. 

Figure 8-219 shows total steam flow for the same inacliim^; solid line showi» the 
effect of closing hand vahes. 

SELECTION 

Heat Balance. Selection of a lurbiiie generally depends on heat lialanre. Steam 
is required in all boiler iilants for healing Iced water Industrial boihu* plaiilb built 
to supply process steam can use tuibincb to diive auxiliancb such ab boiler leerl jiuinp, 
forced- and mduceil-draft fans, imlverizer,s, etc. It ib neccbbary oiil> to choobc tur¬ 
bines which will not supply exhaubi steam in exicsb of fccd-wliter heating or other 
proccBS-steam requirciiientb. 

In chemical plants, oil lehrierics, etc., where initial steam pressures are 400 lb or 
above, mechanical drives aic sonietinies employed A\hi(h exhaust to proecbs-bti'am 
lines at pressures as high as 200 lb A single-stage turbine can be used, but siiiee 
first eost is higher wlicie back piessiires are above 75 lb gauge, these tjpes caniiol be 
used economically^, as a rule, in si/es below 200 lip 

In plants of this type, lire hazard may be reduced by u.4iiig turbine drive. 

Starting and Emergency Drives. CViitial stations and industrial plants generating 
electric power fieipiently iubtall btcam-tuihii'e drives for starting or emiTgeiicy serv¬ 
ice I'liese machines will not be operated for long periods, so water rate is seldom an 
important consideration. iSuch turbines niay drive boiler feed pumps, emergency 
exciteis, etc. 

This type of ilii\p should be simple, rugged, and capable of being btarted without 
preliminary warming up In general, all mechanical drives should be selefted on 
this basis if possible, and the more complicated multistage type of tuibme should be 
used only where a low water latc is required, 

APPLICATION 

Turliines are most efficient when operated at relatively high speeds. Standard 
designs range in speed fiom 1,000 to 5,000 rpm Ihdow 1,000 rpm the ordinary 
mechanical governor furnished ou a turbine will not (‘ontrol the sper‘d closely. Also, 
at the lower speeds Avatcr rates are high In geneial, for slow-speed driven equipment 
it is necessary to use a high-speed turbine with l ri'duetion gear. Turbine spi'cds 
above 5,000 rpm are common, but special t*onstruetinn at higher cost may be requhed. 

Governors. Turbine speefl is controlled by a governor that positions the turbine 
inlet or governor valve. Rome driven machines nm at constant speed, others operate 
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at varying spew! decoding on load, etc. Different governors are available for taking 
care of driven-machine speed-control requirements. 

Direct-acting Centrifugal Governor. This governor is of the flyboH type and is 
commonly called a constant-speed governor (Fig. 8-220). It is standard equipment 
on most mechanical-drive tiirbint‘s. It consists of governor weights A mounted on 
the turbine shaft. Centrifugal force of the governor weights is opposed by a spring. 
An increase in speed above that for which the governor is sot causes the weights to 
move apart, and their movement closes governor valve B tliruugli the governor lever. 



Fig. S-220. Vn. S-221. 


This governor is usually suirieient to control satisfat lorily the smaller turbines 
that drive pumps, fans, pulverizers, etc. 

(hi RvUnj Crntnfugai Governor. 'I’lic oil relay governor ojK‘rates on the same prin¬ 
ciple as the direct-acting typo (Fig. 8-221). However, instead of moving the governor 
\alve dirfM'tly, th(‘ governor w» ights actuate an oil pilot valve C vliich puts oil pres¬ 
sure on piston I) to open or close governor valve li. As soon as the governor-valve 
po.sition is changed, the pilot valve returns to its neutral position, and the governor 
valve docs not move again until tlicrc is another inqmlse from the governor weights 
'riiis f*onipcnsa**on, together with (he short travel of governor weights and pilot 
valve, results in speed regulation of nbemt three per 
cent. In addition to being used vbere close speed 
regulation is needed, the oil relay governor is required 
on tijrbinc*s with large governor Mtlves and often for 
initial steam pressures above G/50 lb. 

Oil presNiirc for operating this governor is supplied 
by a turbine-shaft-driven oil pump, 

'rho direct-acting and oil nday centrifugal gover¬ 
nors can be an*anged to permit a small speed adjust¬ 
ment while the turhine is in operation, but thi.s will 
not exee(‘d 10 to 20 per cent. A 

i>iT(ct-actimj V(iThjhh’-»penl Oil (7oi»fT7ior. I'he 
d-r' et-aeting variable-ajieed oil governor is used on 
turbines driving machines that require variable-speed 
»‘|H *ation (Fig. 8-222). 'I’he speecl of the turbine ran 
he set at any operating point (within the speed range 
of the governor) while the unit is running. A tiirbine-shan-driven oil pump Ai 
supiilies oil iiressure to governor v:dve operating piston F and discliargrs back 
to a reserv’oir through adjustable orihee valve G. With the orifice valve set for 
the desired speed, the oil pump maintains just enough oil pressure at F to keep the 
governor valve siiflicH’iitly o]»eii to carry the load on the turbine. If the speed 
increases slightly, Ihcre is an immediate and corresponding increase in the oil pressure 
which causes the governor valve to close slightly and restore the speed. Speed is 
changed by adjusting orifice valvn G. 



Ftg. K-222. 
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Speed control may be obtained by the following methods; 

Hand control as in Fig, 8-222 

Motor-operated control from a remote point 

Pressure-operated contntl by a regulator 

Mechanieal linkage control 

Speed regulation with this type of governor is approximately ten per cent. 

The direet-actuig variablcnapeed oil governor can be arranged to permit a speed 
range as high as five to one, provided the turbine shaft speed is reasonable at the low 
operating point. 

Oil Relay Vartable^speed Governor. The oil relay vnriuble-speed governor is used 
on turbines driving large centrifugal compressors, puniiis, etc., uhere variable-speed 
operation is necessary and when close speed regulation is requiied (Fig. 8-223). The 
principle of operation is the same as that of the direct-acting \ ariable-spccd oil go\- 
ernor, but instead of moving the governor valve directly, piston F ojicralos pilot 
valve C through which oil is applied to piston 1). Two turbine-shatt-drivcii oil 
pumps are rcquirf‘d by this governor. Methods of speed control ari* the sanie as for 
the direct-acting oil governor. 

This governor can be built for a wider speed range than the direct-acting type, 



E 7 nerge 7 icy Ovempeed Govemor. All turbines should be equipped with an emer¬ 
gency oviTsppcd tri]) to jeduce the steam supply to the turbine and pre\pTit over- 
speeding. IJsufdl}'^ tins go\ern(»r is set to tnj) at 10 to 15 prT eeiil overspeed. 

When an oil govi'riior is us(‘d, it is dc.sirable to supply circulating oil to the tur¬ 
bine-shaft liearingfa from the governor oil jiump. 

Selection and application of mechanical-drive turbines vary aceording to driven- 
machine requirements. 

Boiler-feed-pump Drive. '^I'hi* turbine should be simple, reliable, and capable of 
being started without prehminarv warming up rsiially, efiicieiic\ is not ymraiuount 
since exhaust steam will lie utilized for heating feed water, or the unit will l>e an 
emergency stand-by to an electrically driven pump. The turbine drive should be 
rated a little above required pump brake hnr.sepower to allow for gradual pump- 
impeller wear. 

Hand Valves. In general, hand valves arc not useful on boiler-fee(l-pump-<lri\ e 
turbines. These units operate over a wide load range, and an operator should not be 
expected to open and close hand valves whenever the load changes. Water rates at 
partial loads, therefore, should be figured without tin* use of hand valves, flow ever, 
a hand valve may be justified for an infrequent overload condition. Also, there are 
installations where an extra liand-valve'controlled nozzle is necessary to develop the 
requin*d yiower when sUirting tin* plant at low boiler pressure. 

Conit ol. I'he turbine should be equipped W’ith n standard i oast an I-apt‘ed gov¬ 
ernor, and it should also hjn e an emergeiay overspecMl trip. 

Automatic coritiol may be obtjiin<‘il by fitting the turbine with a lUffercntiwl pres¬ 
sure governor. This type of governor maintains a eonstant difterential between dis¬ 
charge pressure of the boih»r feed ymnip and stenin pressure in the boiler. In priueiplo, 
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it consists of a diaphraf];m-opcratod sj/Cam^upply valve with pump discharf^e pressure 
connected to the upper side of the diaphragm and steam prosHure eoniircted to the 
lower side with a spring to balance the two pressures. An increase in pump discharge 
pressure on ihe diaphragm will tend to close the at(*ani-«upply valve and reduce tur¬ 
bine speed and, thf'refore, pump c-apacity. At loads under rating, the pump will 
require less power for a giv(‘n cajMiei ty if the speed is rt'duced. 

It is preferable that water and steam eoniiections of the prt‘ssurc governor be con¬ 
nected to w'ater and steam lines close to the boiler in order to keep the difTercntial 
as low as possible and to niiiiiniize the effect of pipe friction for varying boiler loads. 

If a turbine-dri\en boiler feed pump feeds only one boiler, this governor may be 
eonnoeted across the boiler water-level control valve. The water side of the dia¬ 
phragm would be connected near the valve inlet and the st<^am side between the 
outlet and the boiler. 

With the three governors, the* pump would be controlled by the differential pres¬ 
sure governor, the constaiit-speed governor would bo set at a spe(*d a little above the 
maximum required and the emergency oversiM‘pd trip about 30 per cent higher. If 
the differenrial pressure governor becomes inoperative and opens wide, the ronatant- 
speed governor will act as a speed limit and prevent the overspeed governor from 
shutting the unit down. The diflerential pressure governor can be built into the 
turbine, or it mjiy be installed in the steam line ahead of the turbine. 

Wlieie a tnrlniuMlriven boiler feed pump is to operati* in parallel wilh a motor- 
driven pump, the two units must run at approximately the same speed in order to 
dnide the pumping load, and a diffc»rential pressure governor will not be useful on 
tlie turbine. 

Boiler Fan Drive. JVlanv forecMl- and iiiducf^d-draft fans are turbine-driven. 
AVhere the exhaust steam can be used for feed-w^ater heating or process work, turbines 
are ergonomical drives, lii addition, variable speed, W'hich is usually essential, can 
be obtained easily with turtune diivo by throttling (be steam supply. 

The drive must be h(‘lec1ed for the horsepower and specsl of the fan, and it must 
be capable of developing the lequired power with the low steam preshure which may 
pievail when the boilc^r is btiirted. Also, it is frequently necessary to have additional 
capacity so tliat the fan unit will perform satihfactorily with lower than design air 
or gas t emjiera 1 urt‘s. 

iSmaller faK’, and particularly forced-draft funs, are often direct-connected to tur¬ 
bine drives. Induced-draft fan drives and duplex uintb with forced- and induced- 
draft fan wheels on the same shall run at speeds around or b(*low 1,200 rpm, and it 
is frequently lu'cc'ssary to us(‘ a high-speed geared turbine, so the steam rt'qiiired to 
drive the turbine wdll be within the heat balance limitation. 

'Hie reduc-tioii gear must be seb‘cted for the type of fan it is to drive. Indueed- 
dnift-lim-drive seiMce is more seveie than forc(*d-drafL-fan drive. When a coupled 
g(‘ar is used, turbine and g(“ir should be mounted on a common base plate so that 
align in cut will be maintained. 

Hand Valvvfi Jot (huload. One or more extra hand-valve-controlJed nozzles can 
be pro\ided to give the extra jKjwer required w^heii the fan handles air or gas at low 
ti'inperaturr' and for starting wilh low steam pressure. This will permit good effi- 
eif'iiey at the normal rating. 

PmU<d~lo(ui Hand Vulws. Moat fans operate at loads under normal rating. Con¬ 
siderable steam saMiig can be made by closing hand valves at partial loads when the 
1 orsepower requirements are lower and fan siM»eds are corn‘spondingly reduced. 

Cmiltol, It is desirable to control fan capacity by varying the speed berause at 
1 educed loads the fan power requirement is less than if it runs at full speed wuth the 
ronirol obtained by dumpering. To low'cr the spe(‘d of a turbine it is nccessaiy only 
lo reduce the steam flow. This can be done by hand operation of n valve in the 
steam line, by combuRtion-control operation of a x’alve in the steam line, or by chang¬ 
ing the speed setting of a vjiriable-speed turbuic oil governor by the combustion con- 
tml. I'sually hand control is used only on smaller installations. Satisfactory results 
are obtained with an aut/omatic combustiou-eontrol valve installed in the steam line, 
but generally a damper is required also. Vse of a damper is minimized with the 
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variableHspeed turbine oil govcnior because the combustion control sets the speed of 
the turbine directly, and Btc>am How to the turbine is controlled to maintain speed 
(within the capacity of the turbine) regardless of changes in load and initial steam 
preesuro or back pressure. The variable-speed oil governor is relatively expensive 
and usually requires a fairly large drive to justify the extra expense. 

GencraUy, it is not desirable to connect the combustion-control system direct to 
the main turbine governor valve. The travel of this valve is short, for the full 
speed range and lost motion in the connecting linkage will not permit the small valve 
adjustments required at light loads. 

Borne kind of control should be provided to shut ofT fuel in the event that th(‘ 
induced-draft fan stops. In general, the induced-draft-fan drive will be running as 
long os there is stc^am pressure in the steam chest ahead of the turbine nozzles. A 
pressure control can be connected to the turbine steam chest which will operate to 
trip the fuel supply if this pressure goes below a predetermined point. 

Pulverizer Drive. Turbines that drive coal pulverizers are djrect-coimeeted or 
geared depending on the amount of exhaust steam that can be absorbed. When a 
geared unit is employed, the gear must be selected specifically for pulverizer drive 
since this is rougher than the usual drive. Furtherinore, coal pulvcTizers require a 
drive with a high starting torque, and this starting torque should be specified. 

Hand Valves. One or more extra hand-valve-eontrolled nozzli‘S should be supplied. 
The high starting torque must be provided for, and furthermore, the turbine must be 
capable of developing this torque with low boiler pressure when the plant is started. 
These hand-T’^alvo-controlled nozzles allow best cflicieney at the normal load and at 
the same time provide necessary overload capacity, riirtial-load hand valves are 
not usually required. 

Control. A pulverizer runs at constant sjM'od, and usually a mechanical constant- 
speed governor and separate emergency overspeed trip are sufficient to control the 
driving turbine. 

Provision should be made to .shut doivn the pulverizer (and the forced-draft fan) 
in the event that the induced-draft fan stops. For the pulveiiztT turbine tins may 
be accA^mplished by installing a valve in the steam-inlet pipe arraiigi'd to shut off 
the steam automatically when the induced-draft fan stops. 

Auxiliary Exciter and Emergency Electric-generator Drive. Auxiliary exidter 
and emergency eJectric-gcncrator drives usually are required only for emergency 
power. The turbine should be as simple aa possible and should be capable of starting 
Without prcliniiimry warming up. A single-stage turbine should be used unless the 
unit is likely to be operated for coiusiderable periods of time when excess exhaust 
steam might be a prohJeiu. A multistage turbine would not be used, ordinarily, on 
an exciter drive but might ho used to drive an emergency electric generator. IIow- 
ever, this typo cannot be started so quickly as the simpler single-si age turbine. 
Some single-stage luaehines can be started automatically if necessary, with a solenoid 
valve in the steam line ahead of the turbine. For such an iisstallation the exhaust 
valve sliould always be kept open and the cosing and steam-inlet pijie drained at all 
times. 

Hand Valves. These types of units may have to start and operati' with reduced 
boiler pressure, so one or more extra hand-valvc-controllcd nozzles should be pr'ivided. 

CmitioL A miH'hanical constant-spe(‘d governor is usually sutisfaetory for gener¬ 
ator drives up to 50-kw capacity unless close regulation is required. For larger capac¬ 
ities, an oil relay governor is required in order in avoid excessive sjieed change and 
voltage variation with the heavier electrical loads. 

Paper-machine Drive. Turbine units can drive either variable-speed or constanl- 
apeed paper-machine line shafts. The drive usually (‘onsists of a liigh-spoed turbine 
connected to a reduction gear which can be coupled or belted fo the line shaft. Jf 
belted, the driving pulley should be mounted on a separately supported jackshaft 
with a flexible coupling connecting it to the slow-ppeed gear shaft. This eliminates 
belt pull on the reduction-gear bearings. Sometimes a drive is installcHl in the middle 
of a line shaft with the slow-speed gear shaft of the drive unit extended in both direc¬ 
tions. For small drives this type may be too expensive because the gear must have 
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a large center distance in order for one slow^ppod shaft to clear the turbine casing. 
This drive is simple, relatively inexpensive, and it supplies steam necessary for drying 
paper. When higher speed is contemplated on an existing paper machine, a new 
turbine is the least expensive drive, takes up little space, and a iieavy foundation is 
not required. Turbine exhaust steam is as free of impurities as boiler steam, and an 
oil separator is not required. 

Pariial’^oad Hand Valves. Since the exhaust steam from the turbine is used for 
drying paper, the amount required (and also the mechanical load on the turbine) will 
vary for different grades of paper. The turbine should be equipped with partial- 
load hand valves, so best efficiency can be obtained for any weight of paper. 

Overload Hand Valves. It is advisable to include one or more extra hand-valve- 
controlled nozzles for overload at starting or low steam pressure. 

Control — VariaUe- and Constant-speed Line-shaft Drive. Variable-speed line-shaft 
drive requires close speed regulation to prevent paper thickness variation or possible 
paper break. An oil-relay variable-speed governor must be provided, and on most 
installations a governor adjustable over a six to one speed range will be satisfactory. 
The governor-speed setting should be adjustable by hand at the turbine itself, and if 
desired, the unit can be equipped with a remote push-button-eontrolJed motor-oper¬ 
ated speed-changing device. 

A push-button-operated solenoid on the emergency overspeed governor can be 
supplied. This device pcTinits shutting down the turbine in emergency from a remote 
operating point. 

The less expensive oil relay constant-speed governor is sufficient to control the 
constant-speed line-^yhaft type of drive. 

Centrifugal-compressor Drive. A turbine is effleient at usual centrifugal com¬ 
pressor or exhauster speeds, and these units are direct-connected. C'ompressor load 
varies with speed. Therefore, aiitoniatic control of a turbine-dnvpii unit is relatively 
simple. These units rtHpiire substaiilial powder, and multistage condensing, bleeder, 
mixed-pressure, and loW’-pressure turbines, in addition to the back-pressure type, are 
economical drives in many cases. 

Ixiw-pressure condensing turbines can make jiow’er for summer air conditioning 
from low-pressure or exhaust steam that is wasted when there is no building heatmg 
load. 

When more than one refrigeration compressor is required, as in a brewery or 
chemical plant, good heat balance mnv bo obtained soniotiincs wdth one comjiressor 
driven by a single-stage redui'ing-valvc type of turliino and a second compressor 
ilriven by a coiulensiiig mixed-pressure bleeder turbine. This tvpe of installation 
jiermits efficient operation with the relatively stead}" compressor power demand but 
takes rare of wide fluctuutiona in proces.s-'stcoin requirements. Jioth machines 
exhaust to the process-steam line, and if too much steam is supplied, the valve gear 
on the mixed-pressure bleeder turbine admits surplus to the low-pressure stages, and 
power is made with a low condensing whaler nite. 

New centrifugal oir-conditinning or ndrigeration equipment adds considerably 
to the power load of any plant. A turbine drive for new equipment of this type 
shonhl be eonsideied when there is sufficient boiler capacity to take earn of the added 
steam load and if electric drive will load plant-generating capacity ao much that 
th»‘Te is little margin for expansion. Turbine drives are much less exj^ensive than 
lU'V generating capacity. 

Water is required by the condenw^r of a centrifugal-refrigeration or air-condition- 
mg unit. T'^aually, the same w’ater is sufficient to condense all exhaust steam w'hen a 
condensing turbine is used. 

Hand Valves. Partial-load hand valves should be supplied on all but low-pressure, 
bleeder, ami mixe<l-pressure turbines. Bleeder and mixed-pressure turbines probably 
should be pquipppil w’ith aiilnniatie no/zle contiol or .sectional inlet valves, although 
this depends on the character of the process steam and refrigeration loads. 

Control. An air-conditioning or refngiTatioii compressor-drive turbine should 
have a variable-speed oil governor. The unit ciui then be LMraiigiHl so that refrigerant 
temperature will actuate a small control valve in the tuibuK'-governor oil line to 
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vary the turbine speed automatically and, therefore, Ihc compressor capacity in accord* 
ance with refrigeration requirements. 

Gas compressors and exhausters can be controlled in a similar manner when the 
driving turbine is equipped with a variable-speed oil governor. 

Dual Drive. Oil-refinery pumpSj exciters, etc., that must operate continuously 
are sometimes dual driven with a turbine at one end and an electric motor at the 
other. If power fails when the unit is electrically driven, the turbine automatically 
takes over the drive at slightly reduced speed. 

Dual drive may be used for automatic heat balance since the driven load can be 
divided in any proportion between motor and turbine, depending on the amount of 
exhaust steam r<H|uired. 

A dual-drive turbine to be installed only as protection against motor failure can 
sometimes be selected for a capacily less than thi‘ rating of the driven machine. For 
example, an emergeney turbine driving an oil-refinery pump could be designed to 
develop only enough power to maintain sufficient liciuid fiow to prevent damage to 
other equipment. 

Cvntrvl. 'J'he turbine must be equipped with a constaut-spoed governor which is 
adjustable during operation. With the motor driving, the turbine governor is set 
just below rated speed. On failure of the electric drive, the turbine-governor valve 
opens, and the turbine drives at slightly rt'duced speed. To restore speed, the turbine 
governor must bo resf‘t. 

If required, the turbine governor may he solenoid-operated so it will take over the 
load at rated speed on failure of the motor. 

It is usually iieees.sary to bleed a small cjiiantity of eooling steam into the turbine 
casing when the unit is motor-driven. 

Tlie exhaust valve of a dual-drive turbine must be oi)eu at fill times. 

INSTALLATION 

Foundation. A turbine does not require a massive foundation, and it is usually 
necessary only to have rigid support for the rqiiipiiH‘nt. Foundation sise and weight 
will depend on the unit being supportf‘d and whether il i'> on the ground or on a flf»or. 
If on the ground, the foundation should he isolated frf)in the hiuldiiig floor. HinaII 
units arc frequently mounted on eoncn*te pads built into .strong eonf*r('te floors. I'he 
floor and pad must be substantial enough to keep the turbine and driv(‘n maehme in 
line. 

Turbine units are often support(‘d on steelwork, The str»icture dc*sign must not 
permit alignment of tlie jnaehines to be disturbed by pussible siiringirig. Ihulding a 
concrete pad under the unit base plate will add stiffness iind help to absorb any vibra¬ 
tion or noise. 

Turbines may be mounted directly on concrete foundations, provider] solephites 
to go under them are set in the eoiierete. Steel plates wilh bolts cxtemhng down into 
the concrete are satisfactory, and sections of ehamiel or I beam are used also. Accu¬ 
rate alignment can be obtained tiy putiiiig slums betw’ceii the turbine and the sole- 
plate. Machines should be bolted and, after alignment, doweled to the Boleplates. 
They should never be set directly on the concrete. 

Foundation bolts to hold a base plate should be jirovidod with pi]*e sleeves. 
These bolts should not be set rigidly in the concrete since some mov('mcnl of the 
base plate will be required during alignment. 

Alignment. High-speed machinery will not operate .satisfactorily if the shaflR are 
not in good alignment. Flexible couplings are not universal joints. Shafts must be 
lined up as exactly as possible, so the flexible coupling will only be required to compen¬ 
sate for the slight unavoidable niisalignmetit whicli may occur during operation. 
Alignment of shafts can be determined by laying a straightedge across the rims of 
both coupling halves. 

ITiits are lined up cold, and a turbine, when hot, will iismilly risc! more than the 
driven machine. Therefore, a turbine is usually set low’cr lhan the driven machine, 
with the vertie,'ll distance betw'cou shafts depending on the drive and size of the unit. 
A boiler feed pump may be almost as hot as its driving turbine, so the two shafts 

604 



INSTALLATION 


tSsc. 8 


should be moro nearly in line when units are cold. In some coses the steam end of the 
turbine will rise more than the exhaust end, and it is necessary to allow for this tilting 
when lining up the units cold. This condition may occur with condensing turbines. 
The alignment should always be chocked when the otjuipment is hot and any necessary 
final adjustments made then. 

Cylearonces between coupling faces must be such that the two shafts will not bump. 
Normally, this clearance 'will vary between and )i in. depending on the machines 
and type of coupling. More oh'oranec may })c required with some equipment such as 
iiiduced-draft-fnn drivi's, for example, 'I'vhieh operate with .shalts at high temperature. 

Sometimes a turbine and its driven inaeliine are aligned on a common base plate at 
the inanufacturor’s plant, ami the units are doweled in place. No matter how heavy 
it is, a base plate will deflect, and it is necessar}" to line up the units after the whole 
as.seml)ly is placed on the fnundalioii. In such a case the base plate should l>e sup¬ 
ported on the foundation ])y nielal wi'dgcs, allowing iibout an inch for grouting. 
Foiiiidatioii boltH bhoukl be in jilace but not tightened. Units should be iinconpled. 
Thi‘ wedges can then be adjusted until the machined pads on the base plate are 
level. 'Hie aligninoiit should tlu'H be checked at the coupling halves, and if not accu¬ 
rate, the wedg(‘H can bo adjusted to bring the units into j>n»j)er alignmeni. After this 
has be(‘n done, tlie base j)laie may be grouted in place, 'i'hc foundation bolts should 
not be tightened until the grouting has set. A unit eonsisting of two or more 
ninchiiies on a coiumon base ])late must not be grouted in place until it is accurately 
lined up as imlicated aliovc. 

Steam and Exhaust Piping. Turbines are furnished \\ith standard inlet and 
evhaubt eoniiections, and steam pijies are larger or sinalli'r than these depending on 
turbirn steam rcrpiirements. Pipe si?es must be figured with allowances lor pressure 
droj» <hie to length of jiipe, numher of \al\es', fillings, etc. 'J'liibines are rated with 
btcum pre.ssure iit the tiirbiiie-inlot flange and back pressiiie at the exhaust oullet. 
Low' initial sti'am prcssuie or high buck iiressiire at the tuibine, due to small steam 
pipes, will reduci' iiower and incn^ase water rate. 

Steam pi pc. A throttle valv'C should be installed in the blr‘ain line near the turbine 
inlet. If the .steam is moist, a fat earn separator should bo jilaced in the steainpipe 
clo.se to the turbine, Excessive moisture in steam will cause rapid blade wear. All 
multistage turbines, all low'-jiressure turbines, ami all tuibimv operating with high- 
pressure siiturited steam (400 lb ami above) should have a separator. 

Eihaust Tipv. A shutoff ■valve should be installed in the exhaust line near the 
till bine, and li> prolecl the tujbiiie casing which will not withstand full inlet pn‘ssiire, 
an airnosphiTic relief valve shouhl be installed tietweeri the turbine and the shutoff 
valve. 

Sti'am- and exhaast pipes should be blown out bi*fore they are connected to a 
turbine. 

Pipe Strains. I’ipes should lie arranged and supjiortcd so that strains due to 
wr4ght or expansion will not be imposed on the turbine. AMiere piping cannot be so 
arranged, an expaiLsion joint must be provided next to the turbine. This is almost 
always required in a large exhaust pipe. Alignment should be chocked w'hen hot to 
make sure that the i>ii)ing does not distort the turliine ca.sing. 

Small Auxiliary Piping. Draws. Drains must be provided in the stcampipe 
ahead of the throttle valve and in the turbine casing. All turbine casings are drilled 
nud tapped for a drain, and a short length of pipe with a valve at llic end, which 
.'jilow’s a free blow', is usually sufficient. 

When .st(*am is wet, the turbine casing should be trapped to prevent W’ator aecuinil¬ 
lation during oper.'ition. Kladcs will wear rapidly and may be broken off if run in 
water; al.sn, whc'id forgings are likely to be damaged. 

Wafer (^oolin/j. Jf lurbiiie bearings are provided with water cooling, the whaler 
inlet ])ipp must have a valve to eoiitrol the flow, but tlie outlet should )>e free. Jt is 
ciistomary to connect water jackets or coils in series, 

Mo.st meehiniicfil drives employ carbon ring glands to prevent steam 
finm leaking along the shaft 8-221). \Mieu o])eratod with back pressure, n<» 

si'iihiig is required, and the leak-off pipe from each gland should be open to atmos- 
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]>horc. A valve should not be installed in these linos, nor sliould they he roniiected to 
any other steam line whJeJi might enuse pressure U» l>\iild U]) in liu‘ glands and f<Hrco 
steam out along the shaft and into the beariiigR. 

Condensing turbine glands r(*(piire steam sealing, Jow prehsuri' sleain at not 
over 5 lb gauge pressure' is conneeh'd to the leak-olT spaee of t'neh glanil It is desir¬ 
able to control this jiressurc with a reducing vahe or by a relief valve m the gland seal 
piping (X’lg. 8-225). 

OPERATION 

Lubrication. A good turbine oil must be used. Turbine bearings run at higher 
temperatures than those on other type's of equipment sinee thev absorb heat from the 
shaft and the turbine casing in addition to that of the fnction load. Ihe manu¬ 
facturer’s reeommeiidatioiis should be taken, but in general, tiu‘ followiiig tabulation 
indiestes the viscosity range for diftcTent bearing temperjiturf"- \ igeositn& are 
given for ring-lubricat(*d bearings and for forced-feetl or pressiiri'-lubneati'd bearings. 

For a turbine and gear unit ^\ith a 
common presbure-luhricatiiig system the 
lubricant should be sidedcd to suit the 
gear. 

First Run. The manufacturer's in¬ 
structions should be read carefullv, so 
liiat the function of all cs'^ential parts is 
understood. 

Hetore starting a new turliine, or one 
that has not been used for a considerable 
period of time, the machine must be 
thoroughly cleaned. All working parts 
should be w'qM'd clean. The bearings, oil reser\i)irs, arui ail's oil jiiping slitmld be 
Hushed with kerosene. Alain liearings and other oil risers on s, ini hiding flexible 
couplings of the lubricated tvjie, should be lilli'd wilL oil to tin* jaopei level. The 
mai'hine should be rolled ov(t by hand and the governor \ ihr* mo's eel to make suit* 
the rotor does not rub ami th<‘ valve does not slick. 

The exhaust valve nud till diiiin valvt'S should lie ojiened. Water should be 
turned on for any water jackets or cooling <‘oils T'he throttlf viU e should be cracked 
opt n to wiinii < ho macliim* and to turn it i)\ ei slovs I>. 1 )r:ui*s nuiv be clost'd as soon as 

water stops nuining from them. Ihe oil ringh should be inspected to make sure that 
they josolve. If there is a shrift-driven oil pump on the turbim , th<* jireRsnre sliould 
build up quickly as the speed incn'asea. If tlif' uiiil appeals to ojaTate satisfactorily, 
the throttle valve may be oppn<*d gradually and the unit brought u]> to rated spt'ed. 
Hearing tempeiatures should be checked fn'qiieiith. It bi'aniigs run lu t, the units 
may be inijiroperly aligned, or there niav be dii t in the bearings. 

"i’he speed should be checketl frequently, and tlie governor Klunild begin to operate 
when near rated speed. With no load, the unit will run from approximately three to 
BIX per cent above rated speed, depending on the type of governor. Not until the 
govc'riior IS coulroUing the speed of the unit should the throttle xalve gradually be 
opened wide. 

'I’he emergency overspeed governor .shoukl be tenled b} ovoispeeding the machine. 
"l]ie trip valve should close at approximately ten per eent overspeed. This governor 
Uiould immediately slow^ the machine down lielow its noiiiud speed or stop it entirely 
w ficn there is no load and the throttle valve is wide ojieii. T his gu vi^rnor shouhl not be 
'■esei until the unit is at or below half spt'cd as emergency governor parts may be 
damaged. Also, resetting thi,s gov'ernor too quickly may aftect the speed at which 
the governor will trip on the next run, 

I'he emergency governor should be tested on a regular bcLihIuIc or when the 
machine is shut down. 

Normally the lubricating oil should be changr*d afU'r a 2- or 3-day initial run. 
After this stariing-up period, oil should be changed on a regular schedule, as re<iuired. 

Regular Operation. When the machine is in regular service, the turbine should bo 
warmed up gradually and turned over slowly before bringing it up to full speed, but in 
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Table 8-66. Viscosity Ranges for 
Different Bearing Temperatures 

lUrifr Liiliniatiiiii 
Optratwq it mpt-atute 

of o\I %u bta)tn(/ VuicOHftv 8SV 

Vp lo 22.^350 at lOO^F 

Over ] l/i- 15(J at 210‘’F 

I onf l.ulirualion 

Without n (liK tir>fi ifiKi 150-)00 at 100°> 

With reilurtiuii (rf»u 

Pj) to 1 1 2';0 *.150 at inO"F 

Omt IHO"! mu 5K0 at 1(X)“F 
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an emergenoy mcchamcal-drivc iurbines usually cuji bo, atartod very quickly. This 
is particularly possible if all parts arc draiiiod and if the exhaust A’aive has Ijopii left 
open to keep the niaeliine whiiu. Operation of oil rings anil governor should be 
cheeked each time ihe turbine is slartod. 

Vibration. Vibration is soinelJiues caused ly niisiiligninent due to foinidation 
settling and pipe straiiw, or l)eariiigs may bo worn or loose in the boaiiiig boxes. If 
the bearings are worn, a hciiviiT oil may allow oi)eratioii until they lian be replaced. 
Also, the rotor may rust and get out of balance if a turbino is out of service for a 
considerable time wuth the easing not jiroperly drained. 

Flexible couiilings may cause vibration. A lubricated type of coupling must have 
proper lubricatioji, or the driving and driven machines, in effect, will be rigidly 
comieetod with resulting \ibriition. A jnn ami bushing coupling, with w’oiJi or stick¬ 
ing part/S, will have tin* same elTeet. Shafts cannot move freely, and thrust is trans¬ 
mitted from one machine to the otluT. A ineehaiiicnl-drivi' tinbiiie i.s not designed to 
take the thrust from its drmui machine, so the turbine thnist bearing may run liot and 
perhaps burn out when couplings are not flexible. CJoupLings should be inspected on a 
regular schedule. 

Best Efficiency. J’or hc'st econoiny’^ a turbine should ho operated with as many 
hand valves closed as possible. However, enough valves sliniiltl be left open to take 
care of load swings. Hand valves should l)e viidii open or closeil tight. The> should 
never be partly opened, as valve seals will cut raiiidly, {ind tliere is no imiirovemeiit in 
efficiency. 

Low Power. When a turbine will not develop enough power, tiu're may be an 
overload, or I he driven-machine eflicirmey may have decreased because of w^oar. 
Turbine initial sleapii pressure and teiriiKTaturc may be low’ or i vhaiist lu’cssure high. 

On the turbine itsi'lt the governor may bo set low, the governor valve im])ropeHy 
set, the steam strainer eloggei, ojie or more jiozzhs jJugged, or the w heel blndijig worn. 

A clogged steam slramer or iinproiierly set governor valve will be inilicated by a 
largo differential betvvei'n sti am-Iine and steam-ehest jn-essure at the maximum load 
that (lan be oldaiiied. 

The steam used ajul the* i)o\ver develoj)e(l by a tin bine can be aeciiratiiv deter¬ 
mined. The iimMufaeliirer keeps a record of llie no?;>ie diameter.s, and he can calcu¬ 
late steam flow' through tlie turbine and load being develoiied ])y it if he Ims the 
following iiirormatioji: 

Kti^am jjressuK* at the lurbiiie inlet 

Steam ju’esKure in the tiiibjne st«*am eluvst 

Superheat or moisture in llj(‘ stf‘am 

Ahiinber and positiojj of any liand valves ojien or ijlo.seil 

Speed of the tin bine 

Hack pressure at the tairbiiie exhaust 

Steam-pre.sMire gauges must be calibrated. The mamifactiirer’s figures are based 
oil test data with mwv machines and do not .-dlow for wear or imjiroper ailju.slmenrs. 

Speed-reducing Gears. Clears furriLshcd as jiart of a tiirbogi'ar sot an* usually of 
the duuble-hi'lical or herringbone tyja*. 

Imstnllntion (ind / Itut'nfj. (leans should be in.stnlled and lined uj) in tin* same man¬ 
lier as a turbine in.stalJation. 'J'Jie.v run at eompaiativ'ijy low' teniperniurea, ho 
when ihoy' are lim-d up cold appropriate allowance must be mado for this, 'fhey 
should be started altei tsiKing the same precautions as for a turbine. Jt may bo 
iiocoaBary to prime the oil pump vvlieii starting iij) a gear for the first time. 

lAtbncnh'un. 'rurtiine gr-ars aie very eareiully made anrl Inive ratliiT rlo.se, eloar- 
ances, A mecliiiiii oil with a vi.seosity' at 100"F of about 2.’)0 to 3o0 SSI' i.s uHutilly' the 
most satisfactory. If the gear is clo.se fitting and runs at high siieods, better operation 
may bo obtained with a lighter oil. 'TUis is iiarticularly true if the gear tends to over¬ 
heat. '^rhe temperature rinig.i of the oil should be from 12.1 to 17o''F. Water cooling 
is usually supplied so that this range can be mainUiiiied. A regulating valve should 
be installed in tJie water-supply line, but tlu* nutlet from tlie cooler should be open and 
without a valv(^ of any kind so that it will be impossible to put excessive water iiressure 
on the cooling equipment. 
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Usually high^prcd gears are not designed to tlip in the (»il, and they will overheat 
and foam if this happens. CicneraJlyp oil pressure; should not exee<*d 15 lb gauge as 
higher pressure may cause the gear to heat up. 

Benviniffi. W'heii bearings become worn, they miisl ))e renewed in a short lime or 
Ihe gear tei’th may ho diimagt'd berauso of internal inisiiligunient. dear b(»aijiigs of 
the babbit-lined cast-irt)ii-sh('U typo should never bo rebabl)itled since the ahells will 
warp in tlie ])rocess, and it is very difficult to scrape, and fit bearbigs so that the align¬ 
ment is correct in both horizontal and vertical planes. For the same reason bearing 
clearance never should be adjusted by planing the bearing horizontaJ joint ns trouble is 
certain to occur. New bearings should bo installed in such cases. 

It is very important tluit shaft alignment be maintained and that the flexible cou¬ 
plings allow th(‘ shafts to float. If couplings become rigid through hu'k of lubrication 
or wear, load is not properly distributed on the gtsir teeth, and the teeth will wear and 
ev(‘ntually will break. Couplings must never be driven on or off the shafts as the 
tooth surfaces may be injured. 

Clears are oi)erating properly if there is a uniform marking ov’or the entire length of 
both gear aud pinion lu*lixes. If there is heavier marking or pitting on one part of the 
tooth face, it may Jiave lieen caused by luisalignirient of the connected shafts, vibra¬ 
tion, worn bearings, or poor lubricant. 
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ASH HANDLING AND DISPOSAL 

BY B. C. Berry 

Th& Allen~Shvrmm)rHoff Company, FhiUiddplua, Pcnnaylvania 

INTRODUCTION 

An ash- or refuse-handling system is essi'nlial to the operation of any furnaee burn¬ 
ing solid fuel. The syst(‘m may range in (-omplexity from a hand shovel and a wheel¬ 
barrow to a modern hydraulic, pucumatie, or mcchanit^al unit, or a combination of 
these. 

TYPES OF SYSTEMS 

The manual system utilizing a shovel, hoe, and similar hand-operated tools for the 
removal of ash from the pit and a barrow for transportiitioii to a disposal point is so 
fundamimtall}'^ uneeoiiomieal that its use should b(‘ eonsidered only in the most unu¬ 
sual cases. It is conceivable that, with a eombination of a very hniall installation, 
infrequent operation, and a low usli content of fuel, a manual system would best lit the 
needs and be the only one eponomj(‘ally justified. Any surh proposal should be 
critically viewed as to its Hoiindnesa. 

TJie mechanical systems include the scn‘w t3’^pe tliat continuously removes ashes 
from a V-shaped furnace bottom to a container fur disposal. This type is usually 
applicable only to small furnaces of tin* houschold-heatiug-plaiit range or at the most 
to small industrial or inslitutional installations. The maximum size of furnaee for 
which the screw t^’jic is ordinarily considered is one burning not over 20,000 lb of coal 
per (lay. 

The pneumatic system should be used only on units burning not over 40,000 lb 
of coal per hr. If used on furnaces larger than this, the operating costs become 
excessive. 

The pneumatic arrangement for an underfeed .stnker-fir(‘d boiler sliould not be used. 
It is essential that the ashes disi'hiirged to ashpit fiom uuderf(*ed stokers be quenched 
in the pit. The apphealioii of the hydraulic system to this ty]ie of firing will be 
discussed. 

The hydraulic system provides for greater flexibility iii type of coal that can bo 
burned. On units binning over 40,000 lb of coal ]aT lir, tlie hydraulic system or a 
comliination of hydraulic and jmeunnitic is most applicable. 

For purposes of computing volume of a.sli(‘.s to be handled for any givcm problem, ail 
coal will be assumed to contain 10 per cent ash, and (*oal (‘onsumption will be based on 
10 lb of steam generation per pouinl of fuel Inirneil. 

Decision as to type of systA m to ensure mmimiim boiler outage' iiiul economy in 
operating costs, both powiT and labor, requires careful uimlysis of problem. 

Flexibility in design is iimled to permit use of varied typi's of coal whieli in linn 
will produce an ash ranging in fu.sing temperature from 1900 to 2(itX) to 2700''F. 

Modern furiiacf'-bottom and ash-hopper design for jiowderr'd-fuel-iired uniU 
covers two types of construction: (1) a corai>Iclely dry bottfuii where no queni'hing 
water is introduced, as sliowui in Fig. 8-226, and (2) tlie .subiiu'iged bottom w'bicli has 
in it a pool of w'liter inlo which ash and slag arc drnpjir'd and disintegrated, as shown 
in Fig. 8-227. The lining for each of these types is dilTerenl not only in tluckncHS but 
also in the materials used, lu the fir.si, a inonolilliic lining of ihh'kness dependent 
upon temperature and type of operation i.s used, with or willioul insiilatinu as deter¬ 
mined by conditions. In the seeoiul, the lining is n orinlithic. P'or this t vpe of hopper, 
a protection at the water Jim* is also indicated in Fig. 8-227, and b method of cooling 
the protecting elements and keejiing the water in the hopper quiescent so that con- 
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tiiiuou^ lapping along the aides isannot oei^r haa been found to be the most effective 
method. 


The hopper as shown in Fig. 8-226 should be i^lected only when fumaoe ^ to bo 
a pulveriaed-^ftiel-fired unit of the diy-botttnn type having larg^ furnace volume with a 



Fig. 8-22S, Fluid-expansion joint. 


low heat-release factor, thereby reducing to a minimum any possibility of slagging or 
fusing of the ash. 

Modem lioiler design has also developed to a point where it is essential that all air 
nircessary for combustion shall be introduced at controlled points. Ijeaks in the set¬ 
ting where excess air can infiltrate are no longer tolerated. It became necessary, 
therefore, to develop an expansion joint between the setting walls, whether they be 
refractory or waterwallsi and the furnace bottom or ash hopper so that no air infiltra¬ 
tion is possible* This has been accomplished by the fluid seal shown in Fig. 8-228. 
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It may he a water seal, a sand seal, or of other malorial which will permit movement 
of the seal plate. In view of tht^ fact that tht‘ four wallH of a boiler setting may at times 
be on different elevations and eacli one expands both vertically and laterally a different 
amo\int, the developmcjit of the corners presented a problem, which was solved 
through the use of flexible material. 

If it is a wet-bottom or slag-type steam geuerat{)r, the* wet hopper and hydraulic 
system must l)e used. If the ash liopper is to WTve a stoker-lired boiler or steam- 
generating unit, the hopper can be lined with refractory shapes and equipped with 
quenchers os shown by Fig. 8-220. 

In all these hopptTS, nozzle aiTaiigc'inents sre provided which will remove the 
ashes at a rate of 1 ton per min. 

A powdered-fuel-firod unit of the eontimious-slagging tyi)e requires a hydraulie 
system and the pool or aubmerged-typt* hopjjor, as shown in Fig. 8-227. 

If the temperature in the furimce throat is high (1800°F or higher) and headroom 
from bassenieiit floor to waterAvall headers is cramped, extra i)recaatif)ns must be 
taken at the w'ater line. Tliis can be done by installing allo}’^ plates at the water line 
which are siirayed with water at the back of the plate. The plates arc hung on the 
water-cooling header. 




Fio. 8-220. (iuciiehing-t\i>e liopper. 

Another method of protecting the w.ater line is lo use n wabT-cooled hopp(T with 
eillier a pourc'd- or niolded-sliape irfractory lining. 

If it is a cool furnace* (throat tempera lures below' ISDO^F), a good poured refrac¬ 
tory lining wdll stand tin' service at the whaler line. A good nioldi'd sliapc will .also 
perform well in (bis service if used on a cool furnace. 

The junetiim of tin' hopper and jiresMure parts must provide foi both vertical and 
lateral movement resulting from expansion. This can be done with the fluid seals ns 
prLwiouslv descTibed, ilejieiiding upon degree of air lightness desinnl. 

If tb(‘ SA stem serves one or a number of boilers, (lie proper arrangement of sluice, 
Hiiinp, pumps, or jet is important. By proper arningeTiient is meant sump location 
whicli permits shortest run of sluice trenches and miniimiiu sluice water requirements. 
In loealiiiK sumj), thought should be given to future extension of jiiaut to hold total 
water requirements dowm. 

On stoker-fired uiiit.s, the sluice and pump arrangement follows the same general 
design used for the jkiw dered-fiiel-lired iinitft. This is also true for the diy-bottom 
po\vder<'d-fuel-fired units. 

In all inslaiices, it is good insnranec to build the sump to provide* for the installa¬ 
tion of a clinker grinder which niav be installed later if, owing to mi excessive amount 
of ovi'rsize material, it is fouml necessary. 

If it IS required to discharge (o fill at a distance and against a stuLic head of any 
reasonable amount, the pump is the best medium for liaiulliiig tb(‘ niMlcriiil. If the 
total dynamic head is low, a jet can be u.sr-d. The jet is not a \ 0 Ty efficient unit, 
however, and docs not permit much fluxibilitv in extending the discharge line. 
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Afl the time element is a vital factor in the wear taking piac*e on matcriala-handliiig 
eijnipment, it is important to handle the refuse in as highly concentrated volume as 
poHsible. This factor has a blearing on design arrangonicut. 

In transporting ashes by puTiiping or jotting through closed pipe lines, the velocity 
should be maintained at not h^ss than 9 fps on horizontal runs. If the arrangement 
of the line necc'asilatt's long vertical risers, the minimum pipe-line v(‘locity is 11 fps. 

The pump used in handimg abrasive material should be a closed-impeller centrif¬ 
ugal-type assr-rnbly having a reasonably steep head-capacitj" rharactcristio. The 
impeller and volute must be made of abrusive-roriisting material having a close grain 
structure ami Jlriiinelling not less than 300. The design should incorporate sealing 
features to protect tlio packing gland and end plates against attack from abrasive- 
laden solution and alst) to eliminate shon-circuiting of jnaterial around the suction 
shroud of the imjieller. 

First the ultimate disposal point should be decid(‘d upon. Will the refuse be 
discharged to permaucjit or temporary fill and at wliat distance from the plant? 
(’an it be discharged to grab-bucket sump, or must it be stored for truck or railroad-car 
loading? 

If ashes can be discharged to fill, the hydraulic system immediately takes a favor¬ 
able position. This also holds true for the grab-bucket sumj). If it is necessary to 
store the material on the property for triu*k or railroad-oar loading, the system will 
irienrporate the use of a storage bin into which the material can be pumped and 
then properly dewatered, leaving what is termed commercially dry ash or slag for 
I Oil ding. 

In plants where tlif‘ water supply is limited, the hydraulic system j^rovides for 
r(*i ireulution of the water used jin the tran.sport medium. Iteeireiilation of the water 
results in a closed system with no loss of water to overflow'. This arrangcmient is 
jjiaetieal only where tl»e matc'rial is diseliarged to an oveihead lank, grab-biieket 
.sum]), or spc'cially arranged dike sirea loi*ated on tlu‘ plant site. 

In small plants requiring the removal of only a small volume of refuse eaidi day, a 
simplifil'd hytlraulie arrangement can be adaptt'd to the siTviee, rf'quiring no high- 
jircissure sluicing w'ator. I’hc handling rate of this system is lower than the arrange- 
imnts recommended for the large.r plants but is suitable and economical for the small 
iiistnIlutioiiH. 

'rhe problem of maintenance costs must be considered in determining the t.vj>e of 
sNritem to be used. The wear resulting from wet abiasion Ls less se\ere than that 
eneoujitered from dry iibrasives. The time element is idso a deeisivi' factor in main- 
teiiaiiee costs. Therefore, in a plant where the volume of rt'fuse to be handled in (‘aeh 
24-hr period is large, the inatennls-handliiig system selected should iiicorporiito time- 
saving and w'ear-re si sting features. 

A recent development in furnace design on large steam-genera ling units provides 
tor opi'rating the furnace under positive pressure, thereby eliminating llu' neeehsity 
of ubiug induced-draft fans. 

I'liis devf‘lo])Tn(‘iif requires that the furnace-bottom refuse be reino\ed without 
ilisturbing furmiee (‘onditioiis through the use of a sealed hopper and sump arrange¬ 
ment. Tliis requires highly hiieeializod equipment and careful analysis of each proj- 
e^‘t as it di^velops. 

A shoit analysis of operating eompaiisona on the h> draidie nystem 'versus the jmeu- 
■I'-itie system follows. 

Assume a plant with two boilers of the dr^^-bot tom-furnace type burning pul\ erized 
l»ituiniiious coal and generating 600,000 lb of steam per hr per boiler, or a total of 
1,200,000 lb per hr. 1'he coal consumption will approximate 120,000 lb per hr. 
Assuming that the coal has an ash content of 10 per cent, the pesulliiig refuse will total 
12,000 lb per hr. 

or this lotal, approximately 10 per cent will be deposited in the furnace-bottom 
Msh hopper. There will therefore be t0,4 X 12,000 X 24) l!r),200 Jb, or 57.6 tons, of 
a^li to luindh' eaidi 21-hr period, 

'llie following is a comparison of niieraliiig costs of the hydraulic system versus 
the pneumatic systems: 
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Hv^avlie 

With a hydraulic fiyHtem, matnrial can be 
sluiced from hopper bottoixj at rate of 30 to 60 
tons per hr. Utdnir lower fiRure, system w'ill 
operate 1.92 hr. Allowing for starting and stop¬ 
ping time, total operating time is 2 hr. 


Pn.0U7Aatic 

In a pneumatic system, much of the material 
has to be inanuallv fed into transport system with 
a hoe. A man can average about 4 to 5 tons per 
hr with a hoe. ITsing 5 tons per hr as the average, 
the system will opeiatc 11.52 hr, plus starting and 
stopping time, or 11.6 hr per day. 


CONCLUSION 


If plant lo(‘ation permits depositing material to fill area, a hydraulic system should 
be Bclocicd. 

If it is stoker-fired plant, a hydraulic avstom should be selected. 

If boilers are of the slagging type, either intermittent or eontinuous, a hydraulic 
system should be selected. 

If boilers arc to be operated under positive furnace pressure, hydraulic system 
should be selected. 

If water is scarce, the recirculating hvdraiilie system should be used. 

If boilers do not burn in excess of 40,(K)0 lb of coal per hr and heat release dors not 
exceed 15,000 Btii per eu ft of furnace volume, the pneumatic system is applicable. 
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CHARACTERISTICS AND PROPERTIES OF REFRIGERANTS 

BY R. J. Thompson 

Director of ftnlrR, Kiiwiir ChvmiatU Dejiarlmeot, K I f// J^ont dr N(mourn A- Co, 

INTRODUCTION 

HofriKoration has always hoen an osscntial in many industries, husinoss enter¬ 
prises, and in the home. Tee was the first and only refriReration medium for many 
eenturies, Init there were so many disndvantap'es eonneeled with its use that other 
means were sought, and it was foiiiid that a numb(‘r of low-boiling licpiids and com¬ 
pressed and liqiK'fied gases could be used to produce refrigeration. 

Ttiere are two principal methods in whicli refrigerants are employed; one, geneially 
referred to as the indirect metliod, is the ciiculation of cooled ^vater, brine, or chemi¬ 
cal solutions; tlie other, the direct method, is the cii'cul«linii and expansion of the 
refrigerant itself. Refrigeration eith(*r by the din'cl or indirei*! nietliod was first 
employed almost entirely in industrial applications but w’as afterward extended to 
take the place of ice in commercial uses as well, and in the last 20 to 30 years has 
been adapted to industrial and com fort-cooling air-conditioning and household refrig¬ 
eration equipment. 

Unfortunately, there W'ere ceitain udien'nt hazards in the use of the refrigerants 
employed, and while the hazards could be fairlv Avell controlled in packing liouse.s and 
ice-manuificturiiig plants because .siiitsble precautions I'ould b(‘ i‘nfoiced, their control 
was not practicable in industiiul, cominerciul, and household rc'frigi'raling and air- 
conditioning systems. 

A refrigerant is a .substance or medium used to produce refrigeration by absorbing 
heat in its expansion or vaporization. The w'oid “refrigerant” is used broadly to 
refer to any primary refrigerating medium Mich as carbon dioxide, aiiiinonia, methyl 
chloride, sulfur dioxide, or the I'Veon refrigerants, or, in another sense, to refer lo a 
secondary cooling medium such as calciiiiii cldoride liriiie. As more commonly 
interpreted, the wmid “refrigerant” refeis to any material used in mecimnieal lefrig- 
eratioii, by whieh process tlie lefngerant is evaporated, recoveied, eompressed, eoii- 
deiLsed, or liquefied and permitt(‘d to expand or vaporize again as distinguished from 
those processes in which the spent lefiigerant inednim is wasted, such as in the inell- 
iiig of ice or tin* change of state of carbon dioxide from a solid to a gas, 

The requinanents for the ideal refrigerant inav vary in nnniber and order of 
imjiortancc dejieuding ujiou the particular requiir nuMits to lie met or the di'sire of 
the designer, but it is belic'ved that such requircimails may be easily suiiimod up by 
stating that 

1. The refrig^'rant must be free of panic, health, fiie, and property-ilaiiUige hazard 
should it escape from the lufrigeratiiig or air-conditiomng system. 

2. The refrigerant must have chemical, physical, ami thermodynamic properties 
which will be n^adily adaptable lo and will permit its use in presentHluy designs of 
refrigerating and air-(*onditiuning ctpiipment and, at the same* time, produce effieient 
service at a low initial and ultimate cost over a long period of optTatioii. 

CHARACTERISTICS OF REFRIGERANTS 

In the following material will be given the desir(*d jiroperties for the ideal refrig¬ 
erant and the charai‘teristics or propi'rties of all refiigerants that have been used up 
to the present time. The requirements (hat an' given are all very important and nri‘ 
placed somewhat in an order of sequence wliieh will show their i dative imijorlaneii 
or value. 
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The rhicf hazards were thoHo oC fire and explOHion of the rcfrigijrants themaelveB, 
health hazardB due to the toxieity of the rcfrigerantH^ panie hazards brought about l')y 
the irritating and odoriferous nature of the refrigerant, the hazards due to chemical 
reactions resulting from accidental introduction of the refrigerajit from the cooling 
system into the chemicals being processed or foodstuffs being refrigerated, and, in 
some cases, the hazards of extremely high pressures. All the refrigerants in common 
use prior to 1931 had one or more of these undesirable characteristics. A well-organ¬ 
ized search continued for the ideal rofiigeraiit, f.c., one that was neither flammahlc 
nor toxic nor capable of entering into chemical reactions and which could be operated 
at relatively low pressures and wdiich would be eflicient and suitable for all types of 
systems whether for refrigerating or air-eouditioning purposes. 

Odor. A refrigerant must he odorless '«id mmirritating in any eoncentration in 
order to reduce or eliminate the possibility of a panic hazard occurring in event the 
refrigerant sliould accidcmially escape from a system or leak out when the system was 
being re])aiied or bi*iiig serviced. 

Ammonia is an irritant, and J,'io oz in 1,000 cu ft of sjiace imparls to the air a 
strong smell, and oz per 1,000 cu ft of space is the strongest dose bearable for 
hr. (’on cent rat ions of the odor of ' 1 lb per 1,000 cu ft of space eiuhirerl for hr 
produce blindness. Thus is an oiitstaiidiug serious effect producefl by ammonia. 

Kulfur dioxide is a very irritaimg gas and is detectalde in very small concentra¬ 
tions of • j 2 .T oz per 1,000 cu ft of space, while P 3 oz per 1,(XX) cu It i^ suffocating. 

(’arbon dioxide is odorless, but its physiological effects w^hcii hreatlied in mild or 
iiioderate concentrations serve in a measure as a W’arnmg of its ])t(‘setice. In con¬ 
centrations much above 11 lb per 1,(K)0 cu It, thf‘ physiological action may be too 
lapiil ill produemg stupefaction or los^ of consi*iousiiess to serve as adetpiale warning. 

Since tile odor of methyl chloride Is not unpleasant and but faintly noticeable in 
small quantitii's, it jirobably pr<\sents a greater hazard than some of the toxic gases 
possessing distinct w^arniug projaTlieH. 

Methyl formate is an irritant and gives definite warning of its iireseiiee. 

Snitable gas uui^ks or oxygen helmets should b(' readily availalile wht'n handling 
niitatiiig or toxic rctrigerants. 

The vapors of all the I'Veon refrigerants ate odorless at eoneentrations of less than 
20 JUT cent by volume in air, which is eiiuivaleiit to the release and vaporizaTion of 
aiijiroxiniaicdy -15 to t)5 11) of liijuid into a eonfined space of 1,000 cii ft. At eorn‘en- 
trations highei than 20 per cent by ^olllIllC in air the odors of the Kieoii vajiors arc 
\ery mild and somewhat ethereal, being similar to carbon tetrachlojide, the com¬ 
monly nsiul tire-<*xtiiiguishing fluid. Tlie Fi-eoii vaiH>r.s in all concentratioiKS are non¬ 
irritating to the eyes, nose, throat, lungs, or .skin. Thus, gas musks or refrigerant- 
absorbing materials are not requinsl when hiindiiiig any of these refrigerants. 

When a toxic or flammable r<*fi'igeraiil is udorles.s or jiractically so, some suitable 
suhatiince should be added which will not corrodi' tlH‘ equipment but which wtII per- 
uifineiitlv’^ maintain a distinctive odor. In such a refrigerating system, esjjecially in 
puhhe jflaces, rare should be taken in the addition of odorants a.s a small leak in the 
system might cause a panic that would do far more harm than the refrigerant itself. 
At the jiresent time there are no irritants or odoriuils or warning agents that will 
satisfactorily serve such a piirjiose. 

Warning agents are not required and are not even consulercd desirable for use in 
th( odorli'ss and nonirritating Freon-<‘harged refrigeration equipment. 

Toxicity. A refrigerjiiit liquid or vapor niiLst bo nontoxir and nonpoLsonous to 
eliitiinute all po.ssi])ilities of a hoiiJlh hazard should the refrigerant escape from the 
Hvsteiii. Toxicity as referred to must not bo ronfusiul with concentrations of refriger¬ 
ant-air niix'tnr(‘s high enough to exclude suflieieni oxygen to support life. 

The T^nderw'riters' Laboratoriels have found that '4 lb of ammonia per ],()()0 cu 
fl ‘»f space will kill or seriously injure with an cxjuisure of }2 hr. 

Sulhir dioxide will cause throat iiriiatioii, coughing, constriction of the chest, 
iKiiiHoa, irritation of the eyes, and is so acutely piirigciit as U) cause a sen sal Ion of 
suffocation even wifli the first breath. The Underwriters' Laboiatorics have found 
that 18 to 19 oz per 1 ,(KK) eu ft will kill or seriously injure in 6 min, 
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Methyl chloride is an ancRthofcic when concentrated in cloBcd ^spaces or on long 
exposure, and there is a definitely delayed toxic action. Tlie Underwriters’ Labora¬ 
tories have found that from 2^^ to 3^4 lb per 1,000 cu ft will kill or seriously injure 
in 2 hr. 

It is a well-ostaMished fact that the Freon refrigerants as such arc the least toxic 
refrigerants that have ever been discovered, and complete and detailed data on tox¬ 
icity will be found in the Underwriters’ Laboratories reports and Bureau of Mines 
reports. 

The toxic properties of various refrigerants arc shown in Table 9-1, 


Table 9-1. Toxic Properties of Refrigerants 





r 



Kill> 

or neiiously injuies 

Under- 



Cu ft 








writeis’ 

lAbora- 

torieH 

icronp 

Rcfrijferant 

Foi miila 

per Ih of 
lefriA- 
eiant, 
68“ F, 1 at- 

Bnilinii 
point, 
dcK F 

Duration 

of 


f'oiit onlj 

ration in aii 

Nu. 



inofl]ihere 

1 


expoHiiip 

Pei i-ent h\ | 
j voluiJie 1 

Lh per l.OOOi u ft 

1 

Siilfui dioxide 

i^(h 

6 

01 

14 0 

Ft nun 


0 7 



1 165 

2 

Ammonia 

Nil, 

22 

6 

- 28 0 

hr 

0 

5- 0 

6 

0 

221- 0 256 

3 

Alethvl formate 

(‘ilLO. 

0 

41 

BO 2 

1 hi 

2 

- 2 

r> 

3 

12 - 3 9 

4 

Methyl chloiide 

cn,n 

7 

62 

- 10 6 

2 hr 

2 

- 2 

h 

o 

62 - .3 28 

4 

Djrhloieth^lcno 

CdTiCh 

3 

07 

118 

2 hr 

2 

- 2 

5 

5 

04 - 6 3 

a4 

Ethyl chloride 

t’iHiC'l 

5 

06 

.*34 5 

1 iir 


4.0 



6 72 

a4 

Methylene ehloiide 

Ciurii 

4 

.*33 

103 6 

hr 

5 

1- .*) 

3 

11 

2.1 -11 70 

b4 

Freon 113 

CsCl.F, 

2 

1 

117 6 

hr 

4 

8- .*) 

2 

23 

2 -25 2 

h4 

Fieon 21 

CliriaF 

3 76 

48 0 

hr 


10 2 



27 1 

5 

Caibon dioxide 

1^0, 

1 8 

75 

108.4 

•,s-l hr 

20.0 .30 

0 

.33 

2 -34.3 

.'j 

Fieon 11 

CCliF 

2 

8 

74.7 

2 hr 


10 



35 7 

5 

Freon 22 

CllClFs 

4 

37 

- 41 4 

2 hr 

IS 

-22 

6 

40 

2 -50 5 

6 

Fieon 114 

C^ChFi 

2 

25 

38 4 

2 hr 

20 

1 21 


8') 

6 -95 7 

6 

Fieon 12 

CCbF, 

3 

IS 

- 21.7 

2 hr 

28 

a- .30 

4* 

80 

0 -95 7 


* Oxygen defieipncy. 


Flammability. A rofrigeranl must be nonflammable and nonr'xplosive in any con¬ 
centration in order to eliminate all i)osaibility of u lire or exploaioii hazard. The fact 
has been recognized thal even a small amount of fiiunmaldc or explosive vajTor may be 
concentrated on the floor or in a confined .space around a leak which may produce aJi 
explosive mixture, even though the small amount of refrigc'rant when evenly diffused 
to all parts of the room may not produce an explosive imxlure. Thus all fiammahle 
and combustible refrigerants should be considered fire hazards regardless of the con¬ 
centrations reejuired or the amount of refrigerant permitted to esr‘ap<' from the sj^stem. 

In the Undei^Titers’ Laboratories reports and also the Bureau of Mines reports, 
it will be found that all the Freon refrigerants, sulfur dioxide, carbon dioxide, and 
methylene chloride have been clji.ssified as noiicombustible and nonflammable. For¬ 
mation of combustible mixtures by Freon 21 and I'rcoii J13 under practical condi¬ 
tions, even at the higher temperafures, is extremely unlikely, and their fire hazards 
are, therefore, very small, on is the case with methylene chloride. 

Explosive properties of the corninouly used refrigerants shown in Tidde 9-2. 

Corrosion. A refrigerant must be noneorrosive to all metals or materials used in 
refrigeration oonstructioii in order to permit the refrigeration manufacturer a wide 
selection of matei-ials with wliieh tf» design eflicient condensers, evaporators, bearings, 
pipe lines, control apparatus, etc. 

Certain refrigerants are mildly corrosive to certain metals but actively eorrosive 
to other metals. This calls for extreme care in the selection of iron, steel, brass, 
galvanized metal, acid-resisting bronze, immel metal, nickel, higb-nickcl alloys, 
and aluminum or for the trimming of iron valves with brass alloy, steel, or aluminum. 
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Thr Freon refrigerants are noncorrosive to all metals used in refrigeration appa¬ 
ratus, including steel, cast iron, brass, copper, tin, lead, zinc, silver, aluminum, etc. 

Any type of system, regardless of the refrigerant used, should be drj^, especially 
in the case of those refrigerants in ^hich water is not soluble in order to eliminate 
the possibility of the moisture freezing out at the regulating valve, intercrystalline 
embrittlement of brass bellows or diaphiagms under cyclic stress, shorting of field 
coils in hermetically sealed units, and the emulsification of the lubricating oil, any 
one of which might cause faulty operation of the system. It is to be pointed out 
that water which may b<‘ in a system together with air will cause oxidation of metal 
parts which must be distinguished as oxidation or nistlng and is not due to corrosion 
l)y the refrigerant. 


Table 9-2. Explosive Properties of Refrigerants 



E]i])1osive raiiKe. 
eoiirontration in. air 

Maximum 

1 

Time of 

Refrigerant 



expliiHum 

development 





1)1 PHsiire, 

of piGSHUie, 


Per cent lo 
i nluiiiL' 

Lh pei 1,000 (‘u f1 

POIR 

sec 

Aninitmifi 

16-2.'i 

7 1 -11 O.") 

50 

0 176 

McLlnl foinmic 

4 5-20 0 

7 02 81 2 

il6 

0 026 

Methv 1 (‘111 midi' 

« 1 17 2 

10 6 22 6 

C9 

0 110 

Dii>hloiHlv\ U*nc 

5 6 11 4 

14 1 2R 7 

76 

0 005 

Klh\ 1 1 liluiuU' 

8 7 12 0 

6 12 20 1 

87 1 

0 028 

huUui liioxule 


Nouflumnialilc 



Taibon <tio\idp 

1 

Noiiflaiiiiuable 



..lilondc 

1 

N unfla mmable 



]• 1 eun 11 


NunfitiMiumble 



J'mtn 12 


Noiifluinmable 



1 luou 21 

1 

NunfliJ iiiinablc 



J<'ri‘on 22 


Nunfluiuiuublf' 



Kieou 


NonOamiuahle 



Tipon 114 


Nonflaiuuiuble 




Stability. A refrigerant must he stabl(‘, and over long j'cars of service it has been 
lound that the Freon lelnper.aiilb wdJ nith.stttiul n pealed eA'ajwratioiis, eoinprossions, 
and coiHleiisatioiis itlioul (Ij.sas^^eiatjon, and these lefngiTaiits do not foiin liigh-boil- 
ing or solid compounds. 

Certain refrigt^ants such ns aniinoina show evidence of some disintegration in 
l)oth coinjiression and ahnorplioii fSAslciiih due to leaction of moisture with metals, 
due bo diSMssoeintion, and due to unsaturuled hydroearhons in the mineral lubricating 
oil wliieh necf\s.sitate,s coiisbant jiurging of the foul gases, which are constantly recre¬ 
ated, in order to obtain economic operatum. Foul gases are dangerous in many 
hj’steins when building up tt*st piessures with air in case some refrigerant is present 
becaiisi* (-ertain of the disassociation products can be readily detonated wdien present 
in the proper mixtures. Disassociation of a refrigerant in a system W’ill also caiis('. 
high condensing temperature, high current consumption or high cost of operation, 
and noncoiideiisablo vapor loi’k in h-p float-valve chambers. 

Inertness. A refrigerant must be inert with respeet to eomjmunded materials such 
ii-» htufling-box and valvo-Btt*m packing, gasket materials, cotton-c'ovcred windings, 
insulating varnishes, etc. 

Most of the r(‘frigerants have solvent action on many materials and eoinjMxsition 
gaskets with tin* result that such materials must lie carefully tested luid selected 
befon* use. In general, such gasket mat(*rin1s should not conlain natural rubber, but 
instead neopn'iic sliould be obtained from tlw* rubber eomponies w^hich are in position 
to supply materials of tlic proper eharac tori sties. l*resaed filxTs, including asbestos, 
tvith a number of insoluble binders may be used as may also mctallie gaskets. Ckitton 
on motor windings must bo properly ch^anod and degummod, and insulators and 
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varnishos must bo solerted with proper regard to the Bolveiii prupcriieH of the partic¬ 
ular refrigerant. 

Effect on Materials. A refrigerant must have no effpci on any materials being re¬ 
frigerated, such as food, flowers, furs, or fabrics, or any materials that may be exposed 
to the refrigerant VHpor or liquid. 

C'ertain ndrigerants such as ammonia and sidfur dioxide cause mild to serious 
contaniinatinii to plant life, food products, textiles, or other materials with which 
they may come in contact, and excessive exposure of fruits, vegetables, meats, and 
liquids will cause rot, scald, and bums or make them so unpalatable as to prevent 
their consumption. 

The Freon refrigerants, either liquid or vapor, are not absorbed by and have no 
effect on any materials being refrigerated, and the vapor has no effect on the odor, 
taste, color, or stnu'turc of dairy products, meats, or vegetables. Tlie Freon vapors 
have no effect upon the odor, color, continued blooming, or structure of flowers or 
plant life, and the liquid or vapor has no efiet t upon the color or structure of furs or 
fabrics. 

Leak Detection. A leak of rcfi igci ant must be capalde of being easily del ected and 
located. 

I^aks of ammonia, aside from odor, arc detected and loeated by inninoiiium sul¬ 
fite (vfrhite fog or funiesj resulting Jroni luiniiiig sulfur sticks m the prchcm-c of the 
refrigerant or determined by the alkaline reaction on moistc'iicd litmus paper or 
pheiiulthaleiii. 

Leaks of sulfur dioxide, aside from odor, arc detected and local(‘d by ammonium 
sulfite resulting from exposure to 28 per cent amnionia in w'ater in the presence of 
the refrigerant. 

Many odorless and/or flammalile refrigenuits, such as mc'thyl chloriile, nietliyleiii' 
chloride, carbon dioxide^, isobutanc, ammonia, and methyl formate, are not easily 
detected or located, owing to tlicir relativi'Iy high chemical stability, and other 
methods of leak detection must be resorted to, sueh as tbe application of soap and 
water solution at all susiiected iKimts or observatjon of oil .^pots or leaks. It is quite 
obvious that such methods are not entirely salisfuctoiy in daik, eonfined, or inacces¬ 
sible s})aces or l(»eatiotis. 

Owing to the fact that the Fieoii refrigerants arc stable and inert, the usual visual 
method called the “siuokr” tent cannot be used to determine leaks a.s there is no 
known chemical compound that will react with the refrigerants to produce a visible 
vapor. 

The liesl knowui method of detecting and locating a leak of Freon vapor is liy 
means of an alcohol oi gas-buining baliclc' toich. Owing to the conibuKlion of the 
fuel in the burnei. a draft of trcuri 2 to 3 f]>s i.s created through a steid tube w’hich is 
inserted in the bunuT at the base of the flame. A flexible rubber liose is placed on 
the end of the steel tube, and the open end of the rubber expUuing hose is then jiassed 
around all jKJSsible sources of leak. Any air suspected of containing Fieon vaprir is 
conducted through tlie hose and tuhe into the Imrncr and over metallic copper. 
Should there lie any Freon vapor in the air being tested, the high-temperature flame 
will cause the refrigerant vapor to bieak dowm and form a volatile copper halidi. 
This will cause the flame color to (‘haiigc from the normal colorless to a bright green 
if the, air contains Freon vapor. 

A leak of Freon vapor may l>e definitely located by means of a halide torch or 
lamp even v hen tlie leak occurs in a dark or confined space. Leaks at the rate of 1 
oz of Freon jicr month (0.06 pi‘r rent) may be leadily detected, although these dctec 
tor torches will detect leaks as low' as 0,01 per cent, wiiich is (‘quivaJerit to the escape 
of Freon at the rate of J oz in 6 months. Leak-detector torches of nonfferrous metal 
burners or of a pump-up type are nut ri‘conmieiided, as the color change of the fiamc 
will not be sufficiently rapid and fiiffy serve the jmrposo of the lamp. The use of 
odorants or chemicals to produce reactions fur a .s iiokc teat arc not recommenclcd. 
Leak-detector lamps of the type now on the market should not be used for locating 
leaks of flammable or eombustible gases used as refrigiTaiits. 

The rate of leakage* of a refrigiTant gas is depr'inlent on such faetors as pressure, 
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capillurity, viscosity, density, rate^of diffusion, and molecular weight, but a very 
good measure of this rate of leak may be expressed as being inversely proportional to 
the square root of molecular weight, assuming the pressure to be the same in all cases. 

Thus for the same pressure it will be found in Table 9-3 that the FriHin vapor or 
gas leakage will be less than the leakage of any of the other compressed gases used 
as mfrigerauts. 


Table 9-3. Rate of Leak 


Hefiigerant 

Molpciilar 

SriuaiP loot of 

Hate nf leak 

V, eight 

nirtleculai neitsht 

(naiiie lueHaiiie) 

Fipou 113 

IR7 39 

13 69 

0 68 

Fi poll 114 

170 93 

13 OU 

0 71 

1 rer^n 11 

137 4 

11 03 

0 80 

>ipun 12 

120 9 

11 0 

0 85 

Frpon 21 

102 9.3 

JO 16 

0 92 

Irpon 22 

86 48 

9 3 

1 00 

Motlolpiu (lilorulc 

84 92 

9 21 

1 01 

Sulfui filOMltP 

64 07 

8 0 

1 16 

Methyl foriiiato 

60 0.3 

7 75 

L 20 

iNohutaiiP 

38 8 

7 63 

1 22 

Mi'tliyl chilli ulc 1 

1 rtO 48 

7 11 

1 31 

Caihon dio'>iilc> 

1 44 0 

6 64 

1 40 

Air 

29 0 

5 3S 

1 73 

Aniinuiuii 

17 03 

4 13 

2 25 


Surface-wetting Ability. A refiigcrajit must havi‘ good surface-w cutting character¬ 
istics so us to release r(‘frigcrunt ^al>ol or gas bubbles or vapor film from the heat- 
tiaiisfer surfaces of the evaporator and condenser to make such surfaces inure effective 
and oflicii'iit. 

The ^a^lous rcfiigciantss have diITciC‘nt characteristics or properties for wetting 
heat-tiansfei suifnce us the gas bubbles of one t\pe spread out on the unwetted sur- 
laee, thereby drawing llie free edge of the bubble into a fine wedge between the 
lelijgeiant liouid and the heat-absoThiiig surface ami holding it fast against the 
aitjon of biio^'iiicy. In such a (‘ase tlic Imbble becomes latlier laige before brn’iig 
detached and i( placed by a new bub])le 

In the case of gas liuliblcs in an evaporator using a surface-wetting refrigerant, 
ihe liquid refrigeianl tends to push away and to sheer off Die biihhle, which rests at 
imh one point and becomes globular or oval and lca\eR the surfare while still very 
small Vciy complete information on the subject appeal's in various engineering 
jouiiials and tecliiiiial ^lapcrs. 

The cliloiiiialed h> diocurboii refrigerants and the halo-fluoio Freon refrigerants 
are excellent in Ibis lesiieet. They have verj' good Rurfaee-wetting characterialics, 
icleasi gas hubbies imiiicdiali'ly ami uniformly when formed, and elmiinate the use 
of an ebullatmg surface, which places the liquid relrigeraiit directly in contact with 
h('at-f riiiihfiT surface which incri'ascR the heat-transler ellieiency and jircvcnts sujier- 
heatmg and violent blasting out of Ibe gas tlirough the liquid refrigerant in the 
« v.ipoiator. 

Vapor Density. Ixiw vapor density is at times coiisiderefl desirable by certain 
' ngine(‘is in order to obtain high gas velocity through vah es, fittings, and small siu tion 
mil discharge lines without causing excessive pressure diop. 

H(‘gnrdless of the refrigerant used, consideration must lie given to the elimination 
or reduction of restrictions in Ruction and discharge lines, comprcHHor valves, and 
nt^iiigs in oidiT to iieimit free ]>iissagc of lefrigerant vapor. This consideration hai% 
made necessary the icdi^sign of compressor intake ami discharge valves with close 
study of prcssiire-vohiine diagrams, wnlli the result that the prevent-ilay systems have 
^hown greatly increased ojicratuig efficiency and reduced vaKe noise without exces- 
f ivcly large or costly installation and without engineering difficulties. 
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l>oii8itioa of refngerant vapor in pounds ixr rubir feet at saturated pressures and 
standard ton temperatuie conditions are shown m Table 9-4 


Table 9-4. Densities of Refrigerant 
Vapors 


Refrigerant 

\ apor doneiiy 
lb ptr lu ft 


86°! 

Carbon dioxide 

3 741 

21 09 

lieon 22 

0 8U34 j 

1 213 

Freon 12 

0 6715 

2 569 

Freon 114 

0 2369 

1 1 )9 

Methyl chloride 

0 >209 

0 ‘ISO 

leobutane 

0 1 >6 

0 6)8 

&u]fur dioxide 

0 1j)R 

0 844 

Ammonia 

0 1227 

0 564 

Freon 21 

0 lO'lS 

0 577 

Freon 11 

0 OSH 

0 446 

Freon 113 

0 0170 

0 2o7 

Meth-vl formate 

0 0212 

0 141 

Methylene chlnii Ic 

0 202 

0 15 


Table 9-6. Density of Liquid 
Refrigerants 



Density 

Specific 

RLfrigerant 

lb pel ru 
ft 86“F 

ity 

(vraicr 1) 

Freon 111 

96 96 

1 559 

Freon 11 

91 

1 468 

Fieon 114 

89 111 

1 441 

Frion 21 

84 52 

1 360 

Sulfui dioxulL 

84 4 

1 558 

Methvltuc (hlojiif 

81 3 

1 540 

Freon 12 

SO el 

1 297 

Fieon 22 

16 

1 177 

Mcth\l form it( 

bl 0 

0 982 

Methyl (hl( ndt 

) 8 

0 898 

Cirboii dioxide. 

i7 4 

0 602 

Ainmonia 

37 2 

0 o98 

Isobuiane 

34 1 

0 349 


Liquid Density. DcIlMt'^ or guivity ol liquid nfrigci uit ronoirns only tin ( il( illa¬ 
tions for buo\ diK y of float v ih i, but y hin ( ikiilntions arc m idt c oiisidc raticut must 
be given to the density oi giavily of tlit icfiigc'rant-oil mixture'' rathtr than only the 
liquid rcfiigeiaut 

D('nsit> or graxit) is of minor impoitiiiee i^hen ealeuhluig pressure tlrop in 
liquid hues as the liquid vtloeitics arc of a ’serj lc»\ ordn Ddisitv ot liquid has 
mfluenie on the volume eif liquid lefiigernnt that i(jh\ be leeiujied ui tin system but 
density alone i of seeoiulary impoitunce when siketiiig the lelc d lefrige mnt Tbfng- 
erantb of high dtnsjty eu gruity an nov\ being used quite widely in pieferenri to 
refijgerantfl of low duisity ind gi ivity 

The ekiiwty of liquid lefiigcraiit^ in pounds pti i ubie k)ot is shown in TibJe q-5 

Critical Temperature and Pressure The refiigu mt must have a high eiitieil 
temperatuie to jicrmit h]j,h opemting cffieieney when usuig either high-timpelature 
watei eir ui as i eondeiising meeliiim The critic d temiHiatun is the timperatim 
above which the lefngerant eaii exist only ns a gas, and the pleasures at those tem- 


Table 9-6. Critical Temperatures and Table 9-7 Freezing Points 


Pressures 



/ 11P 1 lU 





point 




Rtfrig^a 1 

d gl' 


C 111 si 

( itiral 

1II rn 22 

>56 

HLfrii.f]ant 

1i inj rr it jiL 

1 It S 111 

Ireun 1- 

252 4 


lit 1 

1 Hia 

1 lob itan 

229 




1 Hon 21 

211 




IiK n 11 

168 

Methvhne ihlon h 

4*i 

610 

Mtthyl If rin iti 

148 

Methyl fornix tr 

418 

607 

Mfiliyl IJiril 

145 7 

IrLon 113 

417 4 

415 

Mrtl lini 11 l3ii I 

145 

Ileon 11 

588 4 

63) 

Iipon 114 

15/ 

T reon 2J 

3 5 5 

7)0 

Atiuii riia 

107 9 

Sulfur dioxide 

514 8 

1 141 3 

Sulfui dll xiili 

98 '3 

Irrcn 114 

294 5 

474 

( aibon dll)tide 

- 69 9 

Methyl oliloi il 

289 6 

1 963 ^ 

Ireon 113 

- 51 0 

Isobiibano 

27- 7 

1 337 1 



Anitiiouia 

271 2 

1 651 



1reon 12 

212 7 

' 582 



Freon 22 

204 8 

716 



Carbon dioxide 

87 8 

1 071 
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peratures are shown in Table 9-6.. It will be observed that, with the exception of 
carbon dioxide, all n^rigerante have critical temperatures well above condensing- 
medium temperatures that will be experienced in refrigeration practice. 

Freezing Point. The refrigerant must have a low freezing point which should be 
well below any temperature that may be encountered in machine operation. Table 
9-7 shows the fnjezing points of the various refrigerants, all of which are lower than any 
temperature upon which they are called upon to produce under normal operating 
conditions. 


REFRIGERANT SYSTEM LUBRICATION 

A refrigerant must be miscible with mineral lubricating oils in order to simplify 
the lubrication problem and i)ennit the most efficient lubrication of the compressor 
under all operating conditions. 

Practically all refrigerants arc more or less miscible with mineral lubricating oil, 
which reduces 1 he viscosity of the oil, but the miscibility is dependent on temperature 
and pressure of the solution, base of the oil, viscosity of the oil, and design of the 
compressor and lubricating system, (’ertain refrigerants aie miscible with oils to a 
very slight degrc'e, while other refrigerants are eoinj)letely miscible when under pres¬ 
sure and low It^mperaturc eonditions. This question of miscibility should not be 
considered a serious delenniniiig factor as refiigenints that arc highlj’- miscible, such 
as methyl chloiide, ethyl chloride, isobiitaiie, metbyleno chloride, Freon 12, Freon 11, 
Freon 21, Fnnin 22, Freon 113, and 114, have been used with complete satis¬ 

faction. Refrigerants that are considered relatively immiscible with mineral lubri¬ 
cating oil arc ammonia, carbon dioxide, sulfur dioxide, and methyl fonnatc, although 
the question of ininiisribility W'as not the reason that pTOjn]>ted their use. 

Many refrigiTants are not sfUuble or an* solubh* only to a limited degree in mineral 
lubricating oil which will pemiit I Ik* heavier fractions of the oil, w'ax, or gum to sep¬ 
arate or d(‘posi( on the cold heat-traiisfiT suiface of the evaporator or eondunser, 
with the result that they will greatly r(‘duce heat transfer or prevent return of all the 
oil to the eornpressor wdiere it is needed. 

The chlorinated hydrocarbon lefiigeraiita and the halo-fluoro Freon refrigerants 
wiiich dissolve in the miiienil lubiicating oil will aiit^omaticnlly remove the heavy 
oil, wax, or gum with the rcMilt that heat-transfer efficiency is greatly improved. 

All (‘hloriiiif-bearing compounds gn'atly assist in the lubrication of refrigeration 
compressors because they act as a carrier for tlie oil causing wetting frf the bearing 
surface. The Freon refrigerants do not react with any of the mineral hibricating 
oils useil in refrigeration apparatus. 

The advantages of using a refrigerant whicli is iniseible with lubricating oil are as 
follows: 

1. The oil foam or fog will permit return of tho oil to the eompressor from the 
evapomtor. 

2. J\)sitiv(* return of oil from evajiorator. 

3. Roiling jioint of refrigerant-oil mixture changed but x^er^' little ex'en with large 
quantities of oil iiresent. 

4. Ih'frigerfliit a good carrier of oil to moving ])ar1s ordinarily difficult to reach. 

5. Siiniilitied construction of oil return. 

6. No problem of oil separation and return from liquid receivers, ex^aiiorators, or 
liigh-side float chambers. 

7. Good heal-transfcr characteristics due to eliminating insulating film of oil. 

8. Solubility low'crs pour point of the nil in low'-temperature evaporators 

Gimsiderable data have b(‘en developed which show* the solubility of the Freon 

refrigerants in mineral lubricating oil at various pressures and temperatures. Other 
data have been developed w’hicli show the boiling point of the J'^reon refrigerants and 
oil solutions and also th(‘ xdscosity of Freon nil solutions at various t<*inperaiures. 

The x’'arious curves show' a reduction in the viscosity of tlie oil w’hen diluted with 
the Freon refrigerants, especially at low oil tempLMatiirc, but relativelv small change 
in visjeosity at the higher oil teiniM.‘ra1iireH wdiicli w'ill exist in Ihe bearing und(‘r oper¬ 
ating conditions. It is not believed that «»iie should be directly concerned with the 
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solubility of Freon in oil, as the rurves sliow that the addition of 5, 10, or possibly 
15 per cent of Freon in oil under actual operating conditions docs not greatly reduce 
the viscosity. In other words, the reduction in oil viSf‘osity when using Freon at 
temperatures of from 160 to 180“F is not greatly changed from that of the oil itself. 

The experience of the refrigeration and air-eouditioning iiidustnes lias shown that 
Freon refrigerants do not cause injury to the Inhiiciiliiig jiropcrties. It is true that 
bearings may l>e Hcored at times, but invarLably it 'will be found that the damage to 
the bearings had been cauh(‘d by the presence of factory dirt, oxide, or scale, foundry 
sand, or other foreign matter '\^llich had bet'ii renio\ed from the casting or pipe owmg 
to the cleausiiig properties of Freon refrigerants. 

TYPE OF COMPRESSOR 

The evaporator temperature to b(‘ obtained and the type and size of compressor 
to be used will determine the selection of 1 h(‘ refrigerant to be einployi'd. 

ruder normal temperature conditions, it -will be found that n'fngeraiils with boil¬ 
ing points of less than apjiroxiniately ]5''F are adaptable to n'cljirocatiiig-t^pe com¬ 
pressors. Refrigerants ^\itli lioiling points of between approximately 10 and 90°F 
arc adaptable to rotary-typ(‘ compn'ssors of tractional-horsep<mer size and of hermet¬ 
ically sealed design. Kefrigernnts \\itli boiJxng points higher than 35^ are adaptable 
to centrifugal-type compressors of larger than 50 tons’ capacity. 

Low-lioiling-tcmijeraturc refrigerants have higher pressures and can best be used 
in low-piston-displacemeiit reciprocating-type compn'ssors oinTiiting under positive 
prcssur(‘s on the low aide of the s^vstrm afid with pressure dilTcreniinls of approxi¬ 
mately 3^2 atmospheres (50 psi) and Jiiglier. 

Medium-boiliiig-tempf'raturc refrigeiants are used in mediUTn-\apor-(liHi)lueeinenl 
rotary-type compressors operating at or near atmospheric pressure, such as 2 lb abs 
on the low side of the system and with prcbsurc difTerentials of 1^2 to 8)2 atmos¬ 
pheres (20 to 50 i)si). 

lIigh-boiling-t(‘mpernture refrigerants are used only in Inrge-vapor-displacement 
higli-sp(‘(‘il cen 1 rifugal-typ<‘ compressors ojicrated undiT negain'c pressures of as low 
as 1 lb abs on the low side of the system mid with ])n*shuip diiliTentials of up to 1 j 2 
atmosplieres (22 psi). 

Thus under normal temperature conditions found in the average refrigerating or 
air-conditioning systi'm, it wdl be found that reciprocatJng-typ(* compres,sors require 
the use of carbon dioxide, ammonia, Fieon 22, Fr(‘on 12, metliyl cliloiide, isobutane, 
and sulfur dioxide. Fractioiial-liors(‘iionf‘r rotaiy-type eomirressors require the u.se 
of isobutane, sulfur dioxide, Freon 114, Freon 21 , Freon II, and methyl formate, 
(^eiitrifugal-typc compressors require the use of Freou 11 , methylene chloride, ami 
Freon 113. 

Any refrigerant can be used in any type of compressor provided tliat proper cog¬ 
nizance is given to evajKirator and eondeiiser lemirernturrs, pressures and pressure 
differentials, dciisily and volume of refrigerant vapor, and other factois. For exam¬ 
ple, Freon 12 or IVeon 22, both of whieh have high vapoi donsitv, may be used in a 
centrifugal-typo compressor for jiroduciiig cxticunely lou liuiijicralurcs (—150“F) 
piovided tliat the difference in prcKsure b<‘tuecn the high and the low sides of the 
system is held w’ithiii 1^2 atmosjiheres, or appioximaiily twenty-two pounds jicr 
square inch. Condensing of the Freon 12 or Freon 22 will need to be taken laie of 
by means of a sec^oml centrifugal-type compressor using Freon 11 or Freon 114. 
This would be knr>wn as a cascade t>pe of system. Freon 12 or Freon 22 may bo 
used in reciprocating-type eompr»*ssors for producing very low tcmperHlurcs 100 
to —150“F; pro\'id(‘(l a two- or thrcL*-stage coinprc.ssor is (‘inploycd to liold the com¬ 
pression ratios between stages as low' as possible. 

Isobutane, sulfur dioxide, and methyl formate an* limited to riactional-horseiiower 
reeiproeating- or rotary-tvjie eompressors only. Such systt'ins wi n* used only in 
1 ious(*hold units but have long since been dibcontinved 

Refrigerant Heat Values. The heal values of refrigerant liquid and vapor in 
refrigerating elb*ct per jitmiul must be eonsidercil with tin* licpiid refrigerant volume 
in order 1 o establish a value for 1 he tefrigei luit itsidf. A refrigerant must not be judged 
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only by the fact that it has a high or low refrigerating effect per pound, but the volume 
per pound of the liquid refrigerant must also be taken into account in order to arrive at 
the volume of liquid refrigerant to be vaporized per unit of time and a given load. 

The Freon refrigerants have relatively low refrigerating effe(*ts ptT pound, but 
this must not be considered a disadvantage as it merely indir'ates that more liquid 
refrigerant inust be metered to the evaporator in order that the desired amount of 
refrigeration be produced. Actually it is a decided advantage to circulate a large 
A’’olume of liquid refrigerant through the expansion or float valve as the large volume 
of liquid refrigerant required will simply call for a large on flee diameter, which will 
)>erinil the use of less sensitive, more accurate, and more positive operating and reg¬ 
ulating devices with less critical adjustment. 

Refrigerants with liigh heat values or refrigerating effects arc not desirable, eape- 
cially for use in the smaller size of systems owing to the small amount of liquid refrig¬ 
erant in the system and the difficulty eiieounterod in accurately controlling the flow 
of such small volumes of liquid refrigerant throngli the valve orifice that is required. 
For small systems, the adjustm('nt of the regulating-valve orifice is most delicate 
when using refrigerants vMth high heat values. 

The heat values, weight, and volume of liquirl refrigerant to be metered through 
the regulating valve under standard ton conditions are shown in Table 9-8. 

Table 9-8 



Heat content, 




Cu in. liquid 


Btu per lb 

Btu 

refriKcratiiiK 
effocl pci lb 

D) IkiuicJ 

C'u ft liquirl 




ICfllKClHIlt 

rpfnycinnt 

lefriKPrant 


VApor, 

Liquid, 

eiapoiated 
per nun 

pci lb, 
Sb^h 

to he 

evaporated 


6®F 

80“]'’ 




per min 

Ammonia 

013 30 

1 138 9 

474 4.5 

0 421a 

0 026.91 

19 6 

Sulfur djoxide 

183 49 

42 12 

141 37 

1 414 

0 01184 

28 9 

Methyl formale 

233 Sf) 

44 32 

189 23 

1 056 

0 0164 

29 9 

Methylene rhloiidc 

163 8 

29 7'i 

134 05 

1 492 

0 01198 

30 9 

Metlul chloride 

196 9J 

4(1 67 

l.VJ 2.5 

J 331 

0 01778 

40 9 

rVeon 21 

119 97 

30 r>6 

89 41 

2 237 

0 01183 

45 73 

J'>eoii 11 

92 88 

2ri 34 

67 54 

2 961 

0 01094 

55 976 

Ffpon 113 

79 60 

23 93 

53 67 

3 726 

0 01031 

06 48 

Freon 22 

10.1 r)6 

36 28 

69 28 

2 S87 

0 01363 

67 97 

freon 12 

78 79 

27 72 

51 07 

3 916 

I 0 0124 

83 9 

Freon J14 

72 21 

29 11 

43 10 

4 640 

0 01112 

89 16 

iHohutane 

162 0 

50 5 

1 111 5 

1 794 

0 0294 

91 1 

Carbon dioxnlc 

102 14 

45 45 

56 69 

3 528 

(1 0267 

162 8 


Compressor Vapor Displacement. A refrigerant should have such vapor volume 
pc‘r pound that it vill permit low eoniprc*Hsnr displacement and make possible small, 
cuinpact eoiiipressors of relatively lov-siM*ed n*ciprocatiiig type or of high-speed 
centrifugal type. 

Under standard ton eiinclitions, the displacement of the compressor will be depend¬ 
ent upon the refrigerating effect per pound, the weight of liquid refrigerant t« be 
evaporated, as given in Table 9-9, and the volume per ijound of refrigerant vapor. 

The vapor ilisplaccment rccpiired b}*^ the compressor is almost directly related to 
the boiling point of the n‘frigi*rant at atmospheric pressure as shown in Table 9-9. 
In other words, the lower the boiling point of the refrigerant, the lower will be the 
displac(*ment required, or rather the higher the boiling point of the refrigerant, the 
greater will be the vapor displacement required. 

Pressure. The condensing and evaporator x^ressures should be positive and as 
close as possible to atmospheric pressure to xierniit lightweight construction, low 
initial cost, lower power eonsurniition, and compactness of the compressor unit, as well 
as to reduce the leakage of the refrigerant to a minimum, to assist in detecting and 
locating leaks, and to avoid the leakage of moisture-laden air into the sy'stcm. 
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Table 9-9 


nefiigeidnt 

Roilins 
point, deg F 

Lb liquid 
lefngerant 
evaporated 
per mm 

Vapoi 
volume 
per lb, 

5°F 

(■"u ft dis¬ 
placement 
per nun 

Carbon thoxide 

-108 4 

3 528 

0 2673 

0 943 

Freon 22 

- 41 4 

2 887 

1 246 

.1 506 

Ammonia 

- 28 0 

0 4215 

8 150 

3 436 

Freon 12 

- 21 6 

3 '116 

1 485 

5 B15 

Methyl chlondi. 

- 10 76 

1 331 

4 471 

5 96 

laobiitane 

n 6 

I 704 

6 41 

IJ 497 

Gulfur dioxide 

14 0 

1 414 

b 421 

9 084 

Freon 114 

38 4 

4 640 

4 221 

10 5H7 

Freon 21 

48 0 

2 237 

4 132 

20 427 

Freon 11 

74 7 

2 061 

12 27 

36 33 

Methyl formate 

8f) 2 

1 056 

47 25 

49 9 

Meth>leno chloride 

101 7 

1 402 

4n 9 

74 45 

Freon 113 

117 6 

,1 726 

27 04 

100 76 


In Tablt* 9-10 will lx* found tho pioshuios of the \aiiou^ rt'frigoi.antR and roniprt'H- 
Bion ratios when under stiindard Ion eondilions 

Operating head pressurea will vary with the temperature of eondiui'.ing medium, 
type of eondenaer used, whether air- or water-ioolid, design and eonditiou of Ihe 
1 eondeii>-ei, operaliiiK haeK piessure, sup- 


erhial lioni iht comprohsor, and olhei 
factors Such ]>iessiires that may b(‘ 
ohsened will eoiicsiioiul to a lempeia- 
ture of approximately 10 to higher 

than the coiresponding terupeiature of 
condcmsing medium for a good design of 
water-eooled eondenser and as mucdi as 
possibly 25' higher than the eondi using 
ail 1em])eTiituie foi small aii-cooled eon- 
deiisers. The tcmipCTalure will also de¬ 
pend on the degree of air rirtuhition 

REFRIGERANT DATA 

Superheat. C'ompletesujieiheHt data 
aie not a\ai]ahle foi many of the refriger¬ 
ants MS Mi])f’rhc‘;il 'i allies has no’s er been 
developixl for them Thus all eumpan- 
sons ennijot be made foi peiformanee in 
bigh-teinp<‘Tatuie locutions High su¬ 
perheat values mean higli temperatures, 
rarbojiiisation of oil, damage to disehaigc values, and large condenser suifaee for the 
removal of superheat. It is inteiesting to note m Table 9-11 that the temperatures 
of compression for the Freon refrigerants are fpiite low under standaid ton conditions 
of 5”F evaporator, 86®r eondenaer, O^F superheat of vairor, and 9°F siihcooling of 
liquid. 

Horsepower. The theoretical indicated hoisepowc'r per ton of refrigeration is 
substantially the same for all refngcTants with the exception of caibon dioxide under a 
given set of tempeiature operating eoiiditioiia. 

Eugiiieeimg design and iniin> tiini'*. salea, installations, sc'ivire, and oj»eration are 
responsible for the wdde variation in actual hoisi*power pei ton tequiied. It has been 
found from practice tliat, regardless of the Tp, C , ( p/(\ ratio, ratio of differential 
heat of liquid to latent hc*at, specific heat ol liciuid, coefficient of peiforiimnce, power 
loss due to liquid expansion and corn pi c'shiou, supeilieut, etc , Frc^on-cdiarged systems 
operate with less brake horsepowc'r than any other of the eommonlj used refrigerants 
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Gaugi pressuie psi 

Com- 

Itefrigrrani 

— 

— 

I)ies<«on 


86“ F 


latio 

Carbon dioxide . 

1,024 3 

110 7 

3 11 

Fieon 22 

150 8 

‘28 

4 05 

Ammonia 

154 5 

10 57 

4 04 

Freon 12 

93 2 

11 81 

4 07 

Methvl rhlonile 

80 81 

6 19 

4 57 

Sulfur dioxide 

51 75 

5 87* 

5 63 

Isnhutane 

44 8 

3 3* 

4 55 

IVeon 114 

21 09 

16 14* 

5 42 

I'reon 21 

16 53 

19 25* 

5 08 

Freon 11 

3 58 

21 05* 

0 20 

Mcth-vl fnrniato 

1 84* 

26 34* 

7 81 

Methylene chloiide 

9 44* 

27 51* 

ft 57 

Freon 113 

13 93* 

27 92* 

8 01 


♦ Inrht'S of mt’rj uo 
BUre. 


btlow atiuospliirii' pit 
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when using compressors df a typo dpsignod to haiidio the particular refrigerant. The 
use of heat exchangers for the Freon refrigerants accounts for quite noticeable gains 
in efficiency. 

Cost. The selection of a refrigerant for all tyfics of installations must be based 
upon its over-all utility rather Ilian influenced by its cost alone. The cost of a refriger¬ 
ant loses its so-called imiwrtance when the particular refrigerant is nonhazardous under 
all habitable conditions, where it permits simplicity of construction, operates quietly, is 
lightweight and rompact, and allows use of a wide variety of metals and materials of 
only moderate ooiistruetion, and in addition, eliminates secondary brine systems, makes 
jioBsiblc high operating efficiency, iriakes 
obtainable greater flexibility of applica¬ 
tion and automatic operation, and lends 
itself to perfect lubrication and greater 
reliability of automatic controls and ex¬ 
pansion valves, and, most important of 
all, permits low initial and ultimate cost 
of complete installation t>ver a long period 
of satisfactory and adequate refrigeration 
service, whether it be for household, com¬ 
mercial, industrial, or comfort-cooling air- 
conditioning and refrigeration purposes. 

Not only do the Freon refrigerants 
make application of refrigerating systems 
safe and efficient, but in the smaller sizes 
they Jiavp ptTinitted a production and installation cost of practically half that of sys¬ 
tems of similar capacity charged with refrigerants that have been u««ed in the past. 

Use of Warning Agents. The unanhuous opinion of chemists and manufacturers 
who have workt*d on this probh'm is that, although several substances are very good 
warning agents in some respi'cts, each one has some very objectionable properties. 
There ripp('ars to br’ no wainiiig agent that will satisfactorily serve such a purpose. 
Therefore, use of irritants or odorants is not advdsed in connection with Freon-cliarged 
apparatus. Various reasons such ns insuflieionl w'arning power, toxicity, inRtal)ility, 
corrosiveness, ami low volatilily liave served to eliminate from consideration the use of 
w'arnlug agenb'i with the Freon refrigerants. 

Use of Antixreeze. We do not believe it advisable to add any liquid or solid com¬ 
pound to any refrigerating system with the hope of eliminating moisture troub|f»6 or 
destroying any water that might lie present befaus(‘ in many cases very objectionable 
Mild corrosive compounds will be formed, esyM'cially when such compounds are improp¬ 
erly used and their properties not fully understood. Instead of adding such a com- 
finund to a system w'p believe it to be much more advisable to remove the waterfrom 
the systi'm and eliminate the cauM' of the diflieully rather than to add such a material 
as a 'V.niieh" or “cure-all," which certainly wdll not improve the refrigerating effect 
of the system. 

It should be tlie proper practice to remove the moisture and other impurities from 
the refrigenitiiig s\.slcm ami the lubricating oil rather tlnui to add any new compounds 
which of themselves may eoiitnin watiT or other impurities. In other words, it is 
believed that a cure should be effreted by removing the moisture from the system 
I'lther than merely to seek temporary relief by adding impurities to the system. 

It is an imlisiiutablc fact that a system should bo thoroughly dried to prevent all 
})OSRibilities of oxidation and corrosion ever oeeurring or the freezing out of the 
moisture at the rogulabing valve. The reeonimc‘nded drying agents to be used for the 
lenioval of water from a l^Veon-charged system are silica gel, activated alumina, or 
calcium sulfate. 

HANDLING REFRIGERANTS 

One of the important requirements of a refrigerant is that it be handled with 
complete saf('ty, not only Vjy llic owner or operator of the refrigerating system but also 
by the installation and service men. 

It is not required that the Freon and other of the nontoxic and inert refrigerants 
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Table 9-11 


Refriffsrant 

Temperature 
of compreeeion 
90“F* 

Fieun 113 . 

93 

109 5 

Freon 11 . 

I’reoii 22 . 

121 

139 


. . ISO 

rhlniidn . 

151 

Sulfui ilioxidp . 

204 

Ammuiiia . 

222.6 

('aihun (lioMilt* . 

—t 

Meihvlrnt' i-liluiidi^ . — 

Meihvl foiiiiati' . — 

Ibolmlnne .... — 

♦ 1.5®F Riiporheat r»f v'apor. 

t Not operated under standard ton conditions. 
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be dischargcMi into a wator, acid, or nn alkali solution when disassembling or servicing 
an installation. Such refrigoraiits may be discharged into the atmosphere as no 
damage will be caused to any materials being stored in the refrigerator or any injury 
or damage to flowers, jdaiits, shiubbery, or family pets. Ammonia should be dis¬ 
charged into water, and flulfur dioxide should be discharged into an alkali solution in 
order that such refrigerants be absorbed or neutralized. 

Freon 12, Freon 22, methyl chloride, carbon dioxide, and isobutane should be 
discharged slowly so that the liquid refrigerant is permitted to vaporize before it 
eomes in contact with any materials so as to elimuiate the possibility of freezing. Of 
course, any of these refrigerants may be pumped down or discharged into clean 
cyjinders for reuse. 

Inasmuch as the Freon rcfiigerants are noniriitating and nontoxic, it is not neces¬ 
sary to wear a gas mask when servicing siirh equipment. However, it is essential 
that proper jirolection be aflorded the e>M\s by tlie use of goggles or large-leiised 
speetaeles to eliminate the possibility of low-boiling-point liquid refrigerant coming in 
contact with the eyes and possible damage due to the freezing of the moisture in the 
eye. Should the low-})oiling-point refiigerant come in coiitai’t W’llh the eyes, the 
person sufTering the injiii> should be taken at once to a good eye .specialist. Kiibbiiig 
or irritating the eyes should be avoided, and the following first-aid trealmtmt should 
be given immediatidy; 

1. Drops of sterile mineral oil should lie introduced into the eyes as an irrigant. 

2. The eyes should then be wa.slied with one of the following if the irritation con¬ 
tinues at all: 

a. A weak lioric acid solution. 

h A sterile salt solution not to exceed 2 per rent sodium chloride. 

Should the liquid Freon gas come in contact with the skin, the injury should lie 
treated the same as though the skm had been frostbitten or frozen. 

First aid for persons exposed ^o sulfur dioxide consists of tuking the patient into 
fresh air and, if the case appears serious, ealling a phvsieinii 

The farst aid for persons exposed to ammonia fumes is as follow's; 

Summon a doctor promptly. If patient is uncoiLseious, keep up artificial respira¬ 
tion. If eyes are affeeted, hold the lids open and pour water oi 2 per cent born* solu¬ 
tion over the eyeballs and ids washing thoroughly lor 5 mm then allow two drops of 
liquid petrolatum to fall on the eyeball 

If the skin is a fleeted, strij) ammoiiiH-saturated clothing from the body. A^'ash 
with water, then paint burned surfaces with a satiirnted stdution of piciic acid (use* 
boric acid near the eves). Do not cover burns with clot lung or dres'^iiigs. 

If the nose and throat are affected, have patient snuff bone acid solution up nose 
and rinse mouth thoroughly. 

Encourage patient to drink large amounts of water. Ammonia gas is ligliter 
than air, therefore, keep head as low as possible in jnesciicc ot escaping aninionia. 
Keep near the Hoot in going to rescue of one oveicome by ainiiioniiL, and k(‘ep a wet 
sponge or cloth over the mouth and nostiiK Kc^ej) the following on hand m clean, 
easily accessible' eontaineis for hrsl-aid purposes: 

1. One-gallon bottle 2 ])er cent boric solution 

2. One-quart bottle saturated aqueous solution of jncric acid 

3. One-pound sealed package of absorbent cotton 

4. One ounce liquid petrolatum and medicine dropper 

In cases of exposure to methyl chloiule, the uaticnt should l»e removed to fresli 
warm air and a doctor called. The following fi/st-aid treatnunts may be iHcd by 
properly trained persons: 

1. Kemovp patient immediately from gus-coiitamiiialc‘d air. 

2. Administer artificial respiration if necessary. 

3. Administer a mixture of 93 per cent oxygen and 7 ikt cent carbon dioxide. 
Such a mixture is commercially available in r^dinders. An II. II. inhalator may be 
used. 

4. Give by mouth sodium bicarbonate in w^ater. 

5. Administer aromatic spirits of ammonia os a stimulant. 

6. Subsequent treatment to be prescribed by attending physician. 
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PROPERTIES OF REFRIGERANTS 

The physical and thermodynamic properties of sat nrated vapor and liquid refrig¬ 
erants will be found in Tables 9-12 to 9-24, 


Table 9-12. Properties of Freon 11 




Volume 


Hear content, Btii/lb 


Tfmperatiii e, 

PrrOBUie, 

DenHily 
liriuid, 
Ib/eu ft 



Temperature, 

des F 

ItaiK 

eu fl/lb 

Idriiiiil 

Vajioi 

degP 

-100 

29 79* 

453 1 

105 5 

-n 86 


-100 

- 95 

29 76* 

360 2 

105 1 

-10 87 


- 95 

- 90 

29 72* 

288 0 

1U4 8 

- 9 87 

81 64 

- 90 

- 85 

29 07* 

232 8 

104 4 

- 8 88 

82 21 

- 85 

- 80 

29 60* 

189 0 

104.1 

- 7 89 

82 79 

- 80 

- 75 

29 52* 

154 5 

103 7 

- 6 90 

83 37 

- 75 

- 70 

29 43* 

127 J 

103 4 

- 5 91 

83 95 

- 70 

- 65 

29 32* 

105 1 

103 0 

- 4 92 

84 54 

- 65 

- 60 

29 19* 

87 5 

102 7 

- 3 94 

85 12 

- 60 

55 

29 04* 

73 23 

102 3 

- 2 95 

85 71 

- 55 

50 

28 86* 

61 58 

102 0 

- 1 97 

86 30 

- 50 

- 45 

28 66* 

52 06 

101 0 

- 1 00 

86 89 

— 45 

- 40 

28 42* 

44 21 

101 25 

0 00 

87 48 

- 40 

- 35 

28 14* 

37 75 

100 88 

0 90 


- 35 

30 

27 81* 

32 33 

100 52 

1 97 

88 67 

- 30 

25 

27 45* 

27 87 

100 14 

2 95 

89 27 

- 25 

- 20 

27 03* 

24 06 

99 77 

3 94 

S9 87 

- 20 

- 15 

26 56* 

20 89 

99 40 

4 93 


- 15 

- 10 

20 01* 

18 17 

99 03 

5 91 



- 5 

25 40* 

15 00 

98 64 

G 90 

91 67 

- 5 

0 

24 72* 

13 94 

98 27 

7 89 

92 27 

0 

5t 

23 95* 

12 27 

97 88 

8 88 

92 88 

5t 

10 

23 10* 

10 83 

97 50 

9 88 

IM 48 

10 

15 

22 14* 

9 60 

07 11 

10 88 

94 09 

15 

20 

08* 

8 52 

96 72 

11 87 

94 69 

20 

25 

19 91* 

7 58 

96 33 

12 88 

95 30 

25 

30 

18 61* 

6 78 

05 94 

13 88 

95 91 

30 

35 

17 07* 

6 06 

95 54 

14 BH 

96 51 

35 

40 

15 61* 

5 45 

95 14 

15 89 

97 11 

40 

50 

12 00* 

4 42 

94 34 

17 92 

98 32 

50 

60 

7 73* 

3 63 

93 53 

10 90 

99 53 

60 

70 

2 64* 

2 99 

92 71 

22 02 

100 73 

70 

75 

0 10 

2 73 

92 30 

23 45 

101 33 

75 

80 

1 61 

2 49 

91 88 

24 09 

101 93 

80 

861 

3 58 


91 38 

25 34 

102 65 

86 r 

90 

4 99 


91 04 

20 18 

103 12 

90 

95 

6 88 


90 61 

27 22 

103 71 

95 

100 

8 90 


90 19 

28 27 

104 30 

KM 

105 

11 08 


89 76 

29 33 

104 89 

L05 

no 

13 39 


89 34 

30 40 

105 47 

no 

115 

15 86 


88 90 

31 46 

106 06 

115 

120 

18 50 


88 47 

32 .5.1 

106 63 


125 1 

21 49 


88 03 

33 60 

107 21 

125 


24 29 


87 60 

34 07 

107 7R 

130 

135 

27 45 1 


87 16 

35 76 

108 35 

135 

140 

30 80 


BO 69 

30 84 

108 01 

140 

150 

38 15 


85 76 

39 02 

no 02 

150 

160 

46 34 


84 85 

41 23 

111 12 

160 


* IfieliCR of mercury below 1 atiuoApliern. 
t Standard ton temperaturea. 
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Table 9-13. PropertieB of Freon 12 


Terarjeratiire, 

PreHRun*. 

IWIK 

Volume 
vaiior, 
cu il/lb 

Detihilv 
bquid, 
Ib/cu ft 

Iluat con lent, Btu/Jb 

Tcnipcraturr, 
deK y 

luqiiid 

\ apoT 

-156 

29 G8* 

232 29 

104 86 

- 24 01 

60 00 

-166 

-160 

29 61* 

J79 79 

104 46 

-23 50 


-160 

-146 

29 52* 

140 52 

104 05 

-22 39 

61 14 

-145 

- 140 

29 40* 

no 92 

103 64 

-21 29 

01 72 

-140 

-136 

29 26* 

88 34 

103 22 

-20 10 


-135 

-130 

29 08* 

70 94 

102 80 

-19 10 

62 88 

-130 

-126 

28 87* 

57 42 

102 38 

- 18 02 

63 46 

-126 

-120 

28 61* 

46 84 

101 95 

-16 94 

04 04 

-120 

-116 

28 31* 

38 40 

101 52 

-16 85 

64 63 

-115 


27 94* 

31 84 

101 08 

-14 78 

65 22 

-no 

-106 

27 51* 

26 61 

100 64 

-13 71 

65 81 

-105 

-100 

27 01* 

22 ?0 

100 20 

-12 64 

66 40 

-ion 

- B5 

26 42* 

18 71 

99 75 

-11 68 

66 99 

- 95 

- 90 

25 74* 

15 so 

99 30 

-10 51 

67 59 

- 90 

- 86 

24 95* 

13 51 

08 85 

- 9 46 

68 18 

- 86 

- 80 


11 57 

98 39 

- 8 40 

68 77 

- 80 

- 75 

23 01* 

9 96 

97 92 

- 7 35 

69 36 

- 75 

- 70 

21 84* 

8 61 

97 46 

- 6 30 

69 95 

- 70 

- 66 

20 50* 

7 47 


- 5 25 

70 54 

- 65 

- 60 

19 00* 

6 52 

06 51 

- 4 20 

71 13 

- 60 

- 65 

17 31* 


96 04 

- 3 15 

71 72 

- 55 

- 60 

15 42* 

5 OJ 

95 55 

- 2 n 

72 31 

- 60 

46 

13 31* 

4 42 

95 07 

- 1 06 

72 91 

- 46 

- 40 

10 92* 

3 91 

94 58 

0 00 

73 50 

- 40 

™ 35 

8 34* 

3 17 

94 10 

1 01 

74 10 

- 35 

- 80 

5 45* 

3 09 

93 59 

2 03 

74 70 

- 30 

- 25 

2 28* 

2 76 

93 08 

3 05 

75 30 

- 25 

- 20 

0 58 

2 47 

02 58 

4 07 

76 87 

- 20 

- 16 

2 46 

2 22 

92 07 

5 10 

76 46 

- 15 

- 10 

4 50 

2 on 

91 67 

6 14 

77 05 

- 10 

- 6 

6 74 

1 81 


7 20 

77 64 

- 6 

0 

9 17 

1 64 

90 52 

8 25 

78 21 

0 

6t 

11 81 

1 485 

90 00 

9 32 

78 79 

5t 

10 

14 65 

1 35 

89 45 


79 36 

10 

16 

17 74 

1 26 

88 92 

11 48 

79 94 

15 

20 

21 05 

1 31 

88 37 

12 55 

80 49 

20 

25 

25 63 

1 03 

87.80 

13 66 

81 06 

25 

30 

28 IG 

0 939 

87 24 

11 76 

81 61 

30 

35 

32 67 

0 803 

86 67 

15 87 

82 16 

35 

40 

3G 08 


86 10 

17 00 

82 71 

40 

60 

46 G9 

0 673 

84 94 

19 27 

83 78 

60 

60 

57 71 

0 575 

83 78 

21 57 

84 82 

60 

70 

70 12 


82 60 

23 90 

85 82 

70 

76 

76 90 

0 457 

82 00 

25 08 

80 32 

75 

SO 

84 06 

0 425 

81 39 

26 28 

80 80 

80 

8f.t 

93 2 

0 389 

80 63 

27 72 

87 37 

861 

90 

99 G 


80 n 

28 70 

87 74 

SH) 

95 

108 0 


79 46 

29 93 

88 19 

95 

100 


0 319 

78 80 

31 16 

88 62 

ICO 

106 

12G 2 

0 293 

78 14 

32 41) 

89 03 

105 

no 

136 0 

0 277 

77 46 

33 65 

89 43 

no 

115 

14G 3 

0 258 



89 00 

115 

120 

157 1 

0 240 

70 02 

36 16 

90 15 

120 

125 

168 4 

0 223 

76 25 

37 41 

90 46 

125 

130 


0 208 

74 46 

38 69 

90 76 

130 

135 

192 7 

0 19 4 

73 04 

39 95 

91 01 

135 

140 

205 5 

0 180 

72 73 

41 24 

91 24 

140 


* Inchee of mercury beli>w 1 atmonphci i. 
t Standard ton te;n]>oratureij. 
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Table 9-14. *PropextieB of Preon 21 


Temperature, 
deg F 

PresAui p, 
l»sig 

Volume 
vapor, 
eii ft/lb 

Dennity 
liquid, 
lh/f« ft 

Heal (‘ontent, Htu/lb 

Temperature, 
deg F 

Liquid 

VajioT 

-40 

27 16* 

32 09 

94 62 

0 00 

114 60 

-40 

-»5 

26 65* 

27 87 

94 15 

J 18 

1J5 16 

-35 

- 30 

26 08* 

23 61 

03 79 

2 30 

115 70 

-30 

-26 

26 42* 

20 3<l 

93 42 

3 r>4 

116 36 

-25 

-20 

24 C7* 

17 06 

93 04 

4 71 

lie 06 

-20 

-16 

23 82* 

15 38 

02 fifi 

5 «0 

117 57 

-15 

-10 

22 87* 

13 43 

92 28 

7 07 

118 17 

-10 

- 6 

21 70* 

11 77 

91 90 

8 2b 

118 77 

- 5 

0 

20 59* 

10 35 

91 52 

9 44 

111) 37 

0 

6t 

19 26* 

9 132 

91 13 

10 63 

119 97 

51 

10 

17 76* 

8 09 

90 74 

11 81 

120 57 

10 

16 

10 08* 

7 18 

90 35 

13 01 

121 17 

15 

20 

14 25+ 

6 39 

89 90 

14 21 

121 78 

20 

26 

12 22* 

5 71 

89 50 

15 40 

122 38 

26 

30 

0 98* 

5 11 

89 10 

lb 61 

122 98 

30 

36 

7 61 < 

4 59 

88 76 

17 82 

123 58 

35 

40 

4 84 

4 n 

88 36 

19 04 

124 19 

40 

50 

0 U3 

3 37 

87 54 

21 49 

125 39 

50 

60 

4 20 

2 77 

80 71 

23 98 

120 no 

00 

70 

8 38 

2 .30 

85 87 

20 49 

127 70 

70 

76 

10 73 

2 10 

85 46 

27 70 

128 30 

75 

80 

13 20 

i 92 

85 03 

2b 03 

12b 98 

80 

801 

10 53 

1 73 

84 52 

30 50 

120 88 

801 

90 

18 88 

1 02 

81 17 

31 59 

130 14 

90 

96 

22 00 

1 49 

83 7i 

32 89 

130 72 

95 

100 

25 34 

1 37 

83 31 

31 18 

1,31 20 

100 

106 

28 91 

1 20 

82 87 

35 40 

131 80 

105 

110 

32 70 

1 17 

8? 43 

30 79 

132 42 

110 

116 

.10 74 

1 07 

81 W,) 

38 07 

132 98 

115 

120 

41 06 

1 00 

bl 51 

30 40 

1.33 53 

120 

126 

45 f'.2 

0 93 

81 10 

10 79 

134 08 

125 

1.30 

60 45 

0 HO 

80 65 

42 1.3 

131 01 

130 

13.6 

.'j.'i 58 

0 80 

80 19 

U 40 

135 1.3 

135 

140 

<)l 02 

0 75 

79 74 

41 Rfi 

1.35 60 

140 

1.60 

1 72 81 

1 0 0> 

78 82 

47 02 

130 OR 

150 

100 

* 85 !U 

j 0 50 

77 90 

50 4:j 

137 69 

MiO 


^ inibiM of niPrt’un bi‘low 1 atmoaphfre. 
t Standard ion temperatures. 
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Table 9-16. Properties of Freon 22 


Temperaturo, 
deg F 

FroBBure, 

paig 

Vulumo 
vapoi, 

I'U ft/ib 

Density 
liquid. 
Ib/cu ft 

Heat ermtent, Btu/lb 

Teinpeiatiirn, 
deg 1'’ 

Lniuiil 

Yapni 

-155 

29 51* 

18A 1 

97 67 

-20 07 

86 78 

-156 

-IM 

29 39* 

146 1 

97 33 

-27 79 

87 36 

-- 150 

-l« 

29 23* 

114 5 

96 99 

-26 52 

87 04 

-145 

-HO 

29 04* 

90 61 

90 63 

-2.''! 25 

88 53 

- 140 

-135 

28 80* 

72 33 

96 27 

-23 99 

80 11 

-135 

-130 

28 51* 

58 21 

95 91 

-22 73 

89 70 

- 130 

-126 

28 15* 

47 23 

95 53 

-21 47 

90 29 

-125 

-120 

27 72* 

38 60 

95 15 

-20 22 

90 88 

- 120 

-116 

27 21* 

31 77 

94 76 

- 18 98 

91 47 

-115 

-no 

26 61* 

26 33 

94 37 

- 17 73 

92 07 

-110 

-105 

26 90* 

21 96 

93 97 

-16 48 

92 67 

- 105 

-100 

25 06* 

18 43 

93 56 

-15 23 

93 27 

-100 

- 96 

24 09* 

15 51 

I 93 11 

-13 98 

93 87 

- 91 

- 90 

22 96* 

13 20 

92 72 

-12 73 

94 47 

- 90 

- 85 

21 67* 

11 26 

92 29 

- n 47 

95 08 

- 85 

- 80 

20 18* 

9 65 

91 a5 

- 10 22 

95 68 

- BO 

- 75 

18 51* 

8 32 

91 40 

i 

- 8 95 

96 28 

- 75 

- 70 

16 55* 

7 19 

90 95 

- 7 09 

90 88 

- 70 

- 66 

11 40* 

6 25 

90 49 

- 6 42 

97 48 

- 65 

- 60 

11 89* 

5 15 

90 03 

- 5 16 

98 08 

- no 

- 65 

9 01* 

4 78 

89 56 

- 3 87 

98 68 

- 55 

- 50 

6 03* 

1 19 

89 08 

- 2 68 

99 28 

- 50 

- 45 

2 61* 

3 70 

88 59 

- 1 28 

99 88 

- 45 

- 40 

0 61 

3 28 

88 10 

0 00 

JOO 46 

- 40 

- 35 

2 71 

2 90 

87 60 

1 31 

lOl 05 

- 35 

- 30 

5 02 

2 59 

87 09 

2 62 

101 03 

- 30 

- 25 

7 56 

2 31 

86 58 

3 95 

102 22 

- 25 

- 20 

10 31 

2 07 

86 06 

5 ?B 

102 79 

20 

- 15 

13 31 

1 87 

85 53 

it 65 

103 36 

- 15 

- 10 

16 59 

1 68 

81 99 

7 96 

11)3 92 

- 10 

- 5 

19 69 

1 51 

81 45 

n 28 

101 47 

- 5 

- 0 

24 09 

1 37 

83 90 

10 63 

105 02 

- 0 

6t 

28 33 

1 25 

83 31 

11 97 

105 :>6 

5t 

1(1 

32 93 

1 13 

82 78 

13 29 

106 08 

10 

20 

1 43 28 

0 937 

81 03 

15 98 

107 13 

20 

30 

1 55 23 

1 0 782 

80 45 

IB 74 

108 13 

30 

40 

69 02 

0 656 

79 25 

21 70 

1 J 09 09 

40 

50 

84 70 

0 554 

78 02 

21 73 

109 98 

50 

60 

102 6 

0 470 

70 75 

27 HI 

no 78 

60 

70 

122 5 

0 400 

75 46 

30 99 

in 49 

70 

75 

133 4 

0 370 

74 81 

32 61 

111 81 

75 

80 

146 0 

0 342 

74 15 

34 27 

112 13 

80 

86t 

159 8 

0 311 

73 36 

.36 28 

112 47 

861 

90 

170 1 

0 293 

72 81 

37 61 

112 67 

90 

95 

183 7 

0 271 

71 10 

39 41 

112 PO 

95 

lOfl 

197 9 

0 252 

71 35 

40 

113 Ob 

100 

105 

213 0 

0.234 

70.58 

42 65 

113 18 

105 

no 

228 7 

0 217 

69 78 

44 35 

113 29 

no 

Its 

245 3 

0 201 

68 95 

46 09 

113 49 

115 

120 

262 6 

0 187 

1 

68 lU 

47 85 

113 52 

120 


* 111 (.'til'”* ijf nil rrnrv h»lfiw 1 aiiiuisphrif. 
i Staiiilanl lim ti>iri|»t'itUun 
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Table 9*16. Properties of Freon 113 







1 

Heat content, Btu/lb 


Tomi>erBturo, 
dcK F 

Pressure, 

I>Big 

1 

Volume 

Densily 
liquid. 
Ib/cu ft 





Temperature, 
deg F 

vapor, 
cu ft/lb 

1 _ 

Liquid 

Vapor 

-30 

29 31* 

K2 

26 

105 

64 

1 

97 

74 

66 

-30 

-25 

29 19* 

60 

35 

105 

30 

2 

96 

75 

36 

-26 

- 20 

29 05* 

58 

61 

104 

96 

3 

96 

76 

05 

-20 

-15 

28 89* 

49 

82 

104 

61 

4 

96 

76 

76 

-16 

-10 

28 09* 

42 

48 

104 

20 

6 

96 

77 

47 

-10 

- 5 

28 47* 

36 

43 

103 

91 

6 

97 

78 

17 

- 6 

0 

28 2J* 

31 

31 

103 

56 

7 

98 

78 

89 

0 

5t 

27 92* 

27 

04 

103 

20 

8 

98 

79 

60 

6t 

10 

27 00* 

23 

45 

102 

84 

iO 

00 

80 

32 

10 

15 

27 22* 

20 

41 

102 

47 

11 

02 

81 

03 

16 

20 

26 80* 

17 

61 

102 

10 

12 

03 

81 

75 

20 

25 

26 32* 

15 

01 

101 

73 

13 

05 

82 

47 

26 

30 

25 79* 

13 

71 

101 

36 

U 

08 

83 

20 

30 

35 

25 10+ 

12 

09 

100 

98 

15 

11 

83 

92 

36 

10 

24 62* 

10 

68 

If Ml 

60 

16 

16 

84 

65 

40 

50 

22 94* 

8 

43 

99 

83 

18 

24 

86 

LI 

60 

00 

21 02* 

G 

71 

99 

05 

20 

35 

87 

57 

60 

70 

18 08* 

5 

40 

96 

26 

22 

48 

89 

04 

70 

75 

17 31* 

4 

87 

97 

8.5 

23 

54 

89 

77 

76 

80 

15 87* 

4 

39 

97 

45 

24 

63 

90 

51 

BO 

86t 

13 93* 

3 

89 

90 

90 

25 

93 

91 

39 

B6t 

90 

12 53* 

3 

60 

90 

63 

20 

80 

91 

98 

90 

95 

10 01* 

3 

27 

90 

21 

27 

89 

02 

72 

95 

100 

8 69* 

2 

98 

95 

79 

2H 

99 

93 

45 

100 

105 

h 35* 

2 

71 

96 

37 

30 

11 

94 

20 

109 

no 

3 95* 

2 

48 

91 

95 

31 

22 

94 

93 

no 

115 

1 37* 

2 

27 

94 

52 

32 

34 

95 

67 

115 

120 

0 70 

2 

08 

94 

09 

33 

48 

96 

41 

120 

125 

2 16 

1 

91 

93 

65 

34 

60 

97 

15 

125 

130 

3 74 

1 

75 

93 

22 

35 

75 

97 

89 

130 

135 

5 44 

1 

02 

92 

77 

30 

no 

98 

02 

135 

140 

7 23 

1 

49 

92 

33 

38 

05 

99 

30 

140 

150 

11 23 

1 

27 

91 

41 

40 

38 

100 

82 

160 

160 

15 74 

1 

0»> 

911 

53 

12 

74 

102 

29 

160 

170 

20 83 

0 

94 

89 

on 

45 

12 

103 

74 

170 

ISO 

20 52 

0 

82 

88 

67 

47 

53 

105 

19 

180 

190 

32 90 

0 

71 

87 

72 

4!) 

97 

106 

63 

190 

200 1 

3D 96 

0 

62 

86 

76 

52 

45 

108 

07 

200 

210 ^ 

47 80 

0 

65 

85 

79 

54 

96 

109 

50 

210 

220 1 

56 37 

0 

48 

84 

80 

57 

49 

no 

92 

220 


* Inches «»f mercury below L atuioephere. 
t Hlamlarfl ton loiiiperatures 
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Table 9-17. Properties of Freon 114 


Temperalurc, 
deg F 

PresBiiic, 

pnig 

Vein mo 
vapor, 
cu ft/lb 

Density 
liquid, 
Ih/cu ft 

Tleat rontr 

Liijuiii 

‘nt, Btu/lb 

Vapor 

Temperature, 
deg F 

-80 

28 07* 

51 26 

105 60 

- 8 73 

60 44 

-80 

-75 

28 711* 

43 28 

105 12 


61 12 

-76 

- 70 

28 69* 

36 40 

104 79 

-0 67 


- 70 

-65 

28 28* 

30 75 

104 37 


62 46 

-66 

-60 

27 99* 

26 06 

103 66 

-4 40 

63 10 

no 

* 55 

27 60* 

22 22 

103 53 

-3 30 

63 88 

- 66 

-50 

27 20* 

18 96 

103 11 



- 60 

-46 

26 70* 

16 28 

102 67 


65 21 

-46 

-40 

26 12* 

14 02 

102 26 



-40 

-36 

25 46* 

12 08 

101 81 

1 13 

66 60 

-35 

-30 

24 72+ 

10 46 

101 37 

2 27 

G7 30 

-30 

-26 

23 86* 

9 09 

100 92 

3 40 

68 00 

-25 

-20 

22 91* 

7 92 

100 47 

4 54 

68 70 

-20 

-15 

21 83* 

6 93 

100 01 

5 67 


-15 

-10 

20 63* 

6 10 

90 60 

6 81 

70 10 

-10 

- 6 

19 28* 

5 38 

99 09 

7 95 

70 80 

6 

0 

17 79* 

4 70 

98 62 

9 09 

71 60 

0 

6t 

16 14* 

4 22 

98 15 


72 21 

51 

10 

14 31* 

3 76 

97 68 

]1 37 

72 91 

10 

15 

12 28<‘ 

3 35 

97 19 

12 52 

73 61 

15 

20 

JO 07* 

3 00 

06 71 

13 66 

74 32 

20 

25 

7 63* 

2 70 

96 22 

14 B1 

74 98 

26 

30 

4 99* 

2 43 

96 73 

16 97 

76 73 

30 

85 

2 08* 

2 18 

96 23 

17 12 

76 44 

35 

• 40 

0 52 

1 98 

94 73 

18 28 

77 14 

40 

60 

4 03 

1 63 

93 71 

20 61 

78 65 

50 

60 

8 13 

1 35 

92 68 

22 95 

70 95 

60 

70 

12 87 

1 13 

91 63 

25 30 

81 35 

70 

75 

15 4J 

J 03 

91 (W 

26 49 


75 

80 

18 34 

0 95 

90 56 

27 68 

Bit 73 

80 

8Gt 

21 99 

0 86 

89 91 

29 11 

83 66 

86t 

00 

24 59 

0 81 

89 47 

30 06 

84 11 

90 

95 

28 03 

<1 74 

88 92 

31 26 

84 80 

95 

100 

31 69 

0 09 

88 37 

32 47 

85 48 

100 

105 

35 58 

0 04 1 

87 81 

33 67 

8G 15 

105 

110 

39 71 

0 59 

87 25 

34 89 

86 83 

no 

115 

44 10 

0 65 

86 GO 

36 10 


116 

120 

48 74 

0 51 

86 08 

37 33 

88 16 

120 

126 

53 r.6 

0 47 

85 49 

38 57 

88 82 

126 

130 

58 84 

0 14 

84 89 

39 80 

89 47 

130 

135 

64 32 

0 41 

84 28 

41 05 

00 12 

136 

140 

70 09 

U 38 

-1 

83 66 

42 29 

90 76 

140 


* Inches i>f nterciirv lielow I atimMijhore. 
t Standard ton temjicraturi’a. 
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Table 9-18. Propaiiiea of CO? 


lemperatuio 

dpKl 

PrnMme 

IMlg 

Volume 

1 apoi 
pu ft/lb 

Denfaitv 
h luid 
Ib/ru ft 

Heat cortent lUu/U 

Temi>eTature 
des F 

1 iLpiul 

Vapoi 

-6*> 9 

bO 40*^ 

1 167 

HHH 

- 13 7 

136 9 

-69 9 

(>0 

80 0 

0 927 


-10 1 

136 6 


-50 

103 5 



- 4 7 

137 2 

-50 

-40 

131 1 

0 611 


0 00 

137 8 

-40 

-30 

lOi 1 

0 603 


4 5 

138 2 

30 

20 

200 2 

0 417 


9 1 

138 6 

20 

10 

242 b 

0 347 


13 9 

138 7 


0 

290 3 


63 7 

18 8 

138 9 


5t 

319 7 

0 267 

62 8 

21 1 

138 8 

5t 

10 

345 5 

0 241 

62 0 


138 7 

10 

20 

407 1 

0 205 

60 1 

29 4 

138 3 

20 

30 

4^r> 1 

0 172 

58 2 

5 1 

137 8 

30 

40 

553 1 



11 7 

136 7 


50 

P38 0 

0 K1 

61 5 

hB 1 

135 0 

50 

60 

713 9 

0 090 

50 B 

55 5 

132 I 

60 

70 

83B 7 


47 *» 

63 7 

127 5 

70 

80 

954 0 

0 Ofl 

42 2 

-1 

118 7 

80 

86t 

1 028 1 


•»7 2 

S3 1 

no 4 

86 

87 aj 

1 054 7^ 

0 0-15 

28 9 

97 0 

1 97 0 

87 8t 


* r ne?mjir point 
t Standard ton tempirnturef- 
t Cntiral pomta 
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Table 9-19. Properties of Ammonia 


Temperatui e, 
deg F 

Pi iseiturp, 
psig 

Volume 
vaiior, 
ou ft/lb 

Denaity 
liquid, 
Ib/cu ft 

Heat content, Blu/lb 

Temperatui e, 
deg F 

Liquid 

Vapor 

-60 

18 6* 

44 73 

43 91 

-21 2 

589 G 

-60 

-S6 

10 0* 

38 38 

43 70 

-16 9 

591 6 

- 55 

-60 

14 3* 

33 08 

43 40 

- 10 6 

593 7 

- 50 

-46 

11 7* 

28 62 

43 28 

- 5 3 

595 6 

-46 

-40 

8 7* 

24 86 

43 08 

0 0 

597 6 

- 40 

-35 

5 4* 

21 80 

42 86 

5 3 

599 5 

-36 

-30 

1 6* 

18 97 

42 65 

10 7 

1)01 4 

- 30 

-25 

1 3 

16 66 

42 44 

JG 0 

003 2 

- 25 

-20 

3 6 

14 68 

42 22 

21 4 

005 0 

-20 

-16 

6 2 

12 97 

42 00 

26 7 

606 7 

-15 

-10 

9 0 

11 50 

41 78 

.32 1 

008 5 

-10 

- 6 

12 2 

10 23 

41 50 

37 5 

010 1 

- 6 

0 

15 7 

9 12 1 

11 34 

42 9 

fill 8 

0 

6t 

19 0 

8 15 

41 11 

48 3 

013 3 

6t 

10 

23 8 

7 30 

40 89 

53 8 

014 9 

10 

15 

28 4 

G OG 

40 6G 

59 2 

OK) 3 

16 

20 

33 5 

5 91 

40 43 1 

04 7 

017 8 

20 

25 

39 0 

5 33 

40 20 1 

70 2 

019 1 

26 

30 

46 0 

4 83 

39 90 

75 7 

020 5 

30 

36 

51 6 

4 37 

1 39 72 

81 2 

021 7 

35 

40 

58 6 

3 97 

39 49 

80 8 

623 0 

40 

60 

74 5 

3 2<l 

39 00 

[>7 9 

025 2 

50 

60 

92 9 

2 75 

38 50 

109 2 

027 3 

00 

70 

114 1 

2 31 

38 00 

120 5 

029 1 

70 

75 

125 8 

2 13 

37 74 

12l» 3 

629 9 

75 

80 

138 3 

1 90 

37 48 

132 0 

030 7 

80 

86t 

154 5 

1 772 

37 16 

138 9 

031 5 

861 

DO 

105 9 

1 60 

30 95 

U3 5 

032 0 

90 

D5 

181 1 

1 53 

36 67 

149 4 

0.32 6 

95 

100 

107 2 

1 42 

36 40 

155 2 

G33 0 

lOO 

105 

214 2 

1 31 

36 12 

Ifi] 1 

033 4 

105 

no 

232 3 

1 22 

35 84 

107 0 

033 7 

JJO 

115 

261 5 

1 13 

35 55 

173 0 

031 0 

115 

120 

271 7 

1 05 

35 26 

179 f) 

631 0 

120 

125 

293 1 

0 97 

34 96 

185 1 

034 0 

126 


Inrhes of morriiry bt^low 1 atiiiwphere. 
t Standard ton temperatures. 
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Table 9-20. Properties of Methyl Chloride 




Voliimp 

Dcneiiy 

Heat content, Btu/lb 

Temperature, 
deg F 

TamiHrature, 
deg F 

Pt eaBiirn, 

vajicir, 
cu ft/lb 




IJBig 

Ib/ru ft 

Lniuitl 

Vapor 



- BO 

25 94* 

41 08 

66 98 

-13 HO 

184 76 

-80 

-70 

24 32* 

29 84 

Q6 31 

-10 52 

180 25 

-70 

-60 

22 10* 

22 09 

G5 66 

- 7 04 

187 74 

-60 

-60 

19 43 + 

16 61 

C5 02 

- 3 53 

189 19 

-60 

-40 

15 92* 

12 72 

64 30 

0 00 

190.00 

-40 

- 36 

13 81* 

n 20 

64 08 

1 78 

191 37 

-35 

- 30 

11 62* 

9 87 

G3 78 

3 56 

192 08 

-30 

- 26 

8 46* 

8 74 

63 47 

5 35 

192 79 

- 26 

- 20 

0 00* 

7 70 

63 17 

7 15 

193 49 

-20 

-16 

2 03* 

6 9] 

62 87 

8 01 

194 18 

-15 

-10 

0 27 

6 18 

62 58 

10 76 

194 87 

- 10 

- 6 

2 15 

5 53 

G2 28 

12 56 

196 66 

- 6 

0 

4 20 

4 07 

62 GO 

14 SO 

106 23 

0 

5t 

6 46 

4 47 

61 65 

16 21 

196 92 

5t 

10 

8 00 

4 04 

61 31 

18 01 

107 68 

10 

16 

11 5B 

3 G5 

61 04 

ID 88 

198 21 

16 

20 

14 40 

3 31 

60 72 

21 73 

108 84 

20 

26 

17 GO 

3 01 

60 39 

23 58 

100 44 

26 

30 

20 98 

2 74 

60 OG 

25 44 

200 03 

30 

35 

24 ()4 

2 60 

59 70 

27 30 

200 60 

35 

40 

28 66 

2 20 

59 38 

20 17 

201 17 

40 

50 

37 20 

1 1 02 

58 GO 

32 03 

202 28 

60 

00 

17 30 

1 62 

58 00 

26 71 

203 33 

60 

70 

58 71 

1 38 

57 31 

10 5? 

204 34 

70 

75 

04 07 

1 28 

1 57 02 

42 44 

204 81 

75 

BO 

71 60 

1 18 

1 56 69 

44 36 

205 27 

BO 

80 r 

80 00 

1 08 

56 24 

46 07 

205 80 

86t 

HO 

85 06 

1 02 

55 09 

48 21 

200 13 

90 

05 

03 76 

0 04 

55 G2 

50 15 

206 54 

96 

100 

102 0 

0 88 

56 31 

1 52 00 

20G 94 

100 

105 

no 7 

0 82 

51 03 

i 

54 04 

207 32 

106 

110 

no 8 

0 77 

54 55 

56 00 

207 70 

110 

115 

120 5 

0 72 

54 18 

67 07 

208 05 

115 

120 

139 5 

0 67 

53 79 

69 93 

208 39 

120 

125 

150 6 

0 63 

53 40 

61 91 

208 71 

125 

130 

161 J 

0 69 

52 09 

63 80 

200 02 

130 

135 

172 8 

0 55 

52 1)0 

GO 88 

209 31 

135 

140 

184 9 

0 52 

52 22 

67 87 

209 58 

140 

150 

210 7 

0 4G 

51 41 

71 87 

210 10 

150 

160 

23 S 8 

0 41 

50 56 

75 00 

210 56 

IGO 

170 

269 2 

0 36 

49 63 

79 07 

210 93 

170 


* Inrlipct uf mrrcurv below 1 aLnioanln* 
t Standard ton tcnJiX'raturoB. 
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Table 9-21. 


Temperature, 

degF 


Presfiure, 

l>aie 

Volume 
\ apor, 
vu ft/lb 

“ 23 “ 53 *"" 
21 10* 

17 94* 

13 91* 

22 42 
10 5(i 
12 42 

1 9 44 



Properties of Sulfur Dioxide 


Heat rontont, Blu/lb 


* Inchen of merrurv brlow 1 atinnspheri* 
t Standard ton toniperaturea 


Tempeiatii 
deft F 



Table 9-22, Properties of Isobutane 
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Table 9-23/ PropertieB of Methji Formate 



PrCHKlID 

IJBIK 

Volume 

Denaitv 

Heat I on lent, Btu/lb 

1 «‘mi>prature, 
deg t 

1 BiiiperHturi, 

Hpk I? 

vapor, 
tu ft/lb 

liquid 
Ib/f*U ft 

Liquid 

Vapor 

0 

26 87* 

54 0 


0 00 

232 5 

0 

H 

26 0* 

47 3 


2 C 

233 6 

St 

10 

2.1 80* 

40 5 


6 2 

234 0 

10 

20 

24 40* 

31 0 


10 i 

230 6 

20 

10 

22 7* 

21 0 


15 5 

238 7 

.30 

40 

20 46* 

18 0 


20 0 

240 7 

40 

10 

17 7* 

J'i 1 


25 8 

242 8 

50 

00 

14 41* 

12 0 


,30 0 

244 8 

00 

70 

10 2* 

0 80 


36 1 

240 8 

70 

80 

5 d«* 

7 98 


41 2 

1 

248 8 

80 

sot 

1 81* 

7 10 

61 0 

1 44 3 

2*0 ] 

86t 

00 

0 22 

« 51 


46 1 

250 n 

00 

lOO 

3 D6 

5 18 


1 51 5 

I 252 9 

100 

no 

7 

4 4(1 


1 56 7 

1 255 0 

no 

120 

12 54 

3 74 


1 61 8 

257 0 

120 

1 10 

17 O'! 

1 17 


1 67 0 

25*> 0 

130 

140 

21 71 

2 65 


1 72 1 

1 

261 0 

140 


*1nrLi(*sof hum |T^ bduvv 1 aiiikuhplurt 
t MaiiilarfI Ion ti iiiiKiatiirLs 


Table 9-24. Properties of Methylene Chloride 



T‘r( smire 

IJHIK 

^ oliiitu 

Dtu it^ 

ill at (oiilent Hlii lb 

1 pmp<^rature, 
deg F 

J1 m])< 1 'll 111 i 
dtg 1 

vajMii 

tuft lb 

1 liquid 

1b i u ft 

Lii(uid 

\ apor 

S1 

27 

1 0 on 1 


1 7 

irn 8 

5t 

10 

27 12* 

12 55 . 


1 4 

Kil 4 

10 

2(1 

26 01" 

il 40 


6 8 

165 6 

20 

30 

21 71’* 

2J 00 


10 2 

106 9 

30 

40 

21 04* 

IS (lO 


11 f) 

168 0 

40 

no 

13 72* 

11 6S 


20 4 

170 1 

(A) 

80 

12 02* 

7 50 


27 3 


80 

Mit 

0 4 1 * 

U 68 

8) 5 

20 75 

17} 1 

86t 

100 

2 07* 

5 11 


31 n 

173 7 


120 

j 1 50 

1 (>5 


10 6 

176 0 

120 

140 

1 12 0‘» 

2 (i9 


47 fi 

17(> 0 

140 


*111111(13 nt bi low 1 atmosiihire 

I- Staudanl ton li mpt rnt utps 
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CENTRIFUGAL REFRIGERATION MACHINES 

BY E. P. Palmatikh 
Research Projfci Engineer, Carrier Corporation 

HISTORY 

The centrifugal comprosHor as a means of pumping and compressing air and gases 
was originated in Europe in 1902. In this year, a crude air blower was built to ths 
designs of the famous French engineer, liateau. Tht* first inachuie resembling to any 
great extent modern design was an air compressor built by Brown, Boveri k (\)., Ltd.^ 
Baden, Switzerland, in 1900. The Cierman firm of C\ JI, Jaeger & Oo., Lc'ipzig, 
entered the field in 1908 and was aeleett'd by W. IJ. Carrier in 1920 to build the first 
centrifugal refrigeration compressor. 

At that time all the common refrigerants except carbon dioxide were irritatuig or 
toxic and therefore constituted a hazard if used in public places in conjunction with 
air-eonditioning systems. As a solution to this problem C^arrir'r seh*eted the low vapor 
pressure, relatively high molecular weight substance, dichloroelhylent', ns a suitable, 
refrigerant and at tin* same lime recognized that this gas was ideally suit(‘d to centrif¬ 
ugal compression. It was in ibis way that the ciuitrifugal ri'frigeratiiui machine was 
originated. 

In the 27 years which have elapsed sinee the first maehine \Aa> built and sold com¬ 
mercially, several other ninnufai'turers have enteicd tlu‘ field, ami about 2,400 
machines have been installed in the I’nited Stat(‘s. lieeausr^ of th(‘ relatively large 
size of this equipment the total instalh'd (‘Hpacity of the above inaclibies, expressed 
in horsepower, is probably close to 750,000 hp. 

ELEMENTS AND PRINCIPLES 

Compressor. The manner in \^hi('li a centrifugal compressor develops ]iresMire is 
usually not entirely clear to tliose uiifamilinr 'vvitli this t} pe of i*fiuipnieiit. Obviously, 
if any material, liquid or gas, is Totaled at high sjMH’d, it vill tend to be thrown out¬ 
ward from the center of rotation liy centrifugal foi(‘e. If this flow is in any way 
restiained, the centrifugal force will pioduce pressiue within the niatetial whicli 
iiiereaso with increasing distance from the center of the rotation. 

This describes, in simjde terms, the way in which a jm'SKUTe rise is produeed in 
the impeller of a eentrifugal compressor. But additional pnvssure rise is developed in 
stationary parts of the eompri'ssor. 

When the gas leaves the jmptOhT of a centrifugal eompressnr, it luis a high veloc¬ 
ity V (see Fig. D-l ) relatn e to tht't onipr(\ssor casing. By dirt't'tiiig this high-vtdocity 
gas into suitably designed stationary passages called diffusers, a enn.sitltTatde portion 
of the energy equivalent of tins liigli \elo(‘ity can be converted to pressure. 

There are tliree liasic types of diffusers: 

1. The open or vortex type 

2. The volute type 

3. The vaiied tv pe 

Ail three tyjies are in eurri*nt use in r'^frigeration eorapressora. 

It may be said, then, that pressure is developed by a centrifugal compressor 
through the action of dynamic forces on the gas iiartieles in twm wjiys: 

1. In the iin])eller, by the aetion of centrifugil force 

2. In the diffuser, by the conversion of kinetic energy of the gas leaving the 
impeller to energy of eoinpressioii 

In most cases the greater portion of the coinprc.ssion takes place in the imp(4ler. 
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I'lG. 9-1. Major rumpoiionls and velorjty diafn-ain of n(<ntrifueaL oompiessor. {A) Inlet 
ring labyrinth; (B) diffueor paHsago; (O return channel to following Htage; (D) impeller 
blading; (E) shaft labyrinth; (F) shaft; (l^) nnpellei-tip speed; (V) velocity entering dif¬ 
fuser, (IT) relative velocity leaving impeller. 



Fii,. 9-2. Centrifugal compressor dotaiU. (1) Shaft; (2) shaft labyrinth, ei+her end; 
(3) impeller lock nut, suetjon end, (-J) impeller lock nut, disc hargo end, (5) impeller, first 
stage; (C) impellei, second stage; (7) impeller apaeer; (bj inlet guide vane, first stage; 
(9) inlet guide vane, second stage; (10) intake wall; (11) discharge wall; (12) diaphragm, 
first stage; (13) inlet labyrinth, iirMt stage; (14) inlet luliyriuth, second stage; (13) spacer 
labyrinth. 
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In a centrifugal compressor the is in no way oompletA^Iy eneloseci within defin¬ 
able walls and squeezed into a smaller volimie as in the i‘;ise of so-i'nlled ''positivc- 
displacemenf compressors, W'hether of the reciprocHting or rotary type. There are 
no major rubbing surfaces except shaft and thrust bearings and no close clearances 
except the labyrinth packings used to reduce interstage leakage in multistage machines 
(see Fig. 9-2). This fact makes it possible to segregate the lubrication systcun from 

Ufw pf 95 svrB • Liquid-suction oschongor 



the stream of gas passing through the compressor and practically eliminate.^ contam¬ 
ination of the refrigeranl by oil. 

Cycle. The simple single-stage refrigeration cycle shown m Fig. 9-3a is undoubt¬ 
edly familiar. The only im^iortniit \uriation is the optional use of a liquid-suction 
heat exchanger (indicated by doited lines) fbr cooling the luiuid returning to the 
evaporator at the expense of h<‘iiting the compressor suction gas. In eithi'i case 
relatively warm liquid is throttled directly from i*ondcnsi‘r t.o e\'aporator jircssure. 
Since this liquid must be cooled to the evaixirator teniperaturi*, a definite fraction 



Fig. 9-36. UefriKoration cycle with iiitcrstaKP liquid flfisli rooliiiR. (.4) Low-tcinpcraUire 
economizer; (/f) high-tompernlurG ecoiiomizer; (C) ecoiioiaizer line's; (/>) condensate 
return trap; {E) economizer trap.^; {F) three-stage comprosbor. 

must be evayiorated befor<‘ any iisefui refrigeration can be produi'(*d. The resulting 
gas must be pumped back to the coiidcns(*r through tlie total pressure ratio of the 
cycle. 

Centrifugal refrigeration cycles almost always employ one or more stages of liquid 
*'fiash cooling" as showui in Fig. 9-36. Instead of returning the condensate imme¬ 
diately to the evaporator, it is passed through one or more expansion (chambers, or 
* 'economizers," which are connected t<i intermediate stages of the compressor. Means 
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are provided in these chambers for separating the gas generated from the liquid and 
for passiiig the latter on to the next lower pressure. In this way all the useless evap* 
oration necessary to cool the hquid from the condenser to the evaporator temperature 
does not occur at the lowest prehsure. For the cycle shown, roughly a third of the 
total gas is coiti pressed ill rough the entire presBiire range, another third is handled 
by the last two compressor stages, and the remainder passes through only the last 
wheel. 

The use of intermediate liquid flash cooling in centrifugal refrigeration cycles 
results in important iiow^er savings, particularly when the temperature range (con¬ 
denser minus evaporatoi tenriijeraiure) of the c>cle is large. 

Evaporators or Brine Coolers. Centrifugal refrigeration machines almost invari¬ 
ably are dcRigncd with clohP-coiipled evapoiators or brine coolers liecause it is usually 
less exjionsivo to pipe the load (either directly or by the use of a secondary refrigerant 
or brine) to the machine than to pipe the refrigerant to and from the load. 




I Ui U-t, Two rrniimoii types of evaporatoi s (d.) Shutdown refrigerant level; (B) 
operating relngorant level, (r) eiitriuued liquid eliiiiinator, (/)) liquid return connection; 
(B) circulation duiiug rtporatioii; (Fj refrigerant pump 

Two t> lies of shell anil Uibe i vajMuators are commonly used, the flooded type and 
the pump tvpij, shown hchcmaticallv in Figs. 9-4a and tM/>, resiM'ctiveJj Flooded 
coolers are u^eil whenever tlu loading of the hent-transfer surface and evaporator 
pn‘ssure is great luiough to cause a violent boiling condition in and around the tube 
bundle. With low-vapor-pressure refrigerants like Freon 11, it is neepsaary to use a 
ver>' compard type of hnned tubing to develop the proper degree of eirculation and 
assure high heat-transfer eoetlicients. 

At low evapoiator pressures the weight of the body of liquid refrigerant raises 
the pressure and henee the boiling femperatiire in the bottom of the shell to such an 
extent that tlie faubsurfaco formation of gas and resultant agitation of the refrigerant 
IS Mipprebflcd I’he baine rcbull occurs if the heat-tranhler eoetheient on the brine 
side (inside lube surface) of tlie tulie bundle is low. In either cast* the refrigerant- 
feide heat-transfer eoeflieient and effertiveness of the surface are improxed by dis- 
tnbutmg the liquid over the tube bundle with a pump as in Fig. 9-46 

Condensers. The condensers of centrifugal refrigeration equipment differ only 
slightly from those used in other systems of equal capacity. Since the majority of 
machines use low-vapor-presaure refrigerants like Freon 11, the gas volumes entering 
condciiRCTS are relatixelv large, and more space must be provided witUm the shell for 
distriliutiou of gas to the condensing sinface. 

The evaijoiiitor pressure of most centiifiigal machines is subafmospheiic. Any 
leaks which occur wull theiefoic icsult in air, water, or brine entering the refrigerant 
system rather than escape of refrigerant. C‘ond<*nBcr design must therefore provide 
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means to eoUect and evacuate larger amounts of air and moisture than would nor¬ 
mally occur in using refrigerants of higher vapor pressure. 

The coexistence of air, water vapor, and Freon refrigerants in the condenser air- 
collcction system introduces certain unique corrosion problems which must be con¬ 
sidered in any successful design of these elements. 

Purge Systems. The condenser pressures of centrifugal refrigeration units using 
low-pressure refrigerants may at times be subatmosplieric. I'lie system used to 
evacuate air and moisture must be designed accordingly. Details of 1 he purge systems 
furnished by various manufacturers differ, but all normally provide the following essen¬ 
tial functions: 

1. Primary air and w'ater-vapor concentration in the condenser shell 

2. Means for transferring these gases to the purge unit 

3. Additional concentration of the foul gast^s by condensation of some refrigerant 
and water vapor 

4. Separation of water and liquid refrigerant and return of the latter to the 
machine 

5. Pelief of air and residual refrigerant and water vapors to tlie atmosphere 

Besides its obvious duty of maintaining efiieieney of tli(‘ condensing surface on 

the refrigerant side, frequent cjbservation of the purge system will reveal the incidence 
of any significant air, brine, or water leaks into the machine. 

COMPRESSOR PERFORMANCE CHARACTERISTICS 

The displacement or cubic feet per minute handled by a eentrifugal compressrir 
is not closely associated with .speed. In f.ncl, a machine running at constant speed will 
handle widely varying volumes with little change in pressure ratio but with a cor¬ 
responding change in power n^qiiiremcnt. TJiis is indicated clearly in Fig 9-.'). 
The tliree curves in each half of the figure apply to three different speeds, JVi, A^, and 
N and a constant or nearly const ant suction tempcniturc and density. The vertical 
eoordiiiates are the ratio of condenser pressure to evaporator pressure or pressure ratio 
(lower) and input horsepower (upper). 

Since the refrigeration or the cooling effe^-t pioduci*d is almost proportional to the 
pounds of refrigerant circulated, the horizontal coordinati' can be considered as the 
load in tons or Btu per hour \\hich is inipo.sed on tht* machine. The .shapt* of the 
characteristic curve indicates that a con^id^Tablc range of capacity can he handled 
at constant speed with relatively minor (‘hangc in ronipression ratio. 

The factors that in/Juc'iice the maximuiii coiuiircssioTi ratio produced by a com¬ 
pressor are 

1. The speed at which it is driven 

2. The molecular weight of the gas handled. A higher pressure ratio is developed 
per stage with high-inolecidar-weight gases. 

3. The number of wheels or stages 

4. The diameter of the comi>rcbPor wheels 

The effect of items 1 and 4 is to establish a certain impeller ‘'tip speed” (]>t'riph- 
eral velocity). The compression ratio dcvck»ped is closely related to this velocity 
{V in Fig. 9-1). 

Capacity Control. The operating engineer should become familiar wi^h the dis¬ 
placement-pressure ratio-power characteristics of this type of machine because they 
serve as a guide to operating procedures. For example, the characteristic in Fig. 9-5 
indicates the relative performance obtained with different methods of control. In 
most instances the demand on the compresBOr is one of redinung pres.sur<‘ ratio with 
reducing load as represented by the line OA, This type of demand inny be brought 
about by an interrelation between condenser water temperature and load, as in the 
case of air-conditioning applications. (IjOw outside temperature reduces botli the 
load and condenser water temperature.) Or it I'-^ay be tliat the only reduction in 
pressure ratio comes about by the reduced teiiijicrature difference requin‘d on the 
heat exchangers (brine cooler and condenser') at reduced load In any case, with a 
load-pressure ratio demand curve like OA, the lowest power will bo required if the 

644 



COMPHKSSOR PERFORMANCE CHARACTERISTICS ISec. 9 


Bi)eed of the compressor is reduced For tliis reason contrifugal refrigeration machines 
are usually driven by a varmbl(*-bpoed motor or turbine 

If a conslant-epeed driver such as a synchnmous moloi is used, practically equal 
power economy will result by intciposmg a blip coupling of either the hydraulic or 
magnetic type between driver and compressor 

tf \ariable compressor speed is not provided, cither siution throttling or con¬ 
denser-water throttling may be used to I lalam e the eapai itv with the demand Suction 
thiottling requires less power and is therefore used almost to the exclusion of the 



Liter method It mil he reiin nib( leil that the chajactonatie cuives shown in Fig. 
^>-0 arc for a fixcd-suctiiui gas tempciatiire At highei bUftion temperaturep the 
I'ompressioii latio at a given spied and < iibic feet pei inmut(‘ vili be lower If the 
machine in qinstioii designed to deliver water or brine at a Louslant temperature, 
the evapoiator iLfiigciant tenqiciatuie reqviiied will be highei at reduced loads 
vSince throttling does not iu-itiiijill\ altei the gab tfmpi'iiiture, the (uhic feet pei 
miniite-piessure-ratio chaiaf t( iistii when siution-dainpei or condenser-water control 
iH used will be smiihii to Hint lepir^inted by the dotted eiii-vc OB in the lower pnit 
of fig h-f) 

Tlio horsepower cubic feet pei minute ehoiadenstie foi condenser-water control 
will be as indicated by tin dotted ciua e OB in the upper diagram The power curves 
(hi and OB enn be compared diieeth because they refer to the samr suction density 
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and therefore to equivalent weight flows and approximately the same refrigeration 
load at particular cubic feet per minute. 

The power^ubic feet per minute curve for suction tlirottling would only lead to 
confufflon if placed on the same diagtam because the effect of the suction damper is 
to reduce the pressure and density entering the compressor. The suction cubic feet 
per minute handled per unit of refrigeration is increased at part loads to such an 
extent that the operating point on the lower diagram moves back and away from 
point 0 very little as load is reduced. However, the weight flow of refrigerant reduces, 
and the power falls off aecordingly^. 

If curves OA and OB are taken as the horsepower vs. tons characteristics for 
variable-speed and condensor-water control, respc'ctively, the corresponding curve for 
suction-damper control will fall between them as indicated l)y the dash-dot line OC 
in the upper part of Fig. 0-5. 

It will be realized, of course, that certain power Josses result in variable-speed 
(slip-ring) motors and in slip couplings, and these losses must be ineludcd in any 
realistic power-consumption comparison. Even though these losses are a(ldc‘d, it will 
be found that variable-speed diives are norriially the most eeoiioniieal for rcntrifugal 
refrigeration units. In some instances, liowever, either the power saving does not 
justify the more costly motor, or the savings ^^liich may acciiie fiom ix»\er-factor 
correction sup])licd by a synchronous motor offset the control losst's. 

Referring again to the cubic feet ])er minute-pressure-ralio cliaracteristic in the 
lower half of Fig. J)-5, tlie reader uiJI notice a line marked which cuts across the 
characteristic curves at their points of maximum compression ratio. To the left of 
this line the delivery of th(» compressor will be intermittent. The operation is often 
referred to as lieiiig unstable or surging. Generally, if the load is only slightly less 
than that requiied for stable operation, the frpqiuuicy of the surge will be long. If 
the load is very light, the surging will be rapid or more like a flutter. 

Surging is a normal cliaracterislic of practirall 3 ’ all centrifugal compressors. It 
has no detrimental effect on the compressor as long as the macliine is rugged in design 
and the energy in the surge is limited. In the case of air or gas compressors, discliarge 
check \alves are usuallj’^ installed to limit the intensity of the periodic reversal of 
flow through the compressor. Fortunately, in refrigeration applications the con¬ 
denser (to whicli the com])reKsor is usually closely coupled) acts like a check valve. 
The process of continuous condensation of the refrigerant leaves only a small amount 
in gaseous form on the discliaige of the compressor at all times. The only danger 
normally associated with unstable opeiatiori of centrifugal refrigeration eoinpressora 
is that overheating may ocrur at veiy light loads (15 to 20 pcT c*em full load) if 
extended operation is undertaken. Overlieating will b(* evidenciui by abnormal ttmi- 
peratures of the bearing lubriennt. A by-pass from eondenser to evapriiator is usu- 
all.y supiilied on machines that must optTate, contiiuiousl^" at very light loads. It is 
not necessary to by-pass eiiougb gas to stop the surge*. This w’ould be w’asleful of 
power. Only that amount necessary to maintain normal bearing temperatiires need 
be by-passed. 

In some applications the sound of the surge may bo objectionable. In such cir- 
rumstaiices it is adA’isable to select the t 3 T)e of control which will reduce the point of 
instability to as low^ a load as possible. If load and eondeiiser-water temperature 
fall off together or if light loads occur only in periotls of low condf*nser preasure, 
variable-speed control will usually reduce surging almost to the, vanishing point. This 
is indicated by the low-load intersection of lines OA and SS in the lower diagram of 
Fig. 9-5. With variable-speed control and this type of load characteristic surgi|ig 
occurs only at reduced compressor speeds w’here it is verj" mild ni energy level. 

If low loads may occur during periods of high eondenser pressure and consequently 
high pressure ratio, a suction damper is most effective in suppressing the incidence 
of instability. For this reason a damper is often supplied even on maj'hines equipped 
with variable-speed drivc.s. 

Capacity Range. As in the case of other types of compression refrigeration equip¬ 
ment, the capacity of centrifugal maclnnes de|:)ends on their compressor displacement, 
the characteristics of the refrigerant used, and the operating-temiK*ratiut‘ level. Of 
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the several Freon refrigerants, Freon ] ] is normally used in machines for water eool- 
ing and for brine cooling down to about —20‘^F. Fur ultralow temperature applica¬ 
tions, down to as low as — I20'’F or lower, and for largtM^apacity duty at higher 
temperature levrls, Freon 12 is used. As Freon 22 becomes more available it may 
replace Freon 12 to some extent becauHe of its slightly higher cycle efficiency. 

Centrifugal rcfrigenilion coni))rcssors are built for a range of displacements from 
about 2,000 to 20,000 cfiii. Using hVeoti 11 for watcr-cooling duty, tliis range is 
equivalent to the capacity range of from 125 to 1,200 tons. Equipment of the same 
displacement but capa>)lc of higher compression ratios will produce from 40 to 400 
tons on O^F })rine-coornig duty. The use of Freon 12 in similar machines designed 
for the higher pressure refrigerant results in capacities between five and six times 
those obtained with Frt^on 11. Fre<jn 12 is, of course, used for ultralow temperature 
work. The relatively' large diupLaeenients of centrifugal compressors make capacities 
of as high as 300 tons available in a single unit at — 100°F Buetioii temperature. 

OPERATION 

CVntrifiigal refrigeration equipment is relatively simple to operate. The inher¬ 
ently flat pressure ratio-volume characteristic for a given speed results in the tendency 
to maintain nearly constant evaporator and delivered brine temperatures under 
varying load conditions. This means f€‘wer adjustments during operation. Turbine- 
driven or nK)U)r-driv<‘n uiiitB with hydraulic or magnetic* slip couplings are easily 
provided with controls to maintain a constant delivered brine temperature by auto¬ 
matically adjusting compressor rpm. Machines with suction dampers can also be 
made automatic liy the use of controlled damper positioners. 

Normally there arc no valves in the refrigiTUUt circuit to be opened or closed. 
The equiiiment is usually started in the following sequence: 

1. Ilriiic and coiidrmser-water circulating pumps 

2. Kefrigeraiit-condenser purge system unless it is designed for automatic operation 

3. Lubricant eooliiig-waler flow 

4. (Vntrifugal compressor 

If the brine is warm and condenBcr is free of air, the compressor wdll not surge 
when started and may be inen'iised in speed to the limit of the safe input for the 
driver. Motor cuirrent should l)e observed and maintained below the full load rating 
either by th(‘ speed control or by closing the suetion damper. 

If the brin*‘ i.s cold and condenser water is w’arm (as in cases where several machines 
are ojierated in parallel) or if air in the coiidensfT causes an abnormal elevation of 
the condenser pressure, the compreswr w ill not iiuinp any gas and therefore will not 
produce any refrigeration until its speed is increased to a point where the compression 
ratio it develops (‘xeecds that estflbh.shod by the evaporator and condeiisor pressures. 
A rapid surge* and low pow'cr demand iiro indicative of such conditions. Sometimes 
if machines liave been optmed tor inspectjon or repair, large concentrations of air will 
be mixed wdth the refrigerant vajiorH. This has the effect of redueing the average 
nioli*(*ular w'cighl of the gas liandled by the comjiressor and hence reduces the maxi- 
imim ratio wdiich can be developed. In such circurnRtanc(‘H it may lie impossible to 
get the machines to alisorb load until the air concentration has been reduced by the 
purge equipment. 

Shutdown equipment is nornuilly sfoppe<l in the following sequence: 

1. Compressor 

2. Brine and condenser-wnter circulating jmmps 

3. IHirge equijjment unless it in designed fur automatic operation 

4. Lubricant cooling-water flow 

ROUTINE SERVICING AND TROUBLE SHOOTING 

In centrifugal refrigeration equipment the item of mechanical wear is reduced 
almost to the vanishing point. The major danger to bearings and other internal parts 
is corrosion. Annual inspection of the thrust and shaft bearings is advisable. 

Besides the routine duly of maintaining heat-exchange surface (evaporator and 
condenser) in a clean and efficient condition, the operator's major concern should be 
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to prevent as far as possible the eontaminaiion of the refrif^crant with air^ water, and 
oil. The presence of air and water in Freon refrigerant systems is the primary cause 
of corrosion. Since inward leaksge of air always rarries with it some w^atcr vapor 
and since even the most effeeljvo j)urge-reeovery system nnist discharge some refrig- 
erant with purged air, the ojXTalor who mainiaiiiK his equipment "vacuum tight" 
will reduce both internal corroMon and refrigerant loss. Machines should he checked 
periodically for inward air leakage and wain or brine liakaye from the heat exchangers 
into the refrigerant,. The purge system should he rnaintained in good condition so that 
it fian remove air and water from the sy stem if it enters and hence serve to indicate 
trouble. 

Ordinarily the capacity and efficiency of centrifugal compressors ar(‘ not directly 
relat/cd to the hours or years of operation. It is not unusual for a machine to main¬ 
tain its original performance for 10 yeais or more with only minor servicing of auxil¬ 
iaries and maintenance of heat exchangers. Fn fact, the only eirfumslanceH which 
can alter the performance of a eciitrifugiil comi>ros,s()r are the development of exces¬ 
sive by-jmssing of gas betw^cen stages or the formation of deposits of scale or other 
foreign material in the gas passages of impellers and diflnseis. 

Interstage by-passing ean result from inereased clearances at the labyrinth pack¬ 
ings caused by whipping of the rotor shaft. If no violent vibration has ever been 
noticed during oiieration, it is unlikely that lal)>rinlhs have been damaged. Like¬ 
wise the deposit of foreign inatenals in the gas pitssag(‘s will iwciitually result in 
noticeable unbalance. Hence, abnormal vibration originating in the eompressor is a 
sign of trouble, and ins])ectu)n of the eompressor rotor and tlilTusers is advisable. 
Otherwise the coinpressor a.sscmbly should rf'quirc no servicing. 

The gas-teinpcrature rise from intake to diS(‘hiiigr‘ is lui approximate indication 
of the jinwer per pound used to compress the refrigerant. An iiiiusually high dis¬ 
charge tom}K*raturc, therefore, indicates poor performance and possibly intenial 
recirculation. C'omprcssor cHieioney normally varies so much with load and spei‘d, 
how'cver, that only ex])ert int(‘rpretation and careful measurements ean definitely 
establish the facts. However, a cool or cold disehiirge temjjerature is indhputable 
evidence that entrained liquid refrigerant is entering the compressor with the vapor 
either from the evajiorator or the economizers. Limited enlrainini'iit has no matfTiiil 
effect on pow’er requirement. In fact, liquid inji'ctiim is sunn‘times used to limit 
discharge lcmp(*ratureH at high compression ratios. Excessive' eiilrfiinment will 
increase power consumption and may be the cause of dirt or scale de]>osits in iinpelliT 
and diffuser channels. The causes of a cold discharge temperature should, therefore', 
be located and corrected. 

Centrifugal comjiressors should use very little, if .any, oil. Absorption of Freon 
refrigerants in the oil will increase its -volume and cause foaming at tlie beginning of 
operation. Observation of oil U'vel should only be made at the end of operiithig 
porioils wdicn oil is W’arm and eonijmrutively free of ri'frigerant. Oil should be added 
only when absolutely ni'cessury, and exc'cssive eonsumpliun (more than 3 or 1 iit ])er 
year) should be investigated. 


APPLICATIONS 

Centrifugal refrigeration equipment Ls applicable to practically all types of com¬ 
mercial and industrial services. Machines may be ap])licd for cooling water brines, 
and liquids in inoeeases of all sorts, and for tJie direi-t eoiuleiisatioii and cooling within 
the evaporator of hydroearboii vajxirs, aninioiila, ehloniie, and other industrial gases. 

Such oquiptiK'iii may also be aiiplic'd as a "heat jmmp" where fuel is scarce but 
electric power is available. The heat-pump iirineiple involves the extracting of low- 
level heat (42 to 70®Fj by the evaporator from the atmosphere or river and the 
delivery as high-level heat (120 to J50'’F) from the condenser. Many such applica¬ 
tions have been made on the European continent. 

In general, centrifugal refrigeration maehine.s are most applicable in sizes above 
100 hp, although for ultralow-temperature npplieaiious tliis figure might be reduced. 

A type of application that should not go uiunentioned is to be found in the petro¬ 
leum and chemical industries. Here a cooling effect is often prcducod by the direct 
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rvaporation, rompression, and coiidonaation of the materials in process or of a solvent 
injected for specific reasons. C'entrifuKsl compressors are applicable to such proc¬ 
esses which may be generally classified us autore'frigeration or solvent-recovery cycles. 

Although all forms of commercial drive equipment may be used for centrifugal 
refrigeration compressors, the rotative s|)eed and other characteristics of the steam 
turbine arc ideal. Furllicrmore, in industrial applications where by-product steam 
is required or is availalde (brewcTies, meat-packing plants, refineries, etc.) the item 
of operating cost chargeable to refrigeration can usually be n‘dueod by fitting the 
refrigeration turbine into the over-all st(‘am-powor balance of the plant. 
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RECIPROCATING COMPRESSION SYSTEMS 

BY H. B. PoWNALL 
Presidentj Freezing Equipment Sales, Inc, 

The purpose of this siihseiiion is to describe briefly the component parts and 
equipment makiiif^ up a reeiprocHling eompression refrigeration system. It is not 
the intent to go iiit(» detail(‘(l d(*sign but merely lo deseribo the basic pieces of equip¬ 
ment as well as to discuss their operating characteristics. 

RECIPROCATING COMPRESSORS 

Reciprocating compressors may basically be subdivided into two classes, viz,, 
vertical- and horizontal-type compressors. In vertical compressors the center line of 
the cylinders is perpendicular to the floor, whereas horizontal compressors have the 
center line of the cylinders parallel to the floor. These two classifications may be 
again subdivided into single- and doublt^-acting coinprebsors. In a single-acting 
compressor the piston compresses gas during only one part of the stroke, whereas a 
double-acting compressor will compress gas in both ends of the cylinder. 

These compressors may also bo classified as being eneloaed or semienelosed, deprmd- 
ing on the way the gas is taken into the machine. In an cnclosed-type compressor, 
the crankcase will bo equalized to the low^ side pressure, and the lubricating oil is in 
contact with the refrigerant at all times. On u sr^niienrlosed machine a crossheail 
design is used so that the stufling box is between the eylinder and the piston rod 
with the result that the crankcase can be equalized to atmospheric pressure. The 
most common com])reftflor would be the enclosed type whenever it can be used simT, 
having less moving parts, it is the more eeonomieal to build. It is necessary in some 
instances to use a srmieiiclosed eoinpresxsor where the refrigerant w ill break down tli(‘ 
oil in the crankrase or where considiTablc foreign material is expected to flow back 
to the compressor. 

The recent tnuid has been to design towards multicylinder, high-speed eompres- 
Bors. These compressors can be made either in line, radial, or in blocks fi»rmiug Vs 
and Ws. 

The capacity of reciprocating compressors wdll vary from a small fraction of a 
ton, such as the ]f,- and Jn-hp compressors used on the domestic refrigerators, to 
several hundred tons capacity such as wdll be found in compressors of 14-iiL bore by 
ISyi-m. stroke, four cylinders in a line. From practii al considerations, the top limit 
of boro and stroke is around 20 in. For singh'-sluge compression where pr(‘ssur(* 
differentials may iipproardi 200 psi, the bearing pressures Ix'come exeessive foi largf'r 
bores, and good design in piston speeds will force the rotative speed of the loinpressor 
down. By using multicylinder radial or V-W compressors, th(‘ eylinder bore and 
stroke may be kept small, which allows high rotative speeds wdth resultant large 
berements of capacity. 


TYPE OF REFRIGERANTS 

The type of refrigerant to be used in conjunction with a reciprocating compressor 
must be carefully rhohcn. l''irst, tlie rofrigerant must have thermodynamic eharac- 
teristies such that the volume of gas handled, commonly n‘ferred to as cubic feet per 
minute jier ton, is maintained within the range of capacity of a ]K>sitive-dis|)laceinen1 
type of conipri'ssor. Tlie pressure differentia] of tli(‘ refrigerant must be such that 
reasonable bearing loadings will be obtained. Tbe density of the W'frigeraiit w’ill 
contnd the necessary valve area needed. Tlie polytropic expansion eoefficient must 
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be Buch that reasonable discharge teni}>cratures will be obtained with ratio of com¬ 
pressions as high os 8 to 1 and 9'to 1. It is also nocessary to consider the character^ 
istic mixtures which arc obtained betwocn iubricaiing oil and the refrigerant. 

Making a brief comparison betw^een ammonia and Freon 12, it might first bo 
statcKl that the cubic feet per minute per ton required for ammonia is approximately 
50 per cent less than that required for Frcsoii 12. Howcveri the pressure differential, 
when working from a constant evaporator U^inperature to a constant condensing tem¬ 
perature, is approximately 50 per cent greater for ammonia than for Freon 12. It is 
for this reason that on ammonia compressors designers will generally pick cylinder 
dimensions of equal bore and stroke such as 10-by 10-in. eoinpressora. In designing 
this compressor for Freon 12, it is possible to go to ajarger cylinder diameter for the 
same stroke and maintain ihe same bearing loading. Thus, it will generally be noted 
that on Freon 12 compressors the bore is generally larger than the stroke. 

Since Freon 12 gas is approximately five times as heavy as ammonia gas, it is 
necessary to handle considerably more pounds per minute through the ports to the 
compressor with the result that considerably more valve area is required in a IVeon 
12 compressor than in an ammonia compressor. 

The solubility of ammonia gas in oil is praf‘tically negligible. Tims the crank- 
i*aae oil is almost always pur(} and has very little tendency to foam upon reduction 
of pressure. Ammonia liquid and oil are also insoluble, and therefore, the oil, being 
licavier than the ammonia liciuid, will separate and go to the bottom wrhen a quiescent 
condition exists. 

Freon 12 gas is soluble in all proportions in nil. There is a very definite pressure- 
tcinpc'rature relationship established over oil and Freon mixtures. This solubility 
results in considerabh* foaming ujxm sudden reduction of pressure, and so it is very 
difficiilt to keep Frt»on oil in the crankease of Freon coinpresriors when the suction 
pressure is suddenly re<luced. 

Froon liquid and oil are also soluble and follow' the same ecjuilibrium curve as the 
Freon gas and oil. This means tliat, as the oil concentration builds up in Freon 12 
liquid. +be oil will not separate but tends to raise the boiling point of the refrigerant. 


REFRIGERATION CYCLE 

Figuie 9-6 show's a schematic mechanical refrigerating system. It should be 
noted that the compressor is acting merely as a heat pump in that it forces heat to 
flow from a low temperature level to a high temperature level. This is accomplished 
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by removing vapor which is formed by evaporating liquid on the low side of the sys¬ 
tem. This liquid is evaporated by the heat w'hich it removes from the space or fluid 
1(» be cooled. The compressor raises the pn^ssure of this vapor sufficiently high so 
I hat, when discharged into a condenser, this heat may bo rejected to the atmosphere 
or c(K>ling water by condensing the high prt'ssurc vapor to a liquid where it is again 
returned to the evaporator through a throttle or expan.sion valve. 

Without going into loo much detail it can readily be seen from such a cycle that, 
the lower the evaporator pressure, the more inefficient this system will become when 
operating at a constant condensing pressure. This condition is easily explained 
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eince^ as the* evaporator prosaore is reduced, the vaiJor created becomes rarer with 
the result that the eompreasor in handling a const.'inl volume will handle less total 
pounds of the vapor. The refrigeration effect is naturally- a function of the number 
of pounds of refrigerant evaporated in the evaporator. Thus, it can be said that, as 
the suction pressure of a compressor is lowered, the refrigeration effect will decrease 
approximately proportional to the alisolute suction pressure; the total brake horse¬ 
power driving the compressor will also decrease; how(‘ver, the brake horsepower per 
ton of refrigeration required by the compressor will increase. 

The condensing pressure is eontrollcd by the temiierature of the cooling medium 
used, such as water or air. Generally speaking, a decrease in condensing temperaiuri* 
will increase the capacity of tluj refrigeration system and will decreasf* the total brake 
horsepower required by the compressor. Likewise, an increase in condensing temper¬ 
ature will decrense the refrigeration effect of the compn^ssor and will generally increase 
the total brake horsepower required by tlie compressor. 

TYPES OF CONDENSERS 

Air-cooled Condensers. Air-cooled coiuleiiscrs arc quite common on small 
commercial eoiulcnsiiig units for capncilics up to and mcluding npiiroximatcly two 
tons of refrigeration. They are seldom used for capacities greater than this since 
they require too much surface and air ciidilation t-o be economical. When using an 
air-cooled rondenser, the coiideiihing teiiifiorature coriesponding to pri'ssure ran be 
as high as r30°F, with an air tenquuature as high as 100“F entering the condenser. 
For this reason air-cooled condensers are generally us(‘d only with refrigerants that 
have relatively low vapor pressiir(‘s. For exampli', Freon 12 wdll have a corresponding 
vapor pressure of 180 psi at 130'’F, w*herea.s the com'spondiiig ammonia would be 
approximately 315 psig. Thus, air-cooled condensers ar(‘ very rarely used for iimmoiiia 
applications. 

Evaporative-type Condensers. Mvaiiorative-type eondensers are a combination 
of air-cooled and w^ater-cooled ecmdeiusers. Water is sprayed over the condensing 
surface while a fan pulls air through the eondenriiig Hiirfa(‘e witli the rt'sidt that the 
eondensing-surfaee temperature is maintained at the ap])ro\itnnle avorag(‘ wet-bulb 
temperature betwerui the leaving and enlering air. ICntering diy-bulh teniperntiire 
has very little effect upon the ojiiTation of an evnporative-tvpr* condenser Thi.^ is 
true since the entering air ivill saturate itself almost iirimediately upon coining in 
contact with the water. Tlu'sc condcjibers are becoming quite popular for both Freon 
12 and auiinonia use since the> usr* a]>j)io\iiiiate|y the saint* aninunt of water as a 
moling tower, W'hieh consi'^'ts of the theon*(u‘al ^ i lb ])er min pei ton of lefrigeration 
plus losses, as W'cll as the fact tJial tlicv coinbme tlie benelits of a c(»oling towei and 
water-cooled condenser into a single unitary piece ol ajiiiarariis. 

Water-cooled Condensers. Wafei-mohd coiideihsers can >)i* subdividi'd into 
vertical open types and horizontal cU>sed t vqies. Jn cither cast* all heal rtniioved is 
given up to the W'atcr ilowing through thr* eondenstM-. Tin* vt'itical op(‘ii-typ(* eoii- 
den.ser allows the w'atcr to flow' down tlinnigh the tubes by gravity, and as the name 
implies, the tulies are open on both endy wliich allows them to be cleaned during 
normal operation. 

The horizontal closed-typo condenf.er is generally a multipass condenser to enahh 
high water velocities with resultant optiniujn heat (taiisfer regardless of wa'cr rpiaii- 
tity. Tin* iiicrt‘asiiig |)opiiIurity of extended surface tubes is resiionsible for the 
industry developing smaller and smaller shell sizes for a given capacity in I he line of 
horizontal multipass condenscis. This t>i«* of rondenser must naturally hi* used 
cither with city water, well w^ater, or, on larger installations, cooling-tower appliention. 
The main disadvantage of the mwv highly efficient small multipass condensers is 
that, in areas having bad scale-forming water, the condenser tubes must be cleaned 
frequently. 

TYPES OF EVAPORATORS 

The subject of evaporators for n-frigeration plants is one wliu*h in itself could be 
responsible for several volumes. Dasieally, the main purpose of an evajiorator in a 
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rcfrigcrttlion plant is to boil the liquid refrigcrajit from a Ijqiiid phase into a vaporous 
phase. The refrigerant^ in rhanguig slate, absorbs heat from the space or object 
to be cooled. The most common types of evaporators could be classified as follows: 

1. Room pipe 

2. Brine and water coolers 

3. Air-cooling coils 

METHODS OF CONTROL IN REFRIGERATION PLANTS 

Most refrigeration plants today require quite a few automatic controls. These 
plants may be classified either as automatic or semiautomatic. Semiautomatic plants 
will have a conRidprable number of automatic controls in an effort to simplify oper¬ 
ation but will rt'quirc the attendance of an operator lor such duties as to add oil to 
the compressor crankcase and make various minor adjustments. Commercial refrig¬ 
eration has developed fully automatic plants which require no attention other than 
periodic inspection and cleaning. 

Capacity Control of Reciprocating-type Compressors. Capaeity control of recip- 
rorating-type eompressors can generally be aceoinplisbed in one of the following 
maimers: 

1. Speed control of the compressor is by nature the host type of control which 
can be u.sed. This is true since the efficiency of the compressor is maintained when 
operating at reduced capacity as well as tlie fact that the percentage eaiiacity reduction 
will be diiectly proportional to the speed reduction regardless of operating conditions. 
The disadvantage of speed control is the method oi olitammg it, since the majority of 
installations today arc clcctne drive, with the result that niiiltispced motors must be 
used which considerably eomplicatc the electiical shh' of the plant. II is necessary 
to use two-speed motors or sli^i-img motors in oonjuiietion with resistance hanks. 

2. The use of multiple compressors is anothci way in which capacity control can 
be gained since comprf'HSors may be cut on and off the line to match plant capacity. 
This method of eontroh while thermodynamical]}'’ eflirient, is gcncialJy undesirable 
from a cost standpoint wlicn more than two or tliree steps of capacity reduction are 
required. With this type of control on automatic jilants, the crankcase of the com- 
pre.ssorK must bo equahised. Tliis somelinies pre.seiit8 a considerable problem. 

3. Capacity control may be achieved autotnatieally through the use of gas by-pass. 
Compressors of one design have a so-ealled “partial by-pass” which means that a 
portion of the .?as pumiied In the cylinder is by-passed baek into the suetion main. 
This method has the advantage that there is always some gas llowmg through the 
cylinder in order to alisorli some of the frictional lieat. 

An external by-pa^»s fioiii the high to low" side may be used for capacity reduction, 
provided that some means of cooling the gas entermg the suction of the com pressor 
la used. This mi-thod is the lcfn>t efficient since full eompressor horsriwwer is required 
regardless of capacity. 

4. Clearance iiockets may be used to reduce cnjiaeity by designing some mechan¬ 
ical means of iiicreasing the clearance in the cylinder. This t} pe of capaeity reduction 
is high!} efficient, provided tlie cleaianee can be obtained without wire drawing. 
The only objections arc purely mechaniciil, in tliat it i.s difficult to obtain sufficient 
clearance to give iieces'^ary rapacity ieduction. 

It is of prime imixirtancc to design the eorilroller actuating the capaci1y-ri»duction 
means so that there is sufficient time lag lietween steps of capacity to alloAv the plant 
t) rebalance. It should be remembered that, wherever finite steps of capacity reduc- 
t on are taken, the temperature difference between the initial and final temperature 
of the fluid being cooled will decrease by the amount of the capacity reduction. This 
means that cither a very insensitive instrnnient w'ill have to be used, which is objec¬ 
tionable because of the lack of control, or else sufficient time lag must be ploeed in thc’ 
control circuit either to allow the comprchsor to rebalance under the reduced capacity 
condition or slowly cycle back and forth between twm steps of capacity. Short 
cycling of refrigeration plants due to improper setting or application of controls can 
be very anno} ing from the standpoint of dependable operation as well as maiiitcnanee 
eoats for repairs at thc end of the year. 
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RECIPROCATING COMPRESSION SYSTEMS 


PLANT OPERATION 

One of the most important requircmc‘iit8 in tho operation of a reciprorating-oom- 
presBor type of refrigeration plant is to 1>e sun^ tliat the compreBsnr is handling dry 
gas on the suction side of the itiaehinc. Hiietioii sii]H;rheat is theoretically the measure 
of dryness, but it is not always possible to use. When using floodcd-type evaporators 
whore the vapor disengages from tlie body of liquid, with no superheating surface 
between the evaporator and compressor, this suction gas ran enter the machine at 
saturation temperature. If the gas is carrying considerable quantities of liquid with 
it, the suction temperature will still remain at saturation. It is also possible on plants 
operating with refrigerants having liigh latent heat, such os ammonia, to have small 
quantities of liquid rolling along tlic bottom of the suction line with superheated gas 
flowing over top of the liquid, since insufllcicnt time of contact was allowed for equi¬ 
librium conditions to be reached. In the above two cases suction-gas temperature 
is not a true measure as to whether liq\iid is returning to the compressor. 

The discharge temperature from a refrigeration compressor is probably one of the 
best indications of Ihiuid slop-over as well as one of tho most important readings to be 
watched in any refrigeration plard. Isorinally the discharge temperature from a 
compressor should run 20 to 30°F higher than the expected adiabatic discharge temper¬ 
ature. It is possible to run at the expected adiabatic temperature for most com¬ 
pressors w'ithout danger, although this is generally an Indication of wet compn^ssion. 
When discharge teinporatures arc running lower than adinhalie, it iru^ans that certain 
amounts of liquid arc entering tlie cylinder and cooling the gas during (‘umpression 
but that this liquid is completely evaporated at tho end of the compr(\sfiion stroke. 

A continuous log of discharge temperature on a compressor is generally the best 
indication of trouble oci*urring in the inaehine. A valve breukage or any hlowback 
from high pressure to low pressure within the maeJnne will be apparent by a partial 
increase in the actual opf‘rating discharge tf'mperutiire. 

The presence of air or other noncondensable gases is a detriment to the operntion 
of a refrigeration system in that, for a given cooling-wntcT temperature, tli(» presenre 
of air results in an increased condensing leinporature ■w hich results in lowered rapacity 
and over-all plant efhcieni'y, Air normally collects in the condensing or high-pressure 
side of the system and is purged at this point either by hand or by automatic purge 
devices. The presence of non condensable ga.scM in the condenser may be detected 
by checking the temperature of the condeiihate liquid against the tenqx'rature cor- 
respomliiig to preasure in the condenser. Normally, under stand-by conditions, if the 
temperature of the liquid condensate is more than 3or 4®Fbclow that corresponding 
to saturation at the observed pressure, air is present, and purging is ncef‘ahnry. When¬ 
ever the evaporator side of the system is operating in a vacuum, particular attention 
mufit be given to prevent poKsible air leakage through valve packing, stuffing boxes, 
etc. 

For good ojicration, it is essential for the coiideii.sf‘r tubes to bo free of scah\ The 
presence of scale in an air-free coiidfuiser is noted by an increase in the temperature 
difference between the water and the saturation temperaturi* corros]>unding to pres¬ 
sure. Whenever this teiniieraturc increases appreciably over that for known cl<*f(!i 
(‘onditions, the tubes should be cleaiu'd. 
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AMMONIA-ABSORPTION REFRIGERATION SYSTEMS 

BY W. n. Bickford 

ChemirdI Engineer, York Corporaii(ni 

The coiilinuoiis amm()iiia*abson)tion refrigpration system performs the same basic 
function as the. reeiproi'Eting compression system l)ut in a somewhat diiTereiit manner. 
Jn the al)sorption system tlu* transfer of refrigerant from evaporator pressure to 
condensing pressure is hy virtue of the solubility relationships between ammonia and 



40 50 

Mr Ctnl MHa In S^luNon 

I'Ni. 9-7. Therirml propprlicti of ammonia-water solutions (copied from A, B. Stickney 
^hart). 

The thermal proptrites of atumoniorwattr solutions are shown m Fig. 9-7 from 
which it may be sr»eu that 

1. At const ant ])ressure the quantity of ammonia in a solution decreases with an 
increase in temperature. 

2. At constant temperature the quantity of ammonia in a solution deereasr's with a 
<li‘erease in pressure. 

3. lleut must lie removed for a solution to absoil) more ammonia at constant 

pressure. 

4. Heat must be added to decu'ase the c-oneent ration of a snluticm at constant 
pressure. 
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In a typical system (Fig. 9-8), the animonin refrigerant is vaporized in the evapor¬ 
ator, and the vapor passes to the absorber and is absorbed iu a weak solution of 
ammonia and water (weak aqua) forming a strong solution (strong aqua). The strong 
aqua is transferred to the generator through exrlianger by means of aqua pump. In 
the generator the refrigerant vapor is boiled out of solution through the bubble column 
to condenser where the vapor becomes liquid. The weak aqua solution formed in the 
generator passes under condensing pressure through exchanger, undergoes a reduc¬ 
tion in pressure, and enters absorber at essentially evaporator pressure. In the 
exchanger heat is transferred from the hot weak nqua leaving the generator t/O the 
cool strong aqua from the absorber, decreasing the amount of heat-transfer surface 

required iu absorber and generator as 
well as generator heat and over-all cool¬ 
ing-water requirements. 

The Tor'tifier is used to remove water 
carried by the refrigerant vapor leaving 
the generator, thus ensuring essentially 
])ure ammonia vapor to the eondenser. 
A small amount of condensed liquid, 
known as reflux, is returned to the 
rectifier for this purpose. 

Each piece of equipment in the eyrie 
lias a part in the plant heat balance as 
follows: 

(ienerator—Heat is added at high 
temperature. 

Eva])orator—Heat is added at low 
temperature. 

Pump — Heat is added in the form of 
work performed. 

AbBort)er— Heat is removed by wal er 
Condenser—Heat is removed b}' 
M ater. 

Iteetifier—Heat is exchanged be¬ 
tween liquid ammonia reflux and hot 
vapor from the generator. 

Exchanger—Heat is f’xrhanged be¬ 
tween strong and weak aqua. 

The heat exchanged in rertifior and exchanger is of in1»(*rnal nature and, while 
afleeting the over-all plant balance, is not eoiisider(‘d as a separate 

In a typical system, the heat quantities per pound of refrigerant supplied to the 
evaporator arc 

Qa = heat sujipUed to generator 

Qfi = heat removed in evajjorator 

Qi* = heat equivalent of pump work 

Qa = heat nmioved from system by absorber water 

Qc =■ heat reniovt‘d from sysl em by eoiiden.srr water 

Ql = heat loases from system through ratliation, etc. 

Neglecting losses and hicorporating heat equivalent of pump work into generator 
heat supplied, the heat balance is as follows: 

Qa + Qh = Qa Qc 

The above quantities may be evaluated Ihrougb use of table of thermodynainic 
properties of ammonia, .steam, and aniinnnia-watfT solutions. 

The absorber load Qa is comprised of three factors: (1) tlu* heal of eondeasation of 
ammonia vapor, (2) the heat of solution as the ammonia is absorbed, and (3) the heat 
removed in cooling the w<^ak aqua solution to absorlxT temperature. Obviously, 
once the evaporator, condenser, juid absorber loads are kuowm, the generates load 
may be obtained by difference. Approximate values of absorber and condensiT 
loads may be obtained from Table 0-25. 
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VALUES OF ABSORBER AND CONDENSER LOADS [Skc. 


Table 9-26. Approximate Vtlues of Absorber and Condenser Loads 


Load, Btu/lb ammunia ovaporatod 


Aqua conrentration, 
por c**!!! NUi bv weight 

Condonaer 

Absorber 




Prewire, psig 



PreaBiire, psig 


Strong 

Weak 











205 

185 

. 

165 

145 

40 

30 

20 

10 

45 

35 

593 

500 

687 

584 

807 

815 

820 

830 

44 

36 

50S 

505 

602 

5()0 

705 

804 

810 

818 

43 

37 

603 

600 

508 

501 

776 

784 

790 

798 

40 

30 

623 

620 

6 lfl 

014 

844 

861 

859 

866 

30 

31 

630 

627 

024 

621 

830 

840 

846 

855 

38 

32 

63S 

635 

632 

628 

811 

820 

826 

835 

35 

25 

666 

(Ki2 

658 

654 

880 

887 

895 

904 

34 

26 

677 

673 

668 

666 

867 

876 

883 

881 

33 

27 

089 

685 

680 

676 

845 

856 

862 

865 

30 

20 

730 

726 

718 

714 

915 

925 

932 

940 

20 

21 

747 

742 

735 

729 

905 

013 

920 

030 

28 

22 

765 

769 

761 

745 

885 

893 

900 

910 


(’lirrent preference in equipment is toward tlie use of horizontal shell and tube 
construction for condensers, absorbers, generators, and distillation column-type 
rectihcrs. (Vntrifugal-tyi>e aqua pumps are preferred with either motor or turbine 
dri\ 0. 

From an oix^rating viewpoint, the primary requisite is the avoidance of sudden 
changes. Adjustments to operating variables should be made gradually. 

I'’or correct economical operation it is necessary that proper balance be maintained 
throughout thr* unit. The heat input to the generator incre^ases as the aquasoliition 
dcereases in strength. Therefore, the aqua eonccntrations should be held as high as 
jiossible regardless of the load on the system. Tlie amount of heat input to the 
generator also increasea wnth an increase of compression ratio,” so the absorber 
jiressure should be maintained as high as pHissible while doing refrigeration at the 
required temjiOiature, 

The concentration of the strong aqua is dependent upon the amount and concentra¬ 
tion of the w'cak aqua supplied to the absorber, togidher with the amount of vapor 
that is absorbed. Therefore, in order for the system to operate at Iw^si (‘onditions, 
the quantity of weak aqua circulated should be in proportion to the amount of vapor 
from the evajicrator. If th<‘ full-load quantity of aqua is circulated when the load 
is decreased, the final concentration of the strong aqua from the absorber is decreased 
from the design condition. This results m a lower absorber pressure, and unless the 
evaporator pressure is controlled by throttling the vapor, the evaporator pressure wdll 
also decrease. If the evaporaUir temperature is controlled by a val\e causing a 
pressure drop between the evaporator and the absorber, the system operates on a 
lower aqua concentration than necessary, with the result that the heat input to the 
gf'iiprator is excessive. 

The rvajinrator pressure may be controlled by increasing the concentration of the 
w^ak aqua from the generator liy lowering the steam pressiiro. However, with this 
control, the full amount of aqua in circulation must be heated from exchanger temper¬ 
ature to the final generator temperature, thus requiring more steam than if the aqua 
quantity W'cre reduced to correspond with the reduction in refrigerating load. 

The quantity of ac|Uii circuK'ited should be deerea.s('d as the load decreases on the 
unit, with the aqua flow' being decreased a little more rapidly than the decrease in the 
amount of vai>or going to the absorber from the evaporator. This gradually changing 
ratio betwei-n the quantity of aqua eireulat«Ml and the quantity of vapor to the system 
is difficult to Tnaiiitaiii accurately either with manual operation of the plant or by the 
use of automatic control, so that in most ('ases the aqua flow is reduced in direct 
pro})ortinn to the reduction in quantity of vapor being absorbed. 
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L(m of capacity in an absorption system may be attributed to any of the following 
causes: 

1. Presence of noncondpnsable gases in absorber and condenser as indicated by 
temperature-pressure relationships 

2. Insufficient cooling water supply to condenser and absorber 

3. Excessive fouling of absorber and condenser tubes 

4. Insufficient refrigerant or aqua charge in plant. (Proper levels should be 
maintained in all equipment.) 

5. Unsteady steam pressure. (The generator should have even source of heat.) 

6. Accumulation of condensate on steam side of generator. (Tubes must drain 
properly.) 

The concentration of the strong and weak aqua solution may be obtained with fair 
a<'curacy from temperature and pressure conditions in the absorber and generator, 
respectively, provided the system is purg(‘d of nuncondcnsibles. Exact determina¬ 
tion of solution concentration may be made by chemical analysis of samples with¬ 
drawn from the system. 

The operating conditions for a given evaporator pressure are fixed by the sb'ain 
pressure and eooling-watiT temperature. Generally, it may be stated that, for opti¬ 
mum oiieration, steam and water conditions should allow at least an 8 per cent differ¬ 
ence m concentration between the strong and weak aqua streams, although it is quite 
possible to operate svblema wuth larger or smaller concentration diffeieiices. 

The absorption refrigeration sysleui finds its chief a]>plicHtioii w^here a siiflieient 
quantity of waste heat is available in the form of steam, hot oil, etc. Systems may be 
designed to operate single or doulilc stage, with senes nr parallel flow of cooling water 
through condenser and absorber, allow'ing considerable flexibility when properly 
operated. 

The quantity and temperature level of the generator heat supply as well as the 
temperaturt' and quantity of cooling water to absorber and condenser is largely a 
function of design. Tli(‘ most advantageous applirations arc in cases where suitable 
amounts of waste or low-grade heat are available. This heat may be available as 
exhaust steam, quench oil, or similar heat which might normally be lost but which 

could be used to produce refrigeration. 

Table l>-26 gives typieul values of 
steam and cooling-water rates for several 
absorber pressures with fixed cooling- 
water temperatures. 

Industrial absorption refrigeration 
machines liave been designed and oper¬ 
ated for refrigeration loads from 1(K) to 
2,000 tons. Where suit able cooluig water 
is available, u.mmlly below S5"F, water 
may be used in seric's, passing first through 
condenser and then absorber, realizing an 
appn*eiable saving in pumping costs, etc. 

Two-stage absorption machines may 
be used where refrigeration is required ab 
different tempf^rature levels, jis well as 
for single low-temperature loads with heat 
source below that allowable* for single- 
stage operation. 

The absorption machine should not be overlooked where waste heat is available. 
Unlike reciprocating compression machines, which an* limited by volumetric displace¬ 
ment, the absorption machine can maintain capacity at lower back pressures by 
increasing the flow of heat to the genrratt>r. A further advantage is that the absorp¬ 
tion machine may be located outdoors, requiring no special building. With the 
application of suitable controls, these machines operate with a very small amount of 
attention. 


Table 9-26. Steam and Water Rates per 
Ton of Refrigeration 

(SinKle<fltage—sleum and walr'rraieB nif hiuiecl on 
amps flow of water through cundenatT and 
absorber, ft5"F HjO on londeiiHer and 8 per cent 
aqua split ) 


Absorber 

pressure, 

PPIB 

Steam 

pn'ssure, 

1 >M« 

Steam 

rate, 

Ib/hr/loii 

CooUnir- 
waier rate, 
gljm/ton 

A 

40 5 

37 7 

6 40 

10 

36 0 

34 3 

6 06 

16 

27 6 

32 0 

4 84 

20 

21 6 

29 8 

4 GO 

26 

16 5 

28 3 

4 52 

30 

12 3 

27 0 

4 39 

36 

8 6 

26 8 

4 28 

40 

_1 

6 B 

! 

24 7 

4 18 
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ABSORPTION AND 

ADSORPTION DEHUMIDIFYING SYSTEMS 

BY Gilbert A. Kelley 

Chiff Engineer^ Air Conditioning Divisionj Surface Comhuaiian Corparationj Toledo, Ohio 

Dohumidifioation ifl the removal of moisture f.om air or other gases. The term 
*'dehuniidifieation equipment'* is usually applied to equipment whose primary func¬ 
tion is removal of moisture from a gas, usually air. This is a contrast to the con¬ 
ventional refrigeration Bystems ■where moisture is removed from a gas by condensa¬ 
tion simultaneously with the reduction in sensible heat of the gas by spray or surface 
cooling with the cooling medium below the dew point of the gas. There are tuDo 
general types of dehumidifymg systems, mz., absorption systt^ms and adsorption systems. 

Absorption svsteinB are thoRC in which moisture is removed from a gas with a 
change, either physical or chemical or both, of the absorption medium during the 
proccHS. The absorption medium may be cither solid or liquid. Calcium chloride is 
an example of a solid absorbent, and aqueous solutions of hthium chloride, lithium 
bromide, calcium chloride, and solutions of the ethylene glycols are examples of liquid 
absorbentfl. 

Adsorption systems arc those in which moisture ir removed from a gas without any 
physical or chemical charge of the adsorbing medium during the iirocess Silica gel, 
activated alumina, and activated bauxites are examples of solid materials having this 
adsorbing property, 

ABSORPTION SYSTEMS 

Principle of Operation. Tlie lirpiid absorbent or hygroscopic solution has the 
property of absorbing moisture fiom, or adding moistur(‘ to, the nir depending upon 
the vapor-])ro.ssure difti'reni'e between the air and the solution. The equilibrium 
\apor pressure of the solution us cleiKuident upon the temperature and the concentra¬ 
tion of the ^^olution. The liquid absorbent is capable of either dehumidifying or 
humidifying the air, dcpciiduig ujion llii' requirements on the bystem, by control of the 
temperature or the eoiicciitiation of the solution. 

Air saturated in contact with an aqueous solution of lithium chloride W'ill contain 
approximately onc-c'ighth as much water as air batiirated in contact with water. In 
other w’ords, air in equilibrium with a eoneentrated aqueous solution of lithium 
chloride would have a relative humidity of approximately 12 per rent siiice the relative 
humidity of the air is the amount of moisture in the air compared to the amount of 
moiRturc the air would eonlain if it WTre saturated wuth water vapor at the same 
temperature. 

In most of the conimereial equipment of this type, it is usual practice to maintain 
the concentration of the solution (oiistant for a given application and to cool the solu¬ 
tion where it is desired to remo\ e moisture from th(' air and to heat the solution when 
it is desirable to add moisture to the air. 

The heat of absorption, owing to moisture being absorbed from the air by an 
absorbent liquid, is given up to the surface of the liquid. Thia heat will cause the 
absorbent liquid to rise in temperature so that it is necessary to cool it. Otherwise 
the whole body of absorbent liquid would rise in temperature to such a point that the 
loss of the sensibJi^ Jieat to the air by conduction and radiation would equal the gain in 
latent-heat absorption of the water vapor by the liquid. 

As contrasted W'ith adsorption systems, the dry-bulb temperature of the air from 
an absorption dehumidifier is not a function of the amount of water removed from the 
air but is de[X‘ndent upon the temperature of the absorbent liquid. If the temperature 
of the absorbent liquid is lower tliau the dry-bulb temperature of the air entering the 
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dehuiuidificT, the air will be fooled as well as dehumidified in passing through the 
dehumidifier. If the temperature of the hquid absorbent is higher than the dry-bulb 
tempei'ature of the air, the air will tend to merease in temperature while passing 
through the dehumidifier. 

Liquid-absorbent Summer Operating Cycle. The operating cycle of a liquid- 
absorption system with an external solution cooler and heater is shown in Fig. 9-9 
For summer operation the strong hygroscopic solution is pumped from the sump of the 
unit through a solution cooler. The solution is continuously cooled in the heat 
exchanger with city, well, refrigerated, cooling-tower watei, or in some inbtances 
with an evaporative cooler. The quantity of water required is a function of the water 
temperature and the total heat, either sensible, latent, or both, removed from the air 
by the hygroscopic solution. 

Con/oc/or 



Fio. 9-9. Flow chart for liquid-absorbent system with external liquid cooler and heater. 

The hygroscopic solution at the required temperature and confcntratioii is brought 
into intimate contact with the aii to be dehumidified m the contactor chamber of the 
unit The moisture is absorbed from the air by the solution owing to the vapor- 
presbuie diflcrence between the air and the solution The amount of wat^T vapor 
removed from the air is usually controlled by aiitomatieally regulating the flow of 
water through the cooJei w ith a modulatuig water valve 

The dry-bulb tcmjieiature of the air leaving the liquid-absorbent cimtaetor is 
dependent upim the temperature of the liquid absorbent and the amount of contact 
surface between the air and solution. In most commeiiial equipment, the dry-bulb 
iempe^rature of the air leaving the dehumidifier will be w^ithm 1 to 5“ of the liquid- 
absorbent temperature. If the temperature of the absoibent liquid is low or than the 
dry-bulb temiierature of the air entering the deh'imjdiher, the air wall be cooled as 
well as dehumidihed in passing through the dehumidiher If the tem^n'raLuie of tht 
liquid absorbent is higher than the dr} -bulb temperature of the air, the air will increase* 
ju temperature. 

Cooling and luxating coils are installed in the duct work if eooluig or beating of the 
air from the dehumidifier is reciuirrd. 

In absorbing moisture from the air, a certain amount of hc^at is generated which 
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[Sec. 0 


is the heat of condensation of the water vapor in the solution. This consists of tho 
latent heat of condensation of ^ater vapor and the hesat of solution or the heat of 
mixing. The heat of mixing varies with the liquid absorbent used and with tho 
concentration and temperature of the absorbent. It is 120 Btu per lb of water vapor 
absorbed for an aqueous solution of lithium chloride at temperature and at the 
concentration used for air-conditioning applications. 

The U'niperature of the liquid absorbent will increase owing to the heat of con- 
donsaiioii of the w^ater vapor absorbed from the air by the solution. The concentra¬ 
tion of the liquid absorbent is lowered because of the dilution of the liquid with water 
ah8orl>ed from the air. The warm dilute solution flows from the (‘ontactor cells to 
tho sump. 

The liquid absorbent is maintained at the proper concentration for moisture 
removal by automatically removing water from the liquid. A small percentage of the 
Holul ion, usually 10 to 20 per cent of the flow to the contactor cells, is passed through a 
heater where the liquid is heated to 200 to 235depending upon the steam pressure 
available. At this temperature the \apor iire.ssiire of the bquid absorbent is con¬ 
siderably higher than that of out side iiir. The hot solution at the relatively high 
vapor preshuro is then contacted with outside air in the regenerator, where water is 
absorbed from the solution hy the outside air owing to the vapor-pressure difference 
between the outside air and the hot solution. Tho solution cooled as well as con¬ 
centrated in the rcg(*iierator beeauM' of the absorption of water from the solution and 
the sensible cooling eflei't of the outside air. Tlie process in the regenerator is the 
reverse of the ahsorpiion process in the contactor cells where the air is dehumidified. 
The hot moist air from the regenerator is disehnrgi'd to the outside. 

The majority of tho absnrjition dehuniidiliei systems are controlled by a float 
control in the sump of the unit. This control holds u constant h^vel of liquid in the 
pump. Since no salt Ls added or nmioved, a constant Icvfd or volume in the system 
represents a constant concentration. The volume of liquid absort)eiit in the unit 
and the level of the liquid in the sump will rise as water absorbed from the air. 
This rise in level actuates th(‘ float wdiieh opens the steam vahe and admits steam 
to the legeneiator heater to reinov(‘ water from the solution until the control level is 
ri'aehed. The float then turns off the steam to the n^generator heater, and no further 
legcTK'ration takes place until there is another rise in level. 

The hot con ceil trilled liquid a]>sorbent from the regenerator mixes in the sump 
w'lth the wa*ni diluted liquid from the contactor cell. The mixture, which is at the 
proper eorieentration for dehumidilieatiun, is pumped through the cooler where the 
cycle is repeated. 

Liquid-absorbent Winter Operating Cycle. The operating cycle of a liquid- 
aljsorption system for winter operation is shown in Fig O-l). The hygroscopic solu¬ 
tion Ls pumiK’d through a humidirving-Holution heater where the solution is continu¬ 
ously heated in proi>ortion to tho humidifying loavl. 

The hygros<*opie solution at the required temi>ernture and concentration is 
brought into intimate contact with the air to be Jiuiuidiflpd. The moisture is given 
up to the air by the s»>lutioji <jvving to the difference in vapor pn'ssure between the 
an and the solut ion. The amount of water vapor added to the air is usunlty controlled 
by niitoniatieallv regulating the How of steam through the heater wdth a modulating 
steam v^alve. The water v^alve for summiT openilion is automatically closed when 
humidification is riHpiired. 

The temperature of the solution will decrease because of the heat of evaporation 
of the w^aiiT abHorl>od by the air from the solution, Tho eon central ion of the solu¬ 
tion will increase owdng to the removal of water from the solution. The cool concen¬ 
trated solution flows from the (‘oiitactor cells to the sump. 

The solution is maintained at the proper concentration by adding steam con¬ 
densate or distilled water to the solution b) replace the whaler given up to the air. 
The addition of city or well whaler to the chloride or bromide solutions is not recom¬ 
mended because of the possible effects of minerals in the water. 

The density control for humidifying oj)cration controls the addition of water to 
the solution by operating a valve in the make-up water line to maintain a constant 
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conoentrartion. The condensate from the humidifying heater is usually used for 
make-up water ae shown in Fig. 9-9. The density control operates the threse-way 
valve to pass condensate into the sump when niako-up water is required and to pass 
the condensate into the condensate-return line when no mako-up water is required. 

Liquid-absorbent Eqtdpment. Absorbent. Absorbonts for liquid dehumidifying 
systems should have the following charaf^teristics: 

1. Suitable vapor-prossure characteristics. The absorbent should not crystallize 
at temperatures 10 to 16® below the temperature range used in the operating cycle 

2. Noncorrosive 

3. Odorless 

4. Stability, It will not break down over range of use or vaporize 

6. Low viscosity, good heat-transfer characteristics 

6. Nontoxic and noninflammablc 

7. (^apable of being regenerated at temperatures obtainable wdth 1-p steam 

8. Widely available and economical to manufacture 



Fio. 9-10. Flow chart foi hquid-nbsorbeiit system with intomal extended surface liquid 
cooler and heater. 

Aqueous solutions of lithium chloride, lithium bromide, calcium chlorid(‘, calcium 
bromide, mixtures of the chloiido and bromide salts, and the ethylene glycols have 
been used m hquid dchumidiiyiiig equipment. At the present time an aqueous solu¬ 
tion of hthium chloride is most commonly used. 

Contactors. The contactor is that pari of the apparatus in which the air to be 
dehumidified is brought in contact with the liquid a})sorbcjjt. The contactor should 
have a high water-removal efliciency per vapor-pressure difTeieiiee betw(‘en tlic air 
and absoibeiit with a relatively low icsistance to the flow of air. Jt should be rela¬ 
tively light, compact, and inexpensive. It should retain its original characteristics 
after extended use. 

The contactor may consist of an atomized spray of the licpiid absorbent, but most 
equipment has a contact surface jiroviding a large area of the ahsorlient exposed to the 
air. This extended surface contactor provides higher walor-reiuoval efliciency per 
volume of space and eliminaU's atomization of the liquid. This simplifies the removal 
of entrained drops of the absorlii'iit from the air stream. 

An extended surface fin coil is used as th^* contactor in most of the standard 
absorbent dehumidifiers. The coolmg medium, usually water, flows inside the tubes, 
and the air and liquid absorbent flow over the external surface of tlie coil as shown in 
Fig. 9-10. This arrangement combines tJie plate-contai*! suiface and the cooler 
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shown in Fig. 9-9 in one assembly. This arrangement is less expensive, more compiact, 
and is more adaptable for packaged units assembled in the factory. 

The plate-contact surface usually consists of a series of parallel plates made of 
metal or glass. The air passes between the plates in contact with the liquid flowing 
over the surface of the plates. The solu* 
lion 16 precooled as shown in Fig. 9*-9. 

This type of contaet surface is usually 
used in heavy-duty industrial applications 
in wliich the individual parts of the sys- 
t(^m are built at the faetory and installed 
in the field 

Regenerators. The regenerator is that 
part of the apparatus in wliich water is 
n'iDoved from Hie liquid absorbent. The 
regenerator tequires the same perform¬ 
ance and physical characteristics as the 
contactor. 

An extended surface fin coil is used os 
the regenerator in most of the standard 
absorbent dehuraidi(icr=4. The heating 
medium, usually steam or hot water, flows 
inside the tub(‘&, and the hquid absorbent 
and air flow over the external surface of 
tin cull as shown in Fig 9-10. This arrangement eonibincb the plate-regenerator 
contact surf a and the solution heater shown in Fig. 9-9 into one assembly 

Some heavy-duty regenerators are construeWd with a senes of parallel plates 

Table 9-28. Regenerator Specifications* 


Model No 

1 132 

11& 

loJ 

94 

00 

52 

47 

33 

26 

C'fm regenerator air 

|4 G50 

4 400 

4,00013,620 

2,540 

2,000 

1,810 

1.270 

1,000 

Regenerator air fan motor hp 

W atei-removal ca]iarit\, lb per hr at 

lb 1 1 

3 


\ 

.3 

2 

2 

2 

2 

gauge ht< am prt'ssun^ 

11,320 

1 1 

1,180 

1 

1,040' 

1 

940 

(>fi0 

520 

470 

330 

260 


* CouTtes> luifa(L Combustion ( nrporaiion 


Table 9-29. Water-removal Capacity at Various Steam Pressures* 


Ciauge steam prtsNurL, lb 

25 

:>o 

15 

J1 

10 

5 

3 

Removal mini it\, pi r lent 

100 

86 

70 

71 

06 

55 

47 


• ('ourtesv Surface ( oinbuBtiun roTiioration, 


Table 9-30. D Factor—Heat from Regenerator, 1000 Btu per Hour* 


Table 9-27. Unit Specifications* 


Cfm 

Resistance to 
air flow, 
in water gauge 

Pump 

hp 

Regen¬ 
erator 
fan hp 

100% 

flow 

60% 

flow 

15,400 

2 0 

0 6 

3 

t 

11 000 

2 0 

0 6 

3 

t 

5,000 

1 0 

0 5 



3 500 

1 9 

0 5 


H 

2,.500 

1 9 

0 5 



1,350 

1 9 

0 5 




* Courtc^flV Surfare CombuBtion Corporation, 
t Ref^nprator in tli^* 11,000- and 16,400-c‘fin 
units arr separate asseniblips and selerted for the 
water removal. 


Outlet air, grains/Ib 


Inlet nir 






grains/ib 

f>0 

55 

50 

1 

46 

W 

130 

7 33 

7 08 

8 05 

8 34 

8 R 

120 

7 25 

7 56 

7 9 

8 25 

S 65 

no 

7 15 

7 45 

7 78 

8 2 

8 .55 

LOO 

7 06 

7 34 

7 60 

8 1 

8 42 

90 

7 05 

7 20 

7 6 

8 0 

8 35 

80 

0 95 

7 2 

7 65 

7 94 

8 27 

70 

6 9 

7 16 

7 5 

7 85 

8 2 

40 






20 







35 

30 

25 

20 

15 

1 

10 

8 

9 2S 

9 9 

10 58 

11 0 




9 13 

9 7 

10 38 

11 3 




9 0 

0 55 

10 2 

10 98 




8 86 

9 30 

10 0 

10 65 

12 1 



8 75 

9 24 

9 8 

10 48 

11 76 



8 65 

9 1 

9 64 

10 25 

11 4 



8 52 

8 95 

9 48 

10 08 

11 1 

12 0 


8 2 

8 54 

0 04 

9 55 

10 15 

11 IS 






9 85 

10 55 

12 0 


• Courtesy Surfare CVunliustion Corporation 

Nora: lleat from regonerator is D factor X regenerator model number. Example for No 66 
regenerator Btu pet hour from regenerator D factor X 60. 
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mode of glass or metal for the eon tact surface A solution heater as shown in Fig 9^9 

18 required to preheat the solution with this type of surface 

Pumps Vertical self-pnmmg centrifugal pumps with the pump casing immersed 
m the hquid absorbent are used m most commercial absorbent dehumidihers 

Equipment Ratings Figure 11 and Tables 0-27 to 9-33 present equipment ratuigs 
of lithium chloride equipment commercially available and operatmg according to thr 
basic cycle shown m Fig 9-10 

Table 9-31. Maximum Steam Demand, Pounds of Steam per Pound of Water 

Removed* 


Exit 



Si lain prrssun 



graina/lb 

3 

5 

10 

121^ 

15 

20 

25 

60 

3 18 

3 1 

2 q 

2 S 

2 7 

2 55 

2 4 

50 

3 29 

1 Z 

2 97 

2 80 

2 75 

2 G 

2 45 

40 

3 4 

d 3 

n 05 

2 92 

2 8 

2 05 

2 5 

30 

3 51 

3 1 

3 13 

2 98 

2 85 

2 7 

2 55 

20 

3 62 

J 6 

3 2 

3 05 

2 9 

2 75 

2 6 


* Cnurieay Surface Combustion Corporation 


Table 9-32. Dry-bulb Temperature of Outlet Air with 96°F Inlet-air Temperature* 


Outl< ( iir i^raiuh/lb 


graiiia/lb 

00 

55 

50 

45 

40 

35 

30 

28 

20 

21 

22 

20 

18 

130 

113 

111 

106 

101 

96 

91 

84 

HO 

70 

72 

1 

66 

01 


120 

US 

IH 

108 

102 

97 

92 

Ki 

H2 

78 


09 

64 


110 

117 

115 

HW 

103 

98 

91 


81 

80 

77 

72 

67 


100 

118 

110 

110 

104 

99 

94 

88 

85 

82 

Tq 

75 

70 

03 

90 

119 

117 

111 

lOu 

100 

95 

90 

8ti 

HI 

81 

78 

71 

67 

60 

120 

118 

112 

ICG 

101 

96 

91 

8b 

84 

83 

79 

73 

70 

70 



ill 

107 

102 

97 

92 

90 

85 

84 

HI 

70 

74 

60 




109 

103 

99 

93 

92 

8M 

H5 

84 

78 

70 

60 





105 

100 

95 

91 

90 

80 

85 

80 

77 

40 








95 

91 

87 

66 

82 

78 


♦Courtesy Surface ( ombustion C orporaluii 

Note nedurtl"! from out let air drv bulV tiniprraturr forS^"! inhtair Drtliirl 2“I from outlet 
air dry bulb t( ini>craturc for 7*1 1 inlet air Dtdu I )”J from outlet aird'*\ bulb t( iiip raturc for 
inlet-air 

Table 9-33. Gpm of Water per 1000 Btu per Hour of Heat Absorbed by Water* 


Water 


Outli t air F,r uni/lh 


tem- 


perature 
deg F 

60 

56 

50 

45 

40 

35 

30 1 

1 28 1 

26 

24 

22 

.0 

18 

89 

0 120 

0 125 

0 130 

0 135 

0 139 









85 

0 077 

0 082 

0 08? 

0 0*12 

0 120 

0 170 








BO 

0 060 

0 070 

0 074 

0 078 

0 090 

0 no 

0 160 

0 180 






75 

0 062 

0 not 

0 000 

0 068 

0 070 

0 074 

0 110 

0 122 

0 140 

0 170 




70 

0 057 

0 OOU 

0 061 

0 06J 

0 065 

0 067 

0 080 

0 on 

0 110 

0 130 

0 150 



65 

0 055 

0 0^1 

0 057 

0 058 

0 059 

0 060 

0 065 

0 071 

0 082 

0 092 

0 105 

0 120 

0 140 

60 

0 049 

0 050 

0 051 

0 052 

0 054 

0 065 

0 057 

0 062 

0 0ti8 

0 OHO 

0 092 

0 105 

0 119 

66 

0 043 

0 044 

0 045 

0 040 

0 047 

0 048 

0 050 

0 053 

0 056 

0 067 

0 078 

0 O')! 

0 101 


♦ Courtesy Surface f ombuation i orporation 

Note 1 or parallil roil arrangement multiply above values by 1 45 

664 







ABSORPTION SYSTEMS [Sue. 8 

Selection of Lithium Chloride Equipment Chvm' a fivo-story office building m 
Houston, Texas, with 595,150 iju ft of space to be air conditioned. There are 085 
occupants m the buildmg 



Inisf A (r-Groms/Pound 


1 IQ 9-11 Performance curve of lithium chloride dehuiuidiher {Surface Combuetton 
( or/wralion) 

A Design data 

1 Outside design 

a 130 grams of moisture per lb of diy air foi lafent load 
b DH for sensible load 

2 Inside design—80® iJB and 50 per cent ulj,ti\e humiditv, 77 grams per lb. 
absolute hurnnhly 

3 UtditiCb 

a 85^ 1 oolmg-to\nCl water 
h 20 psi steam pn ssure 

4 216,000 Btu hi—internal latent load from people and infiltration 

5 Fresh-air requin ni< nts 

a 15 rfm of fresh air per person has bedi spf»eified for ventilation. 

15 X 685 = 10,275 efm fresh air for ventilation 

B Cfm through the dehumidtfter 

In general, the dchumidihtr is applied to the frcbh air only for comfort inbtallations 
of this t\pc The gencial pattein ib to plaie the dehuiindifici in a penthouse of the 
budding to be air (onditioiied and to disc harge the dehvdiuted air to individual coolmg 
units The entire cxteinal and internal latent load ib ordinarily removed in the 
dchumidihei 

1 Try removing the internal and external latent-heat loads with all fresh air 
through the dehumidifler 
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216,000 

0.68* X 10,275 


31.0 grains per lb differrnee required between nittiiitained air and 

fresli air from the dehumidifier 


From performanee curve Fig. 9-11, for Lthium chloride dehumidifier witli 85® 
water, the air will be reduced from 130 grains per lb to 45 grains per lb. Since the 
entire latent load can be absorbed by the fresh air passing through the dehumidifier, 
the 11,000-cfm unit is selected to handle 10,275 cfm of fresh air. If the required 
outlet^air grains were lower than could be obtained with the dehumidifier, it would 
be necessary to obtain a lower cooling-water temperature or mix some recirculated air 
with the fresh air and pass more air through the dehumidifier in order to assume the 
latent load. 

In this problem, the calculations will be based on reducing 10,275 efin of air from 
130 to 45 grains per lb. 

C. Dry-hulh temperature of outlet air 

From Table 9-32, the outlet-air dry-bulb temperature from the dehumidifier will 
be 101®F, 

D. Regenerator selection 


10,275 X 0.075 X 60 X (130 - 45) 
7,000 


= 5(i0 lb p( r hr water removed from the air 


The regenerator rapacity for 20 lb steam presmin* Iroin Tiibh 9-29 is 86 per cent 
of the rated ca)>acity. 


=s 651 lb wr hr rated selection required for ohO lb per hr removal at 20 lb steam 

O.oo 

pressui e 

From Table 9-28 select a No 66 regeiierator ^hich wdl r(*mo\e 660 lb pei hr of 
water at 25 lb steam pressure. At 20 lb steam pressure, the 'water-reinoval capacity 
wdl be 0.86 X 660 =* 568 lb pei hr. 

E, Total heat to be removed by the 85® water 

1. Sensible heat. From step C the air enteis dcduimidiriei at 95” and leavt's at 
101 ®. 

10,275 X l.OSf X (101 “■ 95) = 66,600 Biu/hr Beii=!ible-lieal addition to the air 

2. Latent heat. From step D 500 Hi jier hr of wati i aic ^^lno^ ed iioiii the aii. 

560 X 1,170 = 655,200 lUu/hr latent heat to the ^\ater 

Note. Average latent heat of condensation of 1 lb of ^atcr in lithium chloiide is 1170 
Btu for concentration uaed in air-coiiditioniiig equipment. 

3. Heat load from regenerator. From Table 9-30 the Jj faetor is 8.34 X 1000 
Btu per hr. The ln*at load fiom the jegtqierator will be 

8.34 X 1000 X 66 550,000 Btu per hr. 


655,200 Btu per hr- latent heat from air 
5 50,000 Btu i>er hr - heat load fiom regenerator 
1,205,200 Btu per hr. 

66,600 Btu per hr sensible heat to thi* air 
1,138,600 Btu per hr— total heat to bp removed hy the eooling-tower water 


* Factor 0,68 


0 075 X GO X 1 056 


7,000 


-from formula 


T * j. /L ®tm X specific voliirar fO 076) X 60 X 1,055 X niams per Ih removed 
Latent Btu/hr-- ,-^ 55 — - 

77 Krains per lli in space 

31 grams per lb reqiurcd Rram difference foi 10,275 <fm of air 
46 grams per lb required outlet air from dnhnmtdiher to rrmove total latent load, 
t Factor 1.08 — 60 X 0 075 X 0 24 from formula 

I Sensible Btu per hour «■ cfm X fiO X 0 075 X 0.2f X temperalun* difference 
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P, Operating data 

1. Gpm of cooling-towcr water. From Table 9*38, for 85^ water and 45 
grains per lb outlet air, the gpm of water per 1,000 Btu per hr of heat 
absorbed by the water is 0.092. From step E, the total heat to the water is 
1,138,600 Btu per hr. 

0.092 X 1,138.6 * 104.8 gpm of 85” water 
1,138,600/8.34 X 60 X 104.8 =* 21.8” water-temperature rise 

2. Steam requirements. From Table 9-31 the maximum steam demand is 
2.G3 lb of steam per lb of water removed from the air for PiQ lb steam pressure. 

560 X 2.63 = 1,475 lb per hr of steam for maximum load. 

Ndtk: The steam rnto is proportional to the load. At half load the steam requiro- 
ments will be 60 per rent of the steam rate for full load. 

3. Elei'tric requirements. A 3-hp motor for tho pump from Table 9-27 and a 
3“hp motor for the regenerator fan from Table 9-28, 

G. Humidifying operation far winter cycle 

1. Fresh air from the lithium chloride dehumidiher to be discharged to the local 
zone units at 72° DB and 30 grains per lb. 

2. The air will be preheated in a preheating coil to 89” DB. All the heat for 
humidification is supplied in this type of unit with the preheating coil. 
Assuming outside air at 0” DB, the air from the preheating coil will be 89” 
DB—53.3° Wlf. Neglecting the radiation and conduction losses, the air 
from the lithium chloride humidifier will be 72° DB and 30 grains per lb. 
The amount of humidification is controlled b}" automatically rcgulatuig the 
steam input to the pn‘heating coil. 

H. Seneible-heai removal for Humtner operation 

The internal and external (fresh-air) latent loads are removed with the dehumidi¬ 
fier. The cooling coils for tho indi^idiial-zone cooling units will lie seler^ted for 



Dttign Conditions tor Typical Zont 

Fig. 9-12. Flow diagram for problem using liquid-absorbent dehumidifier. 

snnsilile heat removal only and will operate without condensation of water vapor 
on the coil surface. The refrigeration system will be selected in the conventional 
manner fni the sensible cooling load. The flow chart for this problem is shown in 
Figure 9-12. 

Control of Absorbent Dehumidifiers. There are two basic control methods used 
with alisorbent dohumidifyiug systems, viz,, constant solution temperature and 
variable solution tein])erature. 

Constant Solvtion Temperature. Tfie liquid-absorbent temperature is held con¬ 
stant regardless of the load imposed on the unit. The temperature is such that, at 
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full load on the unit, the air emerging will be at the desired moisture content. At any 
lo^ less than 100 per cent, the air from the unit will be dryer than the required design 
conditions. The density control inside the unit main tains the absorbent concen¬ 
tration constant. 

In general, constant solution-temperature control is suitable for comfort condi¬ 
tioning and for process work where a lowering in leaving air dryness from the liquid- 
absorbent unit is not important. The majority of dolminidifying applications are of 
this typtv 

Constant solution-temperature external controls for this control method are as 
follows: 

1. Immersion thermostat in the liquid absoibent which is set at the proper control 
temperature. For installations such as shown in Fig. 0-9, this thermostat would be 
placed between the solution cooler and the contactor i‘clls. For an installation in 
which the contactor unit and the cooler are eorabin<‘d in one assembly, as shown in 
Fig, 9-10, the immersion thermostat would he placed in the path of the solution from 
the extended surface contactor. 

2. Modulatijig valve in the water line to the solution cooler. If humidification is 
required, a modulating valve is also placed in the steam line to the humidifying heater. 
The two valves are controlled by the immeision thermostat. 

Variable Solution Temperature. The liquid-absorbent temperature is varied 
over a range with varying loads bo that, regardless of the load imposed on the absorb¬ 
ent unit, the air to be controlled will be at a eoiistaiit moistuie condition. In general, 
variable solution temperature is suitable for process and industrial applications m here 
a constant condition of moisture must be maintained and where any fluctuation 
would be detrimental. 

The following controls are required for this control method: 

1. A master wet-bulb stat, humidistat, or dew-point control installed at the 
control point. 

2. A flubmastcr immersion solution thermostat placed in the liquid absoibent 
The location would be the flame as for the immersion theimostut under constant 
solution-temperature control 

3. Modulating valve in the water line to the cooler and a nioduliitiiig steam val\ e 
in the steam line to the heater. 

The master wet-bulb thermostat with this control arrangement resets the sub- 
master liquid-absorbent-temperature thermostat to 'larv the absorbent temperature 
in accordance with the load. It is inijairtant with this tyjK* of control .always to 
include a submastcr thermo.stat in the control circuit. In addition to the above 
absorbent external controls, a dry-bulb thermostat should be placed at the control 
point for most applications to control the dr>M)ulb temperature tlirnvigh an after- 
heating coil or an aftercooling coil, or both, if reiiuired The solution concentration 
si maintained at a constant value with the internal density control. 

ADSORPTION SYSTEMS 

In an adflorption system, water vapor is eondensed on the surface of the adsorbent 
and drawn into the interior of the adsorbent by capillary attraction. The’idsorbcnt 
continues to adsorb water vapor from the air until an equilibrium condition is reached 
where the internal vapor pressure of the wrater in the pores of the material is in equi¬ 
librium with the vapor pressure of the air passing through the material. 

For a given adsorbent material, the moisture adsorption is dependent upon tlio 
adsorbent-bed temperature, the moisture content of the air or gas to be dehumidified, 
and the flow rate through the adsorbent bed. 

The air passing through the adhorbent dehumidifier increases in temperature 
owing to the conversion of latent heat to sensible hest resulting in a rise in temperature 
of the air. The rise in temperature of tlie air pawing through the dehumidifier is 
somewhat higher than the theorelical rise computed from the transformation of latent 
heat into sensible heat This extra heat is from the residual heat in the bed and 
structural parts owing to the reactivation process. An approximate figure for the 
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riso in the temperature of the del^umidified air eaused by the adsorption heat is 0.75°F 
rise for each grain of moisture removed per pound of air. The actual temperature 
rise of the air in the adsorbent dehumidifier for a specific application should be 
obtained from manufacturer's rating tables. 

Additional capacity may be obtained from the adsorbent dehumidifleT by prccool- 
ing the air before it goes through the dehumidifier when the air to be dehumidified is 
warm. Precooling of the air serves to lower the adsorbentr-bed temperature and thus 
increase the performance. Some manufacturers install cooling coils in the adsorbent 
beds or stage the adsorbent bc'd with a cooling coil between two beds in order to obtain 
additional rapacity and lower the working temperature of the bed. 

The moisture is removed from the adsorbent by heating the bed to approximately 
300 to 450°F. The exact temperature of the air for reactivation depends upon the 
type of adsorbent used. The reactivation air containing the water given up by 
the adsorbent is discharged to the outdoors. After the water has been removed 


Off air 



FlU. 9-13. Scliuiiiatic flow diagriun of t^ pic'al iutennitteiit adsorbent dehumidifier. 

from the ndaorbent, oiildoor air is usuall 3 ' paf>.sed over the bed to reduce the tempera^ 
ture of the bed before it is switched to the debumidifyiiig cj'^cle. 

Operation of Adsorbent Dehumidlfiers. Silica gel and activated alumina are the 
two materials commercially’' used lor the adsorbent systems. Figurt* 9-13 is a sche¬ 
matic flow diagram for an intc'rniittcnt-ty'pe adsorbent dehumidifier, and Ilg. 9-14 
shows a contiiiuous-typt' adsorbent dchuniidihcr. 

The operation of the ad.sorption systems is either continuous or intermittent. In 
order to provide continuity of moisture removal, there are two adsorbent beds in the 
intermittent equipment, as show’n in Fig. 9-13. While one bed is being reactivated 
and purged, the other bed or adsorbing bed is removing moisture from the air. After 
the adsorbing bed has ad.sorbed water vapor to the point where it will not continue 
efficiently to remove moisture from the air, dampers are switched in the air stream 
HO that the adworbing bed which now contains a relatively large amount of water vapor 
is put on the reactivating cycle. At the same time, the air to bo dehumidified is 
switched to the other bed wiiich has been reactivated and purged. This is aecora- 
piibhed automatically in most equipment with time relays. 

In a continuous-sdsorption dehumidifier, the unit is separated into two eompart- 
itienls with dividing seals located on the inside and the outside of the dium. Figure 
9-14 shows the details of construction of a continuous-adsorbent dehumidifier. The 
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air entering tb^ right-hand portion of the rlnim is dehumidified and diacharged through 
the right-hand fan, while at the same time the leit-rhand portion of the drum ia being 
reactivated. 

Water vapor la adaorbed by a given particle of the adsorbent as it rotates counter¬ 
clockwise from Z to X, The adsorbent partitde movers into the reactivation compart¬ 
ment at position X where the water vapor previously adsorbed is driven out of the 
material. 

The adsorbent in the reactivation compartment is in contact with air heated by the 
gas burner. The products of combtistion from the burner arc mixed with the air 
drawn in through the reactivation air inlet. The temperature of the mixture is high 
enough to drive the water vapor from the adsorbent. This temperature is 325 to 
350®F for the silica gel equipment of one manufacturer. The water vapor is dis¬ 
charged tiO the outdoors by the reactivation fan. lligh-pressiirc sti^am may be used 
for heating the reactivation air by placing steam coils iu the reactivation air supply 
to the unit. 



Fio. 9-14. Rotary-type silica gel .idhorbent dehuiuidifier. {Bryant Htaid Company ) 

The unit as shown in Fig 0-14 is designed so that the water vapor has been driven 
out of the adsorbent when it reaches point Y. Oiitiloor unheated air is pulled through 
the segment VZ by the reactivation fan to reduce the temperature of thi* bed before 
it enters the adsorption compartment. 

Equipment Ratings. Figures 9-15, 9-16, and 9-17, represent equipment ratings 
of standard silica gel adsorbent units commercially availalilc. 

Selection of Silica Gel Dehumidifier. A. Problem. A laboratory 72 by 30 by 
12 ft is to be air-conditioned. (Irouiid floor i-s concrete. One outside wall is con¬ 
structed of 13 ft brick and ])la.stcr with thice coats of vaporproof paint. All windows 
are sealed and caulked. Inside walla and ceiling are coated with Ihree coats of 
vaporproof paint on both sides. One door 0 by 8 ft is to he air-locked. There arc 
10 people bi the laboratoiy. One pound per hour of water is evaporated in the 
laboratory. 

B. Design data 

1. Outside design 

a. 122 grains of moisture per lb of dry air for latent load 
h. 95° J>B, for s(‘nsible load 

2. Inside design 

85° DB and 28 per cent relative humidity—52 grains per lb 

3. Utilities 

a. 85° water for the dchumidilier 
h, 1000 Btu natural gas 
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4. 11,000 Btu per hr, internal latent load from people, infiltration, and product 

5. Fresh air 

a. 72 X 30 X 12 ft “ 25,020 c\i ft volume of space 

25,020/60 “ 432 cfm « 1 air chaiiRO per hr 

One and one-half changes per hr of fresh air will be discharged to the space, 

1.5 X 432 = 618 cfm of fresh air, say 650 cfm 

The amomit of frosh air discharged to the space through the dehumidifier is 
usually estiinated from exiieiicnce. 

C. Cfm through dehumidifier 

In applications of tins type, it should first be checked to see if the latent load 
can be removed by passing fresh air through the dehnniidilier. If the entire internal 
and exiemal latent-heat loads cannot be removed vith fresh air, home lecirculated 
air is mixed with the fresh air, and the mixture is circulated tlirough the dehumidifier. 



Entering Moisture Condition - Groms/Pound 

>ia. 9-15. FfBuent nioiBluro curve for rotary ads4>rbi*ijt dohumidjhui {Bryant Healer 
Company,) 


With air enteniig at 122 grains, the outlet air fioin Fig 0-15 vmH be higher than 
the maintaiiicil condition of 52 grains per Ih, so it will be nccessarv lo treat a mixture 
of fresh and return air through the dchuiuidificr. 

Try 1,300 ciin of air through a No. 14 unit Tlie mivtuie of 650 cfm fresh air and 
050 cfm return air w ill be at iK)° DB and 87 grams jicr lb. From Fig 9-15 the outlet 
air will be 37.5 giams per lb. 

11,900/0.68* X 1,300 = 13.5 grains/lb rise on 1,300 cfm of air 
52 grams/lb *■ maintained conrlition 

13.5 grains/lb *= required diffusion grain/pound difference between maintained con¬ 
dition and air from dehumidiOei with 1,300 cfm of air 
38 5 graiiis/lb * required air from dehumidifiei 

Since the dehumidifier will deliver aii at 37 5 grains/lb, use No. 14 unit with 1,300 
cfm of air. If the moisture removal could not have been obtained with 1,300 cfm of 
air, it would be necessary to use more return air and a larger unit or preoool the fresh 
air. 

D. Dehumidifier after-cooling roil eeleHian 

From Fig. 9-16 the air from the adsorbent dehumidifier will be 134'*F for air 
entering at 90* DB anti 87 grains per lb. The cooling cod is selected in the oonven- 

* See page 666 for denyaiion of factor 0.68. 
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tioniil manner. A 7® approach to the water temporalure would be an economical 
selection. 1,300 X 1.08* X (134 - 92) - 68,968 Btu per hr to be removed by the 
water. Assuming a 14“ temperature rise, the water quantity would be 8.4 gpm of 
85® water, leaving the coil at 99®. 

E. Gas consumption 

From Fig. 9-17 the fuU-load gas consumption is 145,000 Btu per hr. From Fig. 
9-17 with 87 grains per lb inlet air at 90® DB, 85 per cent of llic full-load gas con¬ 
sumption will be required, 

0.85 X 145,000 « 123,250 Btu/hr gas consumption 

F. Operating data 

8.4 gpm of 85® water from step D 

123,250 Btu/hr, gas consumption from step E 



10 20 30 40 50 60 70 80 90 OO HO 120 130 MO 150 


Inlet Moisture Condition - Grains per Pound of Dry Air 

Fig. 9-10. Temperature of effluent dry air from rotary adsorbent dehumidifier. (Bryant 
Heater Com-pany,) 



Inler Moisture Condition-Grains/ Pound 

Fig. 9-17. Gas consumption on rotary adsorbent dchumidiflers. (Bryant Heater Com¬ 
pany.) 

A 1-hp motnr Ls supplied with this unit for the fan handling the main air supply 
and the reactivation air. The motor size varie.s with the depth of the bed and the 
air flow. The flow chart for this problem is shown in Fig. 9-18. 

Control of Adsorbent Dehumidifiers. Variable Control of Reaclivation of Steam- 
fired Adsorbent Dehumidifiers. A wet-bulb thermostat, humidisiat, or dew-point 
atat is placed at the control point to operate a modulating damper m the reactivation 
* See page 666 for deiivation of factor 1.08. 
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air supply to the dehumidifior. The moisture-removal capacity of the dehumidificr 
is controlled by regulating the amount of activation-heat input into the dehumidifier 
by controlling the volume of reactivation air with a luodulatiiig damper f^ontrol. The 
dchumidificr operates continuously with this arr.nigcniciit, and the equipment is 
modulated to meet the varying niuisturc-renioval loads. 

The control equipment required constats of the following: 

1. Wet-bulb thermostat, huniidistat, or dew-point thermostat placed at the 
control point 

2. Damper with modulating danqter motor in the reactivation air supply l)etween 
the steam-reactivation coil and the dchumidificr under control of the humidistat 


Adiorbsnt 

dehumidiflar 


SSOcfmFA, tSOOefm 


95* OB. 
tBBgr./lb. 


90*D.B. 

\87gr./fb. 

\ 

650 cfm ra 
BS’O.B. 

58 gr, /lb. 


Dry air 
cooling coil 


Moin 

cooling 



I34^D.B. 


1 98*0lB. B6.P0.B. 


u 

37.Sgr/lb 

375 
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\ISOO cfm 
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Fm. 9-18. Flow chart for adsorbent dchumidifier problem. 


Variable Control of Reaefimiion of Ga>s-Jired Adsorhnit Drhumidifirrs. The humidi- 
stat with the gaa-operated dchumidificr (jontrols the gas input to the dchumidifier. 
The operation and controls arc the same as the above with the exception that the 
modulating control is placed on the gas input to the dphumidilior, and the modulating 
damper in the reactivation air supply is eliminated. 

Face and By-pass Damper Control. In certain applications, the modulating con¬ 
trol is obtained with adsorbent dehumidifiers liy placing face and by-pass dampers 
around the dchumidifier. Fare and by-pass dampers are installed in the dehumidified 
air stream under the operation of the huinidistat or w'ei-bulb thermostat eontrollcr. 
The i^mtrols and equipment ari* designed so that, under maximum load, all air passes 
through the deliumidifier. At less than maximum load, the humidistat operates the 
face and by-pass dampers to by-pass a eertain amount of air around the dehumidifier 
in order to modulate the rapacity of the <leliuraidilier to the load requirements. 

Off and On Control. In certain apjilieations, the adsorbent dchumidifier is cycled 
from a wet-bulb thermostat or humidistat in the controlled space. This tj'pe of 
control is chiefly used in comfort installations and other installations where some 
variation in the rclath't* humidity is permissible. 


APPLICATION OF ABSORBENT AND ADSORBENT DEHITMIDIFZERS 

Absorbent and adsorbent di'huiiiidifiers are employed when* it is desirable to con¬ 
trol the removal of moisture from the air independent of the dry-bulb tciniieraturc 
of the air. Dohuniidifiers arc used for this piir])Ose in imlustrial processing air con¬ 
ditioning and in comfort air conditioning in combination with refrigeration. 

Dehumidifiers are favorably applied to remove moisture from outside air in appli¬ 
cations requiring delivery of air at low relative humidities. Figure 9-19 is an inter¬ 
esting application of dehumidiiication equipment with refrigeration for aftc^rcooling 
the air. This arrangement is applied to a pharinuccutical plant where it is necessary 
to maintain various spaces at difiereni ndative humidities and dry-bulb temperatures. 

The dehumidifier reduces the fresh air to an outlet condition of 97“ DB and 40 
grains per lb. Tliis air is distributed to the various air-conditioned spaces through 
booster units. Small booster dphumi(.lijiers are provided for those departments or 
spaces requiring greater dehumidificatiou than that supplied by the main air supply, 
(k>oling coils and heating coils are iirovidod when control of the dry-bulb temperature 
of the air in the various spaces is required. 

Dehumidifiers are applied to many industrial drying problems wdiere low relative 
humidities arc required for the processing, mamifaciurmg, and storage of various 

673 



Sac. 9] ABSORPTION AND ADSORPTION DEHVMIDIFYING SYSTEMS 

materials. Fij^ire 9-18 is a typical arrangement of equipment for control of a space 
or drying tunnel at relative low humidities. A pooling coil or heating coil is usually 
applied after the dchumidifier for dry-bulb-tempcrature regulation. 

Dehumidihoatiou equipment is f*iriploycd to advantage in air-conditioning prob¬ 
lems requiring low relative-humidity control and no temperature control. The 
preservation of iiuictive naval veaselh by holding the interior of tlie ship at a relative 
humidity below 30 fx^r cent to prc'vcnt niold^ corrosion, and other moisture damage 
is an example of low-humidity control with no temperature control. 

The application of dchumidiiication equipment to e.omfort air conditioning in 
combination with refrigeration for aftercooling provides the fuUowing advantages 
without the use of reheat: 

1. Independent control of relative humidity and temperature with varying latent- 
and sensible-heat loads. The humidistat or wet-bulb thermostat directly controls 


40^00 cfm 
120 gr 



Fla. 9-19. Flow chart for central system dchumidifier with booster units. 


the moisture removal in tlie dehumidifier, and tin* sensible cooling is controlled by 
the thermostat regulating the amount of refrigerating effect. 

2. Operation of the refrigeration equipment at higher evaporator temperatures 
for most applications owing U) the use of refrigeration equipment for only sensible 
cooling. 

3. The first cost and operaimg cost of a combinaiion system compared with a 
straight conventional refrigeration system is dependent upon the design air conditions, 
the size of the installation, the ratio of latent heat to total beat load, the amount of 
fresh air, the relative cost of steam or gas and electric power, and the cost of cooling 
water, Jn general, it may be said that the operating cost tends to be lower for a 
combination system, and the first cost temds to be higher. 
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INDUSTRIAL INSTRUMENTATION AND CONTROL 

BY Douglas M. ('onsidinb 

Manager of Technical Section^ Broivn Instruments Division of Minneapohs-IIoneywell 
RcgulaUnr Co., Philadelphia, Pennsylvania 

The importanco of industrial instrunicTilalion to the daily activities and respon¬ 
sibilities of the plant and process ciiKinecr has increased manyfold in the past few 
years, (^'ontinuous manufacturing and proc*essing techniques, plus new and improved 
methods of measun^ment and control, principally respon.siblp for the rapid strides 
made in instrumentation. In hundreds of industrial organizntinns, instruments have 
created many new departments and jobs. Instrument Department and Instrumen¬ 
tation Engineer arc becoming familiar phrases in plant terminology. 

Because of the tremendously wide field embraced by industrial instrumentation, 
it is impossible thoroughly to cover or even mention all phases of the subject. The 
phases covered have been selected because of th»^ signiticance which they bear to 
plant and process engineers. A list of exc^ellent references is included at the end of tlio 
section. Broad coverage of o1 h(‘r iihases of instrument at ion is coni ained in the sourc(‘3 
listed. 

Since plant and process engineers frequently must present valid and convincing 
reasons to management for proposed expenditures, including those for instrumenta¬ 
tion, the basic answers to the qiieslion, Why measure and control?" arc quite impor¬ 
tant. A part of the section is devoted to this consideration, ^^'hile many plant 
engineers have a very detailed knowledge of many instruments or controls, it Inis 
been found that an over-all urKhrstanding of the process variable.^, their nature and 
relation to one another, is often lacking. An espociiil effort has been made here 
to classify, eximpare, and discuss the nature of the variable. Rleasurcment is an 
extremely important part of instrumentation since accurate control can be based 
only uixm n^habh* measurements. Fundamental measuring means are discussed here 
in a broad, informal manner. The approach is designed to ronvey how certain very 
basic criteria arc utilized for the measurement of many different variables. Di'tailcd 
considerations of measurement must be ubtaiiu'd from refereiK^es specifically covering 
this subject. Particular stress lias been placed heri‘ ui)on the newer measuring 
means, such as those for determining chemical composition, dew points, etc., which 
are not yet thoroughly covered in (he literature, Automatic control is a very broad 
and complex subject, and volumes have been devoted to it alone. Here only the 
fundamentals of the subject can be presented. To stress the* practical application of 
measuring and controlling iiistrumeiits, a s(*ciioii on aiitoinatic-euntrol-systeiu appli¬ 
cations has been included. And finally, a suliject of interest to most plant and process 
engineers, viz.^ instrumentation costs, is briefly covered. 

WIDE SCOPE OF INSTRUMENTATION 

Few products of modern industry escape passage through some process environ¬ 
ment which must be controlled within rather narrow limits. T pinpcrature, pressure, 
humidity, flow, and other factors, commonly referred to as pweess variables^ literally 
govern the environment to w^hich a product is (‘xposed and often will detennme 
whether the product will bo of high quality or a reject. Wherever stabilization of a 
process variable will increase product quality, decriase wastes or rejects, save steam 
or fuel, or enable an ojierator to do a better job in less time, instruments and auto¬ 
matic conkola should be considered. Since there are several process variables of 
major importani'e and since these variables arc encountered in hundreds of different 
industries, the scope of instrumentation is extremely wide. 
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WHY MSASURE AND CONTROL? 

In the final essence, most advantages claimed for instrumentation can he resolved 
in terms of economics. Instruments and controls intelligently applied generally will 
enable the manufacture of a better product at a lower cost. Instruments are also 
applied widely in the interest of safety to personnel and equipment. 

Product Quality. Most industrial products are manufactured to meet certain 
specified physical or chemical properties. As the quality of a product goes up, the 
tolerances governing deviation from these properties become narrower. And, as tol¬ 
erances grow narrower, the need for instruments and automatic controls generally 
increases. 

Thousands of examples of how final product quality is tied in with manufacturing 
conditions could be cited. Only a few can be mentioned here. In the examples 
given, the critical process variables are in italics. 

The hardness, ductility, resistance to corrosion, and several other properties of a metal- 
lurfdeal product arc reprosentativo of the care exercised in (1) proportioning, by weighty of 
the original ingredients and (2) maintaining the proper operating time and temperature in 
melting, refining, pouring, and heat-treating. 

The purity of a chemical product may depend upon (I) the proper proportioning of 
original ingredients by weight or flow (volume), (2) iiolding the preeame of the reaction 
vessel constant for a spenfied firm, and (3) adjusting the pll of the final product through 
addition of a corrective agtmt. 

The weight, strength, and otlier properties of a paper product are partly the result of 
(1J digesting the pulp at the proper tfmperature or preasiirr and for a specified time, (2) regu¬ 
lating the liquid lead of the head box, (3) adjuslnig the pH of the pulp. (4) maintuining the 
proper apeed of the paper machine, (5) drying the paper at tlie desired temperature and to the 
proper moiatuie coiiient, and (0) storing the paper at the most desirable humniity. 

Product quality and unifonnity can result only when processing conditions are 
held closely from hour to hour and from day to day. Autl3iriatic controls not only 
chininale the drudgery of manually mmntoining these conditions but eliminate the 
risks of human errors and carelessness. At the same time, the operator is freed to 
do other important tasks. 

Direct Materials Savings. Hy consistently maintaining product quality, the 
number of reiects jiroduced is cut to a mmiinuin, thus effecting savings of raw mate¬ 
rials as well us the firoductive lime of maclimcry and men. These savings in time 
and material eui over-idl manufacturing co.sts which means greater profits and a 
lower selling price to the coiiHuim*r. 

Instrumentation lias done an outstanding job in rmtting the nation's fuel hill and 
in so doing has contributed to conservation of our natural resources. Automatic 
controls through eliminating overheating of ovens, furnaces, driers, kettles, and other 
processing equipment have rut to a niinnnuin tlie number of Btu going up the stack. 
Ileatmg controls are generally based upon temperature measurement, and there is no 
human fireman or operator who can sense temperature with the accuracy and sensi¬ 
tivity of a thermocouple or thermometer bulb. Fuel savings through instrumenta¬ 
tion, then, are not diflicuU to undi^rstand. 

Conditioning of trade wastes is another example of where instruments have effected 
large savings in matensls Often the wastes from a plant are dumped into a public 
stream. Frequenlly, these wastes contain objectionable materials, such as acids, 
V ,hich destroy fish and other wdldlife. To avoid these harmful results, many operators 
add some corrective agent such as lime to the wastes to neutralize the objectionable 
effects. By measuring the pH of the treated ivastes, considerable savings can be 
realized through elimination of overdosage of corrective agent. 

Cost Accounting. Cost accountants arc helpless without reliable data upon which 
to base their studies. Rec4)rding and intc^grating instruments comprise one of the 
accountant's principal tools in collecting ilata. Flowmeters arc used widely to meas¬ 
ure steam, water, fuel, and other utilities used by various departments in a plant. 
Where solid materials arc involved, scales are used to measure the transfer and con¬ 
sumption of materials of interest to the accountant. 
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Product Testing. Most manufacturprs perform certain physical and chemical 
tests on all products made, or at least upon representative samples taken from the 
production lines. Such testing could not be carried out without the aid of modem 
instruments. Viscosimettirs, X<ruy spectrometers, checkweighing scales, hydrom¬ 
eters, and refractometers—these arc but a few of the instmnients in daily use for 
product testing. 

Plant Safety. Most plants have one or more areas where hre, explosion, poison, 
or other hazards are present and would be disastrous unless carpfully watched and 
controlled. A gas-fired oven, a solvent-recovery area, a paint spray booth—^these 
are examples. Fortunately, modern instruments arc^ available detect the presence 
of dangerous concentrations of gases and vapors, of flame failure in combustion units, 
and similar conditions. These instruments not only detect the* existence of dangerous 
conditions but sound visual or audible alarms and in many cases immediately insti¬ 
tute protective measures automatically, such as shutting off fuel supplies, closing fire 
doors, or starting auxiliary ventilating systems. Instruments have saved many lives. 

Advantages—ad Infinitum. A complete delineation of the advantages of instru¬ 
mentation cannot be given here. One other advantage which is often overlooked, 
however, is that ivhich enables many complex professes to exist. This is tlie advan¬ 
tage of practically instantaneous coordination. With the hundreds of valves and 
dampers which must almost continuously be adjustoil in many processes, it is difficult 
to comprehend how the process could operate manually, even with a man at every 
control valve. Possibly, onp man with a hundred hands and the brain to coordinate 
those hands could control such a process. Hut certainly, a hundred men, each with 
two hands and a brain, but without the iiistuntampons coordination required, could 
not tackle the control of such a process. 

PROCESS VARIABLES 

The process variables are extremely difficult to classify. They can bp grouped, 
however, with some logic. One metliod of grouping is followed here. 

Energy Variables. Energy variables are so termed because they are related to 
the energy content of a process stream or piece of process equipment. While these 
variables are large factors in deterinming (he final jiropcTties of a product, they are 
unimportant once lliis product has been made. Energy variables include (1) tem¬ 
perature and (2) pressure (po.sitive and vacuum). 

Temperature. The existence of three states of matter—solid, licpiid, and gas—Ls 
convincing proof that temperature xntally affects every substance at at least two 
points on the temperature .scale. Advantage uf the elianging state of substances at 
definite temperatures is taken in procesising, wdienin freezing and boiling points con¬ 
stitute the basis for separating matcTi.als, Two hu})stanceH or different fxnlmg {Hunts, 
for example, (san bo separated by distillation. Temperature also affects the rate of 
chemical reaction between substances, thi- rate of reaction iiicreusiiig two- or three¬ 
fold for each 10“C rise in temperature. The solubility of solids in liquids and of 
gases in liquids is also dependent upon temperature. In gtmeral, thi* solnfiility of 
solids in liquids increa.scs with an increasing temperature, w'hili' the soluViility of gases 
in liquids increases wdth a decreasing temperature. Tlius, it should be obvious why 
temperature is so important a factor to the chemical operations, erystaJiizatioii and 
absorption. The relationship between crystallization of solids and tciripcrature 
explains the need for accurate temperature control in many lieat-treating operations. 
The rate of ]>acterial and enzyme action is also critically affecti'd liy temperature. 
The range over which fermentation and other biochemical actions occur, llierefore, 
is relatively narrow. Sinre there are few substances which an' unaffected by tem¬ 
perature over a ivide range, the measurement and control of tempera tun* const it ute.s 
the largest field of application for industrial instruments. 

Pressure. Under maJiy conditions encountered in industrial processing, pre.qsure 
and temperature are interlocked by nature so that oni* variable is fixed by the other. 
Often the plant or instrumentation engineer will be pre.senti'd with making a decision 
as to which variable should be Selected as the basis of control for a piece of process 
equipment. Pressure, like temperature, markedly affects the boiling points of sub- 
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stances and, to a lessot degree, freezing points. Pressure also affects the rate of 
chcniical reaction, especially where the products of reaction are gases. Where the 
roartants and products of reaction arc solids or liquids, however, pressure is relatively 
unimportant. Pressure control is extremely important to boiler operation where the 
safety of personnel and equipment depends upon maintaining pressure within pre¬ 
scribed limits. Recent advan(;es in both extremely h-p and high-vacuum techniques 
have accentuated the importances of pressure ineasiu^cincnt and control. 

Quantity and Rate Variables. Under quantity and rate variables are variables 
that bear a direct relationship to the quajilitics and flow rates of materials in a proc¬ 
ess Tliey include (1) fluid flow rate, (2) liquid level, (3) a'eight and weight flow 
rate of solids and liquids, (4) thickness and other dimensions of solids, and (5) speed 
of processing machinery. Unlike the energy variables, these variables do not affect 
the properties of the substaiices hoixig provesHcd so much as they determine the eflB- 
cicncy and operation of the process itself. For example, the physical properties of 
water flowing at the rate of 20 gpm arc the same as those of water flowing at 2,000 
gpm. On the other hand, an item of processing equipment designed to handle 20 
gpm will be quite iueapablc of handling 2,000 gpm. 

Flow. Although flow rates of single components in a process do not affect the 
properties of the oompouenta, the rates of flow of two or more components to form a 
luixture, or of two or more constitueiihs to form a chemical compound, do greatly 
affect the rpBiilts obtained. Ft»r example, in proportioning a heavy oil to a light oil, 
the flow rates of lioth components will determine the viscosity of the mixture. Since 
substances react chemically in definite proportions one to the other, accurate flow 
projKirlioniiig is required to avoid the prosenee of excess reactant in the final product. 
The imiHjrtance of flow measurement (.o eoiilinuous processing, wher<' eciulpment is 
designed to operate at maximum efficiency at certain production rates, cannot be 
oven*inphasi74ed. Similarly, the importance of flow measurement to the g.athering of 
statistics for plant cost accounting cannot be nv(*rlnoked. It is interesting to note 
that flow often is a depc'iident variable fixed by a key variable, such as temperaturo 
OP pressure. The How t‘ontrol of steam or of cooling water to a heat exchanger to 
mamtain a desired temperature in an example of this latter situation. 

Liquid LrviL Like flow, liquid lev<‘l in itself docs not affeet the properties of a 
siibslaiiee being processed. Nevj»rtholess, it must be measured and controlled so that 
processing equipment will not run dry or overflow, with possible disastrous results. 

Weight. While of principal concern to the proper proportioning of solid or liquid 
ingredients to « process, weight is also a spe.eific pioperty of a substance which may 
be desired to be held within definite limits. In extruding tire tread or tubes, for 
example, it is desired to olitain a definite weight per nmniiig foot of the extruded 
material, since this weight is vital to the balance, weight, and j)hyHical dimensions of 
the finished product. Measutornent of weight in various stages of manufacturing is 
also freiiuently done as an aid to plant cost accounting. Counting large numbers 
of parts by weight, for example, is wiilely prac*tii*ed. 

Thichu’ns, Thickness and other physical dimensions of substances being proc- 
c.sscd often have a definite bearing upon the final pn>duct. For example, sheet steel 
is rolled to a definite gauge; pipe is extruded to a definite bore; and paper is calendered 
to a definite caliper. 

Spted. Speed is quite similar to flow rate in that it determines to a large degree 
the rate of production or processing. In itself, speed does not affect the properties 
‘>f a substance. For example, paper ninning at 300 or 1,500 fpm on a machine is 
not affected by the sp(‘ed itself. It is affected by the time with which it is in contact 
^'ith the drying cylinders, however, and that time will be affected by speed. Since 
procc*asing cqui]>meiit, such as a pajn^r machim^, is designed to operate at a certain 
s]>epd, control of ai>eed is important. Too fast a speed on a jiaper machine, for 
exampl(‘, will result in wet, improperly dried paper, while too slow a speed will result 
in overdried paper. 

Substance Property Variables. Substance property variables are definite, s^- 
eific properties of substances and include (1) density and specific gravity; (2) viscosity 
and consistency; (3) pH or hydrogen-ioii concentration; (4) electrical conductivity; 
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(5) thermal conductivity; (6) calorific value; (7) explosibility and flammability; (5) 
humidity; (9) color, opacity, smoko density, and turbidity; (10) moisture content; 
and (11) a(*tual chemiral compohition. 

Several of the above variables arc of principal importam*? in detorminiuK, partly 
or wholly, the chemical composition of a auhstanco. These variables include electrical 
conductivity, thermal conductivity, and specific gravity. Electrical and thermal 
conductivity, for example, are relatively unimportant physical characteristics of most 
substances (insulating materials would be an exception). On the other hand, elec¬ 
trical C/Onductivity is used widely as an index of the moisture content of a substance, 
while thermal conductivity is used to measure the compoait' jn of gases. 

To illustrate how difficult a classification of the process varisbles really is, it is 
interesting to note that weight and tliickness, classified previously as quantity or 
rate variables, may just as logically be classified here as substance property variables. 

Density and Specific Gravity, Dcn.sity and specific gravity arc particularly impor¬ 
tant to evaporating and crystallizing operations where a liquid solution must be 
evaporated to a certain concentration before crystals will begin to form. Where 
reasonably pure substances arc involved, a measurement of the specific gravity proves 
to be a useful index to concentration. 

Viscosity and Consistency. Lubricating oils are the most fitting examples of sub¬ 
stances which are produced having viscosity a.s one of the final specified properties. 
Viseosity is also extremely important to the production of paints and varnishes. 
Consistency, closely related to viscosity', is of <».special importance to papcT produc¬ 
tion. This variable property of paper pulj) greatly affects formation of the sheet on 
the paper-machine wire. 

pH or IIydrogen~ion Concentration. As a measure of tlie effiTtive acidity or alka¬ 
linity of a process liquor, pll is of significant imjxirtance to many of the chemical 
unit operations, including precipitation, coagulation, neutralization, and fermentation. 
Usually the pH of the final product is not nearly so important as the pH of the various 
liquors during production. For exampli^ certain organic* solvents and compounds 
are produced by the action of living enzymes or molds. These living organisms usu¬ 
ally yield a maximum quantity of the desired substance at a definite pH value, anil, 
therefore, close control over pll is important. On the other hand, the actual pH of 
the finished product is not usually of particular significance. 

Electrical Conductivity, Electrical comluctivity finds limited value as an index to 
chemical composition of liquids and also as a measure of the moisture content of such 
substances as paper and textiles. With the exception of wire and electrical insulators, 
electrical conductivity is not a particularly significant property of a final product. 

Thermal Conductivity, Me a.sure men t of thermal conductivity finds its widest 
application as an index to tlu' cliemical composition of gases. With the i*xception of 
heat-insulating materials, it is not an important final property of a pmduct. 

Calorific Value, (’alorific value is an extremely important property of fuels, of 
course, and in this eoniieetion is measured widely. This jiroperty is also used to a 
limited extent in determining the chcniieal composition of gases. 

Explosibility and Flammahihiy. Explosibility and flamimilnliiy apply mainly to 
gases and vapors and are measured, of course, in the interest of safety to iiersonnol 
and equipment. 

Humidity. Generally, humidity is considered a tp,rm tt» signify some function of 
the (Concentration of water vapor in air. It is also being applied today to denote tlie 
concentratioii of other vajairs in air or in other gases. This is another example of 
a variable which is not important as a final property of a substance but which is 
extremely important as a processing condition. It is highly important in comfort 
and process air conditioning and to such operations as drying, absorption, adsorption, 
and storing. 

Color, Color is of principal importance as a final product quality, although it is 
used to a limited extent in determining chemical e( mposition. r^hlorine and nitrogen 
dioxide, for example, arc gases, the colors of which vary with concentration. Hydro¬ 
gen sulfide reacts with lead acetate to produce black lead sulfide. Hy subjecting a 
Icad-acetatc-trcatcd paper to hydrogen sulfide gas and measuring the intensity of 
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the blacK color photoelcctrically, an indirect measure of the gas cunceniration is 
obtained. 

Moisture Content. Moisture content is an important property to materials in 
production as well as to final products. The moisture content of warp yarn as it 
emerges from the slasher is very important to the success of the subsequent wt'aving 
or knitting process. The moisture content of the paper sheet as it emerges from the 
dry end of the paper machine is important to subsequent converting and printing 
operations. 

Chemical Composition. Product purity is of especial significance to the chemical, 
petroleum, and pharmaceutical industries. In many rases, temperature, pressure, 
and other process varin})l(‘s arc measured today as means to control product purity. 
Advances made in tlie direct measurement and con‘n>l of chemical composition over 
the past few yt^ars undoubtedly will have a marked effect upon industrial-instrumen¬ 
tation techniques. Why use the lioiliiig point of a liquid as an index to purity 
if an equally practical means for directly analyzing the composition of the liquid is 
available? 


BASIC CRITEBIA OF MEASUREMENTS 

The means for measuring the numerous process variables are about as difficult to 
classify or group as the variables ihciuselvos. Since the process variables arc meas¬ 
ured and controlled because they change, it follow.s that some phenomena must be 
measured which reliably represent these changes. For many measuring instruments, 
these phenomena fall into one of the following categories: (1) change of pressure and 
(2) change of electrical voltage, resistance, or curn^jit. 

The discussion of measuring instruinrmta to follow does not correspond to the 
conventional manner of presentation followed in most handliooks and texts. Usually 
each process variable is taken \ip individually, first exhausting temperature measure¬ 
ment, pressure measurement, and the like. In this discussion, an attempt is made 
to interlock the major incarturiiig instriiinenis on the basis of the phenomena which 
they utilize as their bases of measurement. If it is desired first to study all temperar 
turc-measuring instruments, then all pn‘ssure-mea8uring instruments, etc., reference 
to texts listed in the bibliography is suggested. 

PRESSURE-ACTUATED INSTRUMENTS 

Pressure-actuated instruments are of two general types, viz., (1) those designed to 
measure pressure as a process variable and (2) those designed to measure pressure as 
an indi‘\ of some other process variable, such a-s temperature, flow, or liquid level. 
In cither case, the measuring means used are strikingly similar. 

Elements for Measuring Pressure Changes. Whether a pressure change is due 
to a change in flow, a I'hange in liquid level, a ehange in temperature, or a change 
in process pressure itself, there are seven basic elements which will measure these pres- 
bure changes. These are (1) the helix, (2) the spiral, (3) the bellows, (4) the com- 
pimsated bellows, (5) the bourdon tube, (6) the mechanical manometer, and (7) 
the electrical manometer (see Fig. 10-1). 

The helix, spiral, bellows, and bourdon tube have mticli in common in that they 
comprise metal enclosures which expand when exposed to internal pressure. Expan¬ 
sion of the helix, spiral, and bourdon tube causes a twisting action. By attaching a 
ren or pointer to those elements by means of a link, an indication or record of move- 
lueiit of the elcuicnt and, consequently, of pressure is obtained. Expansion of a bel¬ 
low's causes a linear movement, but attachment of pen or pointer via links is similar. 

In industrial instruments, the manometer generally takes the form of a U tube 
filled with water, mercury, or other suitable liquid. Pressure is applied to both sides 
of the manometer and cniLscs a float in one side to rise or fall. This float may be 
directly connected to a pen or pointer by means of a link, or the float may raise or 
lower an armature wdiich is part of a solenoid. This latter arrangement permits 
electrical transmission of the measurement over almost unlimited distances. 

Elements for Crentiiig Pressure Changes (see Fig. 10-2). Obviously, where pres¬ 
sure itself is the process variable being measured, the changes in pressure are created 
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Fig 10-1 (1) IJplix used in prosbure gauges ahd prpssure-typo thernkoruplpis (2> 

Spiral used in pressuie yauges and prossuri'-type th6iinoimM f>f h (d) uspd in 

pieBsurp and 'laruinn (!aueei and in bublile- or diaphiUKin-ti i>p liquidJevpl Kauges. (4) 
Bellowb with baionietiir eompeiination used in absolute pressure gauges, (5) Bourdon 
tube used in pressure gauges. 
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CO (7) 

I'jti. 10-1 (C'oTtftnued) (0) M<*ehajucal-i ypp luauoinotei u'ird iii diffoioiiiial-presHuro-type 
flow and liquid-level fcaiiKcs (7) Eleetiiial-tvpc tiiauonietei used m diHercntial-preH&ure- 
lype flow and hquid-levol gaui;e^. 



wilhm the process, and all that is required is to connect the pressure-meiisuring elc- 
Tiieiit to the process by means of suitable pipe or tubuig. 

IVessurt* changes which coiiespfuid to changes in flow rate are ereated by one of 
seveiiil del ire,s, including (1) onlice, (2) ventiui, and (3) flow nozzle. If a rebtnction 
IS plaei'd 111 a pipe line contniiiing a flowing fluid, a pressuie differential w'lll lie created 
by the lestnclion. Tins diflereiitial m statie pressuie boars a definite relationship to 
the rate of flow })aht the restriction and, therefore, eaii tie used as a measuic of fluid 
flow. Two pressure taps, one on either side of the restriction, are connected to a 
luaiiomeler. 

Pressure changes which correspond to changes in temperature are created by ther- 
niofneler bulbs (see Fig. 10-2(4)) of three prinripal types, viz., (1) inereury-filled, (2) 
gas-filled, and (3) Inpiid-plus-vapor filk'd. When any closed vessel is subjected to a 
nse in teinperat ure, the internal pressure of the vessel ivill be increased. The opposite 
act ion oceurs w hen a fall in temperature is involved. The mereury-filled system eom- 
prisf's a bulb, connecting papillary tubing, and helix or spiral, all filled with mercury. 

the bulb, which is located in the medium to be measured, is healed, the inereiiry 
expands causing the measuring element to expand. In the gas-fillcd system, the mer¬ 
cury is replaced with a suitable gas—the principle is exactly the suine. In the liquid- 
pluB-vapor syfatem, the bulb is filled with a liquid and its vapor. As the bulb is heated, 
more of the liciuid vaporizes, in (Teasing the mlernoJ jiresbure of the measuring system. 
Systems of the latter tyiie have the advantage of not being affected by ambient- 
Icinperature changes along the capillary connecting tubing. 

Pressure changes whirli correspond to changes in liquid level employ a manometer 
or bubble pipe. In the manometer svstem, two taps arc made in the side of the 
vessel containing the liquid. As the liquid loved rises or falls with t elation to these 
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(5) 

Fio. 10-2. (1) Onfipc plato ubc'd in diffoiential-preRhiire-t> pe flow moters. (2) Venturi 

tube used in difToreiitial-pieDhUie-tvpe flow i»ieteis, (3) J low nozzle UHod in diffcreutiaJ- 
pres8ure-type flow meteis. (4) Topical iiu»atiuring bulb of prebsure-tjpe thermometer. 
(6) Bubble- and diaphragm-type liquid-level gauges. 


taps, the pressure differential chango.s. By eoiiiierting these taps to a manometer, 
just as with an orifiee-type flowmeter, the position ol the manometer float will mdi- 
eate the level in the vessel. In the bubble-pipe sjstem (.see Fig. 10-2(5), an open- 
ended pipe is plaeed in the vessel, and air under pies.sure is forec'd into the pipe, eaiismg 
bubbles to emerge from the end of the pipe. By regulating the supply air preshure so 
that a definite number of bubbles rise from th(‘ pipe o\er a given lime and by measur¬ 
ing the baek pressure in the system required to maintain this »oiidition, a measure of 
the head of liquid in a vessel is obtamod. Tlie back pressure is measured by means of a 
spiral or bellows. 

ELECTRICALLY ACTUATED INSTRUMENTS 

A change in electrical resistance, elcetromotive force, or current is used to measure 
any number of the process variablns. Some of the more imfiortant variables measured 
in this manner include temperature (thermocouple or thermopile), pressure (thermo- 
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couple, electrical resistance, or ionization), moisture (electrical conductivity), pH 
(glass electrode), liquid level (electrodes), and diemical composition (Geiger counter, 
dropping mercury electrode, etc.). 

Instmments for Measuring Electrical Changes. There are two basic types of 
instruments for measuring electrical changes, viz,, (1) dcflectional-type millivoltmeter 
and (2) null-balance potentiometer (galvanometer and electronic typos). Where pre- 
cisipTi is required, the potentiomctcr-type iiistrunicnt gcnorally is used. 

Millivoltmcters (sec Fig. 10-3) employ the D'Arsonval galvanometer. Dehectiona 
are obtained by the reaction between an energized coil and the field of a permanent 
magnet. The coil of fine wire is connected across the circuit to be measured through 
spiral spnngs. It is supported by pivots and free to move in the annular space 

between a oft-iron core and the pole pieces 



of a permanent magnet. Owing to the shape 
of the polo pieces and core, the strength of the 
magnetic field is uniform. Hciicc, the deflec¬ 
tions of the pointer are directly proportional 
to the current, and the scale divisions are 
uniform. 



SC OR T C 


Fio. 10-3. Defloctiunal-fcype milli- Fio. 10-4. Basic circuit ol null-balance- 
voltineter. type potentiometer. 


Although it is ijossiblo to measure the temperature of a thermocouple directly by 
means of a ioillivoltmeter, this method introduces as a possible variable the resistance 
of the leads and various coimertloiia Consequently, a potentiometer is generally 
used as the measuiing circuit in precision instniments, since in this method resistance 
is ruled out as a variable o^^lng to the fact that the electrical iKitential applied is 
balanced against an equal and opposite i*otential produced by a battery. An elemen¬ 
tary potentiometer circuit is sliown in Fig. 10-4. In the upper circuit, the battery 
produces a potential drop in the slide-wire which may be adjusted by resistance It, 
In the lower ciicuit, an opposite potential is produced by a standard cell of definitely 
knoum voltage, and the drop in the slide-wire can he maile equal and opposite to that 
produeed t>y the battery by an adjustment of the slider, this point being indicated 
by a zero reading of the galvanometer. A thormoeouple can then bo substituted for 
the standard coll and the galvanometer again hrouglit to zero by adjusting the slider. 
The relation between the first and serond slider readings is a measure of the differ¬ 
ence lietween the thermocouple potential and that of the standard cell, and the slide- 
wire positions may he calibrated in terms of the temperatures of the hot juiietion 
corresponding to the various potentials. The potentiometer just described is manu¬ 
ally balanced. In industrial instruments, the balancing action is accomplished auto¬ 
matically, and the thermocouple voltage (in terms of temperature) is indicated rxm- 
tinuously by mechanical, electrical, or electronic means. 

The detecting and rebalancing means used in one type of electronic potentiometer 
are illustrated in Fig. 10-5. Briefly, (he d-c* millivoltagc created by the thermocouple 
is changed to an a-c voltage of proportional magnitude in a converter. The con¬ 
verter is essentially a flat metal reed oscillating between two contacts connected to 
tile opposite ends of the primary winding of an input transformer. The unbalanced 
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d-c voltage is impressed arross thr converter and the center tap of the primary wind¬ 
ing on the input transformer. As the reed moves from one contact to the other, any 
unbalanced d-c voltage will cause direct current to flow first in one direction through 
one-half the primary winding, then in the opposite direction through the other half. 
This action generates an alternating flux in the input transformer core which, in 
turn, indupes an alternating voltage on the transformer secondary. 

The action of the converter is related to the a-c supply voltage by the energizing 
(soil which is excited by the a-c supply voltage through a stepdown transformer. 
The reed is polarized by a permanent magnet and, therefore, is actuated by the ener¬ 
gizing coil to oscillate in synchronism with the a-c supply voltage. The reed closes 
one contact to the transformer for one-half the supply-voltage cycle and the other 
contact for the other half, making one complete oscillation for each cycle. The 
direct current flowing in each half of the transformer primary winding, therefore, will 
create an alternating voltage in the transformer secondary of the same frequency 
as the supply voltage. This alternating voltage is ainpUflcd in voltage and power to 
■where it will actuate a two-phase balancmg motor. 



MTTEIIV 

Fig. 10-6. Schematic diagram of electronic-typo potentiometer. 


If there is an unbalance between the slide-wire voltage ajid the thermocouple 
voltage, the balancmg motor functions to rebalance the two voltages by moving the 
slider on the slide-wire. The direction in which the motor turns is determined by a 
definite phase relationship between the a-c supply voltage and the amplified a-c 
thermocouple voltage. This relationship depends, of course, u[x>u whether the 
measured variable i.s increasing or decreasing in magnitude. The use of electronic and 
electromechanical components in this potentiometer has virtually eliminat'd the 
multiplicity of moving mechanical parts common to previous mcchunicaily balanced 
potentiometers. 

Elements for Creating Electrical Changes. In the foregoing description of the 
millivoltmeter and potentiometer, the therinoeouple was used as the detectuig means. 
This was done merely for convenience. Iruatruments of the type just described can 
be used to measure electrical changes produced by other devices such as pH electrodes, 
resistance thermometers, tachomeU’r generators, and others. 

Temperaiure-mea^iring Devices — Thermocouple. The thermocouple (see Fig. 10-6) 
consists of two dissimilar metal wires joined at one end, generally known as the hot 
junction. Often the wires are contained in tubes for protection ngamst exccbsively 
oxidizing or reducing furnace atmospheres and from other types of corrosion. When 
a thermocouple is heated at one end (hot junction), w’hile the frw ends (tiTininals) 
are kept at a known temperature, a potential is set up bi'twecu the terminals which i*^ 
related to the hot-junction temperature. This potential can be measured by a inilli- 
voltmetcr or potentiometer, tlie latter instruments being (calibrated in terms of 
temperature. 

As will be point(*d out later, thermoeouples not only are used in the direct measure¬ 
ment of temperature but arc also used in instrument a for measuring high vacuums, in 
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S[}>ectronicterB far meafluring cJ^emical composition, etc. The most commonly used 
rombinationa of wire include platinum and platmmn-lO per cent rhodium, u-on-^jon* 
stantan, chromel-alumcl (Ho&kms), and copper^constantan. Tempcrature-milUvolt 
equivalents for these couples can be obtained from any instrument manufacturer 
specialiamg m pyrometry 



WSTD/ L_.,15 _^'"^CLEARANCE REQUIRED 

PIPE TAP '• FOR TURNING 

Tm IQ-fi Typical thermocouple and protectinir tub© Hot junction is shown inside tip 
at right, head with terminals fur connecting extension lead wire is at left 

Thirmopde To incrcasr the sensitivity and the enif output of a theimocouple, 
several iheinioeouples can bf Conner ted m senes to form a thermopile, as illustrated 
m Fig 10-7 Tliesi devices arc used \ndely in radiation p>rometcr&, v\huh focus 
c ro igv from a furnaee or other hoi object onto the thermopile by a lens Thus, 

tliL tenipeiature-deleeting device does not have to contact directly the object of 
measurement but can be located several feet avay. 



I to 10-7 Enlarged view of thormopiln (group of iliermocouplos connected in series) used 
m radiation-typc romot.tr. 

Rebistance Thetmomrlern The electrical lesj&taiice of metal ■wire, usually a coil 
of nickel oi jilatinum, is the temperaturc^-seiisiug dc^vice employed in resistance ther¬ 
mometers. Since there is a definite relation betvseen tempeiature and the lesistanee 
of the wire, the electiical resitotivity of the wire can be measurc‘d and uidieatcd or 
recorded m terms of temperature. 
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Eleeirometric pH Measuremmi, In eleotronio pH measurement, two electrodes are 
immersed in the unknown solution. One electrode, the measuring electrode, is 
sensitive to the presence of hydrogen ions; the other electrode, the reference electrode, 
is required to coinidete an electric circuit through the solution and to supply a constant 
potential. The reference electrode is not affected by pH. Since to date it is impos¬ 
sible to measure the potential of a single electrode, the reference electrode must be 
used. Each electrode is sometimes referred to as a half cell. The potential measured 
is the algebraic sum of the two electrodes and is conveniently measurable with a 
potentiometer. 

M easy ring Electrodes. Four outstanding electrodes have been developed which 
are sensitive to pH, viz.j (1) the hydrogen electrode, (2) the quinhydrone electrode, 
(3) the antimony electroflc, and (4) the glass electrode. The glass electrode is the 
modem and most practical means of pH measurement and has practically replaced 

the other electrodes for industrial application. 

Glass EUctrode. When a thin membrane of special 
glass separates tw^o solutions of different hydrogen-ion 
concentrations, a pot(‘ntinl is created which is a func¬ 
tion of the two concentrations. If the pH of one solu¬ 
tion is maintained const ant, that of the other solution 
can be determined from the ])otential produced. A 
typical glass electrode consists of a glass lube alxnit 
one-half inch in diameter with a biiUious glass tip. 
The solution of constant pH is contained inside the 
tip. Several theories regarding the opc'ration t»f glass 
electrodes have been advanced, but their ('xjilanutiou 
must he left to complete texts on the Bubjeet. 

Reference Electrodfs. A good reference electrode 
must possess a reasonably constant iiotenlial regard¬ 
less of temperatun^ changes, must maintain this poten¬ 
tial over long periods of time, must nrd easily be 
poisoned by solutions, must be simple and easy to 
maintain, and must not in itself bo affected by change 
ill pH. Years of experience have proved the calomel 
electrode, satmated or unsatiirated, to be tlie best 
answer to the above requirements. The saturated 
calomel eh'ctrode, most widely used, comiirises inercury 
and mercurous chloride Ccalnmel) with saturated 
potasrium chloride as an electrolyte. In a typical 
electrode, a liquid junction between the electrcnle aiul 
the process solution is established by means of a small hole covered by a grouiid-glabs 
sleeve. Diffusion of electrolyte from the electrode to the solution is blow but 
sufheient to provide excellent electrical conductivity. 

Electrode Assemblies. Sturdy construction of electrode assemblies has been 
responsible for a wider industrial use of pH measurement during the past few^ years. 
The flow assembly illustrated in Fig. 10-8 can be installed dirortly in process pipe lines 
and is capable of operating under moderate pressures. Numerous materials of con¬ 
struction, inrluding poreclain-rovered iron, rubber, stainlf‘ss steel, nickel alloys, and 
glass, are available. An assembly available for iniinersion in tanks, vats, and other 
process vessels also is available. 

pH Recording and ConlroUing Equipment. Null-hahinoo potentiometers rattier 
than deffi'ctional instruments are required for pH ineasureirient since the measuring 
instrument must not draw any appreciable current from the electroiles. Any current 
flow would cause polarization a1 the electrodes, inmiediately upsetting the aeeura('y 
of measuiement. J’oteiituuneters are availabli* in four basic ranges: 0 ro 7, 3 to 10, 
G to 13, and 2 to 12 pH. J^neumatie and electrical control components available with 
thermocouple jxitentiometeTs are bIbo availalile with pH potentiometers. 

Oxidaiionrieduction Potential. The measurement of oxidation-reduction potential 
is a reasonably well-known technique of physical eliemistry. However, its applica- 
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Fig. 10-8. pH electrode as- 
Bemhly draigiied for installa¬ 
tion in pipe lines. {National 
Technical Laboraioi us.) 
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tion to industrial prooossos is just emerging from the experimental stage. Basically, 
oxidation-reduction potential is to oxidation and reduction chemistry what pH is to 
double-decomposition chemistry or neutralisation of acids and bases. Kolthoff and 
Furman state that '*It is the potential an unattackable metal electrode assumes in a 
solution relative to that of the normal hydrogen electrode.” The measurement of 
oxidation-reduction potential in practice involves the use of a standard reference 
electrode, such as a calomel electrode, and a platinum, gold, or other nonattackablc 
luctallio electrode. The pottmLial from the electrodes is measured by an instrument 
quite cxjinparablo to a jKjleiitiomctcr designed for pH mea.qurement, but with the scale 
graduated to read in millivolts rather than in pH units. The measured potential 
may be expressed as millivolts or as Eh or Rh^ 

Bccaasc oxidation-rediictioij-potential measurement has been so infrequently 
used, it is a fei-tile field for investigation. In addition to concentration control of 
reducing and oxidizing solutions, it has been used to metisure the chlorine content 
of water to less than one part per million, using a calomel and a silveMilver chloride 
electrode. Cheiiiieal engineers will immediately visualize many other applications 



Fio. 10-9. Dropping mercury cJcctiode used in polarugraph. {E. IJ. Sargeni Co.) 

^\l^^ch I’aii bt‘ corroborated only by test data. Murdi can be expected from oxidation- 
ivduetion-potential measaremeiits within thi‘ next few years. 

]>roppi}\g Mvreurg KUvinnIt. The pularograpli tenipluyiiig the dropping mercury 
elcclnule) is an analytical iiKslnunenl, boxh qualitative and quantitative, for dotermin- 
mg iJie elicmieal constitiumts of either aqueous or iioiiaqucous solutions. Although 
extremely small quantities of material ran be detected, it is not limited to iniero- 
aiialysis. Both in micro- and inneroanalyticnl work, it replaces tedious and slow 
^^ot-chenueal methods for deteriiiijiing niotallie and organic constituents. 

The dropping meicury electrode, illustrated schematically in Fig. 10-9, eomprisos 
a very fine bore capillary tube connected by a flexible tube to a mercury reservoir 
and iilaced in the solution so that very fine drops of increur}'- are formed beneath tho 
surface. The rate of mercury How can be adjusted by varying the height of the 
uservoir and normally amounts to a drop every one to three seconds. The mercury 
' servoir is connei'ted to one terminal of the polarograph; tho other cell tprininal is a 
}»"ol of mercury in the bottom of the solution vessel. 

In opurution, a few drojia ol mereury added to the sample act as one electrode of 
the coll. The dropping mercury electrode next is inserted. An inert gas, usually 
iijtrogeii, then is bubbled tlirougb the solution to rc*move atmospheric oxygen which is 
diicihle and gives a poiarographic wave not usually of interest to th(‘ analyst. As 
1 he voltage impn'SBed on the cell is raised slowly, the current remains nearly constant 
until a voltage is reaelu'd at w'hieli a component of the solution is reducible. The 
currenl tJien rises sharply to a new level at which it remains constant until tho voltage 
is rea<*lio(i at which a second component is reducible. Another shar]) rise in eurrent 
to a new constant value then ocoiirs. These shar]) rises in current are referred to as 
ixdarographic steps or xvavos. Since the p<ilarographic steps for various components 
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occur at different voltages, several substances can be determined in one solution on a 
single polamgram. 

The output from the polarographic cell is fed to the 
recorder so that the displacement of the pen from zero is 
determined by the amount of current flowing through the 
cell. The chart is driven by a constant-speed synchronous 
motor. The polarographic bridge which supplies voltage 
to the cell is also driven by a synchronous motor so that 
the chart displacement is a lini*ar function of the voltage 
applied to the cell, e.g. the time ordinate of the chart be¬ 
comes, in essence, the voltage ordinate. The record ob¬ 
tained, therefore, is current vs. voltage. 

Electric Humidity Measurement. A comparatively new 
development in hygroscopic measurement is illustrated in 
Fig. 10-10. Here a double Coil of palladium wire is wound 
on an insulating core, the wires being coated with a him of 
hygroscopic lithium chloride suspended in a water-soluble 
coating. The electrical conductivity of the coaling varies 
with the relative humidity and is measured by a microani- 
meter provided with a-c energy t hrough a transformer and 
a full-vave copper-oxide rectifier. To secure a long range, 
sc'verni such sensitive elements must be used in scries, eacli 
diflFcn'iit in over-all resistance from the others. One iiistni- 
ment of this type is available wilh electronic recorders and 
cleclric or pneumatic i‘oiitrol. 

EUciromc Dew-point Recorder. Referring to Fig. 10-11, 
ivhich is a schematic diagram of one type of automatic 
dew-point recorder, note that the gas under test enters 
the gas chamber where it conips in contact with a thin 
metallic mirror to -which a tluTiiiocoiiple is attached. 
The mirror is refrigerated lo —90®F. Conseriiienlly, 
moisture from the gas under test forms on the Mirface, thus fogging thi' 
mirror. Coincident with the formation of fog or dew, the mirror is heated to the 



Fig. 10-11. Kcheinatic dia£raii) of dp\i-pr>jnl-measuring and -recording svslom. {Oniertd 
Electric Co.) 

temperature at whif h the dew vanisln‘H This temperature is the dew' jioint of the 
gas under test. The electronieally controlled heater maintiiins the mirror at this 
temperature until the dew point of the gae under test ehanges, at which time themirnir 
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humidity-henbiiig ele¬ 
ment. (American In¬ 
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temperature is changed to coincide with the formation of dew and is held at this new 
temperature. By recording the output voltage from the thermocouple attached 
to the mirror by means of a potentiometer, a continuous record of the dew point of the 
gas is obtained. 

In operation, the mirror is constantly refrigerated by a gas flow against the back 
of the mirror. The refrigerating gas flow is cooled to —00"? by the action of a two- 
stage conipiesKor and a dual refrigerating system. A heater mounted directly behind 
the mirror is capable of raising the temperature of the mirror from — 90®F to ambient 
against the opix>sing cooling efTect caused by the refrigerating system. An automatic 
optical systeiu views the mirror surface and operates by means of a lieam of light which 
passes through one of the windows of the gas chamber and is reflected from the 
mirror through the other window to the phototube. As the test gas passes through 
the gas chamber and dew condenses on the mirror, tlie reflectivity of the mirror 
lowers, thus dcLToasing the amount of light reaching the pliototube and initiating a 
change in the magnitude of tlic heater 
current. 

To reduce the effect of voltage varia¬ 
tions and aging on the phototube char¬ 
acteristics, the lamp also shines on a 
second phototube which is balanced in 
the electrical circuit against the first 
tube. The amplified difference betwewi 
tlie two phototube currents controls the 
heatt*r current. 

Mvmming Moisture Content hy Elec- 
tfical ConducUvity. Moisture conUuit of 
solids can bo measured in various ways in 
addition to the fundamental method of 
eighing and drying. Pro Viably the com¬ 
monest metliod is to measure the electrical 
conductivity. In the case of crystals or 
jHiudcred materials it is necessary to 
ensure a standard density of maieiial bi*- 
tore making (lie measurement. Measur- 
uig the humidity of air in contact with 
the buVistance is another useful method. 

In one method, moisture is detected by menbiiiing the electrical resistance from a 
detector roll in direct contact with the coniuiuously moving sheet of paper on a paper 
imichinc or warp on a textile slasher. In Fig 10-12 is illustrated the basic circuit of 
this device. The bridge is .supplied with power from a standard radio-type power 
supply (‘onslstlng of a tiausfojiiier, leclilier tube, and filter. 

The l^ridge coiisifeth of le&istors Hi, 7^2, and /?4 and the resistance of the object 
of meaHureinent, which is in senes with Ri. Ri is the slide-'wirc in the instrument. 
"I’liis resistor is autouiaticallv adjusted by the mechanieal linkage of the recorder, 
which, ill turn, is jxisitioiied by the galvanometer, thus kcojnng the bridge in balance 
fi*r changing value's in resistance of the unknown. Ilesistor Ri is used princiiially to 
Nfntrol the scale shape* and because of its extremely high resistance excludes any 
l*o8sible danger to personnel coming in contact with the detector roll. 

^ Inasmuch a.s the resistances being lueaHiirod are extremely higli, the current in the 
biidgc is extremely low w'ith the safe voltages used. Theroforc, it would require a 
most sensitive galvanometer of the laVwratory type to detect Hinall unbalances. It is 
necessary, therefore, electronically to amplify tlie imbalances occurring before feeding 
them into a standard commercial galvanometer. The amplifier consists simply of a 
tw’in-triodc tube used in a balajiced circuit in which the bridge current is fed into the 
grids, and the galvanometer is placed across the jilates. When the grid voltages are 
at the same potential, the plate currents are equal, nnd the galvanometer docs not 
deflect. As soon as wiy unbalance occurs in the bridge, the grid potentials cViange 
^^hieh, in turn, changes the plate eurrents, causing the galvanometer to deflect, 
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mcasuiing svstem. (Brown Instmtnents 
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X^ray Diffraction Spectrometer. Tho uso of X-rny diffraftion for analytical 
purposes has become an extremely important aid to several of the process industries. 
The time and technique requirofl to conduct an analysis by this method throufj;h 
photographic means have formerly liinitod its usefulness. However, development of 
the Goiger-counter X-ray siKJctromoter, together with the high-speed recording 
potentiometer, has greatly simplified the procedure and reduced the lime required 
to make an analysis. 

Basically, the diffraction of X rays in a solid serves to analyze its structure. The 
arrangement of atoms within the solid and their interrelationship provide the ana¬ 
lytical information necessary to evaluate such properties as simple chemical ideiititj'', 
particle size and distrihulion, grain size, and similar properties. In such processes 
as the following, analysis by X-ray diffraction serves (1) to control addition of dyes, 
fillers, and accelerators to the rubber batch in the rubber industry; (2) to select the 
required manganese dioxide ores in battery manufacture; (3) to select clay of pnjper 
particle size in the manufacture of high-fivc|iicncy insulators; and (4) to control the 
activator in fluorescent materials used in lamps and eatlinde-ray-tube sereeiis. These 
applications are represtuilalive of a host of others. At present, a tool of the product- 
development and process-control laboratory, future research may adapt it to con¬ 
tinuous process eontrol. 

Principle of X-ray Diffraction. \Mien a beam of X rays is directed into a sample 
undergoing analysis, a series of secondary beams is reflected from the specimen in the 
form of a difl'raction cone. Analysis of this cone wit h properly sensit ized photographie 
film shows a series of diffraction lines in the form of (‘onconirie circles. These lines 
occur as a result of the caiiccllatioii and reiiifonamient of tlu‘ reflecdions from the 
various atomic planes of tli(‘ hp(‘cinii*n. No two different materials have been found 
which show identical patterns, and, hence, identification by this means is posi¬ 
tive. However, identilioatiou by the exainination of photographic film is soiiunvliat 
inadequate. 

The use of the (leiger-Alnller counter lube in place of photographic film eliminates 
these inadequacies, making possible an accurate, automatic, relatively fast recording 
device. The ficiger-Muller tube actually counts quanta of X-ray energy rt'/leclcd 
from the spt^cimen. The tube is an adaptation of the type used for cortmir‘-niy inves- 
tigation.s but differs in that it much more sensitive in tlie X-ray range and actually 
produces one count for almost every X-ray quantum cnteiiiig the tube. 

The Gciger-Muller tnlic ooinjinaes a sealed tube filk'd with an ionizable gas 
Kadiation traveling through tlie gns within the* tube results in partial ionization of the 
gas which, in turn, allows an electric current to flow^ through the tube. This current 
is amplified and put through an electronic integrating circuit so th.at it can bi* evalu¬ 
ated in terms of the intensity of X-radintioii. 

In order to obtain a diffraction pattern with the counter tube, it Is necessjiiy to 
scan a cross section of the diffraction cone. This Is accomplished by rotaling the 
counter tube and the sample in such a manner that the former moves at twice the 
angular speed of tho latter so that the tube will be jirogres.sively e\]ioKed to the various 
beams which are reflected from the sample. As illustrated in Fig. 10-13, tho counter 
tube is rotated through tK) deg of arc b}" means of a motor-driven, eiilibrated scanning 
arm (goniometer) whose speed of rotation is i»rocisely cfiordinatc'd W'dh Die chart 
speed of a recording iiotentiometor. lii this way, an exact space relationship between 
the representative peaks and dips of reflected radiation is reproduced on the recorder 
chart. 

Uliraviolci Sprctronidvr. (Vmtiimous, automatic analysi.' of a flowing gas or liquid 
now is possihle with the ultravioli't spectrometer and is accomplished by recording 
the per cent transmission of light through the sample at Die frefiueiicy selecb^d. 
Major components of the instniment include a suitable light source, a uionoclmmiator, 
and a measuring system. Automatic analyses t»f more tliaii one sample flow can be 
effected by means of electric time-cyclc control and associated solenoid valves and 
fittings in the .sanqilo lines. 

A tungstiui lamp is used to supply light at wave lengths of from 320 to 1,000 niilli- 
mierons, while a hydrogen-discharge lamp is used to supply ultraviolet radiation from 
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220 tf) 350 niillimiproiiH. Whivli lump is used is dulcrauined solely by Iho wave- 
h'liKth-abaorption oharartrristirs of Ihe sainplo under analysiK. The monochromator 
furulaiiientally ih an optical systi'ni serving to isolate the wave length necessary 
to the analysis of the sample, light from the sc Iccti'd source is focused by an optical 
arriiijgonienl in the lainj) housing so that a crebceiit-shHjied iniugo is projected through 
an aperture and into the hcpuralely housed iiionochi'oiuator unit. By moans of 
adjustable slits, the desirc'd wave lengths within the beam of light which eiih*rs the 
monochromator are segregate d and directed through the sample cell and thence to the 
measuring system. The inonocliromaior is provided with a tsensitivity and a wave¬ 
length control. Light passing through tJie sample is intercepted by the measuring 
cell whicii comprises a pliototiilie whose elc‘ctrical characteristics are simsitive to 
changes in light intensity at wave h^ngths of the transmitt(‘d light. The phototube 



Partial a of X-ra\ spootionieter, showing X-rnv tulu*, sample location, 
(«ciKPT-Muller tube, nnil scaniiiiiBC luin (Aort^i Amrricioi Philips Co., Inc.) 

cud its assoeniti'd ampliher develop an output voltage i\hose a slue is fixed by the 
inU'iHity of th(‘ light i(‘eeiv(*d by the phototube. IJy iiifMSuniig uud recording this 
1 [tltjge with n potciitioimdei, the per cent lraiismi.ssiun of light through the sample is 
directly iiidieuiiMl and lecorded. Poientionedeis for p>iu“h use generally are cali- 
1 T'lted in per cent transmission. 

Tlu‘ ultraviolet .spectiometer is debigned principally for locordmg variations in 
r cent tiansmissioii at a lived wave length rathei than foi bcaiinmg a spectral region 
t > ipcord absorption spectra. I'hus, the instniinenl can ]«' adjusted b) record eon- 
Inuiouhly pc»r cent traiisniission at a wave length which indicates the purity of a sub- 
‘>Unee. Indications of less than 100 per cent will lie produced when the substance 
Mbsoib«H some of the radiation; imlications of 0 per cent will be produced w^ben the 
‘ 'ibstance absorbs all th(‘ raditilioii. Since poteiitiometors suitable to these measure- 
ujcnls are fiAnihibJe with pueuiiiatie oi electric aii1oma1ic-(*ontio] components, the 
jjosbibiiitics of uiitoirnilic proci'ss-stream purity control arc obvious. 

Inf^nrfd SpetlronwUr. The' most iiniauiant prerequisite of an infrared specirom- 
cier is a suitable source of infrart^d radiation. Its final function is to measure the 
nih-nsity, at various wave lengths, of a beam of such radiation which has passed 
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through the Hu)>stancc under tost. Before measuromonts of the intensity at various 
wave lengths can be niadr, the infrared beam which has been passed through the tost 
substance must bo broken up into different wave lengths and arranged in numerieal 
sequence. This is aerompliahed in a fashion similar to that just described in connec¬ 
tion with the ultraviolet spectrometer. Since infrared waves are invisible, measure¬ 
ment of their intensity can best be aeeoniplished by measuring their licating effect. 
By measuring this cffcci at each wave length, the absorption pattern of the substance 
under test can be ascertained. 

Figure 10-14 shows schematically the path of infrared radiation. Note that 
radiation from the Ncnist glower which constitutes the source A of this radiation 
passes through a rotating shutter J0, thence through a rock-salt window C, and to a 
condensing mirror /). The condensing mirror forms an image of the source in the 
focal plane of the concave rock-salt lens E, The collimated beam passes through the 
shutter F and the liquid cell compartment (? to a lens H which converges the beam 
through the gas cell or sample (lompartinent 1 and the lens J to the upper entrance 
slit K where an image of the source is formed. Hadiation from the slit is collimabcd by 
a spherical mirror L and dispersed b}' the prism M. The desired wave length of the, 
dispersed radiation is reflected from th(‘ Littrow mirror N back through the prism M 



Fro. 10-14. Optical path in infrared spectrometer. (Pcrkiri^Elmer Cerji.) 

to the collimator L, The ooUiiuator focuses on the plane of the exit slit Twhieh lies iust 
below the entrance slit^ and the plane mirmr 0 reflects the* beam against the ermdens- 
ing mirmr P which focuses an imago of the exit sht on the tuiergy receiver Q where the 
heating effect of the w^ave length, which is selected in accordance with tin* posititm of 
the Littrowr mirror jV, is measured by meaub of a therinoc()uplp lr>catu(l in the energy 
receiver. By rotating the Littrow mirror, diffiTciit wave lengths of the disjieised 
beam are directed to the energy receiver where their iiitcmsity js iinuisured by tin* 
Ihermoeouple and recorded by a potentiometer. Thus, a record of the absorption 
pattern of the substance under tost is obtained. 

AUTOMATIC PROCESS CONTROL 

Despite the fact that automatic process eonlml involves the use of highly tech¬ 
nical and often complex mechanisms, the application of instruments and automatic 
controls U) an industrial process has only relatively recently graduated from an iiit 
to a soieiiec. Even today, the science has not been siifliciontly simplified and con¬ 
densed to the point where the average engineer ran apply instruments to certain 
types of process without utilizing cut-and-try methods. Fortunately, during the 
past few ycai-s, a few valuable textbooks on instrumentation have appeared; hundreds 
of fine teclinical articles on the subiect have been written, a society devoted solely to 
instrumentation has been organized on a national scale; and, of utmost irniHirtance, 
the ASME has compiled a long list of well-chissified instrument terms and definitions. 
Progress thus is being made and undoubtedly will continue at an even more rar*'! 
pace. 

Considerable chaos was in evidence in the field of instrumentation before the 
adoption of a consistent nomenclature. There wore as many definitions for a contixd 
term as there were manufaetiu'ers of such controls. Wherever possible, the new 
nomenclature is used throughout this section. Unfortunately, many autoinatic- 
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control terms are somewhat oonSplex and^ to tbo laninitiated, ofton quite difhcuit to 
comprehend. To aid the plant engineer who has had little contact with the new terms, 
the most important and basic of the ASME definitions are illustrated diagrammatic 
eally. In some easels, the definitions appear wordy and eumherHome to handle, but a 
further analysis will prove that civersimplifleation would not be wise in these early 
stages in the development of a iioineiielature. 

Most of the following Hections on terminology are taken from “Graphical Ttopresenta- 
tioii and Analysis of Automatic Control Terminology’' by J. G. Horn, Development Engi- 
uecr, Brown Inst nun outs mvinion, Mjiinoapoli^-ilonoywell Ucgulator Co., Philadelphia, 
Pcimbylvania, and were presented at the September, 194C, mooting of ASME in Pittsburgli. 

Elements of the Automatically Controlled Process. A certain number of miiii- 
nmm separate elements are required to eontnd a proeess automatically. Thew* 
elnjiients are defined (ASME) as follows: 

101 An aviomatie controller is a inochamHiii whieli moasiires the value of a variable 
quantity or condition and operates to correct or limit deviation of this measured 
value from a Hclected reference. It includes iKith tJie measuring means and the 
contiolhiig ineaiib. {Automatic rcgidaior is a synonymous term ) 

301 A proeens comprises the collective ftuictious performed m and by the equipment in 
which a variable is to lie coiiti oiled. 

30:i The ronfrolleJ variable is that quantity oi coiidiLioii which is measured and con¬ 
trolled. 

304 The controlled medium is that proces.s energy, or inatenal in which a variable is 
controlled. 

305 The mampulcdrd variahJe is that quaiitit> or condition which is varied by the 
automat M coutioller so as to affect the value of the controlled variable. 

300 The control ageui is that pioccss enorg>% or material of which the manipulated 
variable is a coiiflition or characteristic. 

Tlie automatic controller conipriscs tlic measuringineuns and tin* eoiitrolliugmeaiiH 
!is shown ill Fig. 10-15, illuatratiiig a fluid-hpiil-(*xchange process with automatic 
temperature control. 1'he nieasurmg means may consist of a potentiometer pyroin- 
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FlU. 10-15. Schematic diagram of process and automatic controller. 

eter system measuiing ilio temperature of the controlled medium, which is a fluid 
leaving the pnieess. The controlling means consists of a nieehaiiisiii emliodying 
I'rrdeterniiiipd oontroller action affecting the condition or churaetenstic of the control 
iL* ‘lit, which IS a fluid entering the process. This action upon the control agent 
hIuccs an effect which corrects or limits the tcniiierature of the controlled medium. 
The jiroccss equipment and the automatic cnntroller are installed in such a manner 
Jliat the initial artioii within the process and the counter action of the automatic 
''ontniUer form a closed loop or circuit of action. The term “equipment'' as embodied 
m this definition does not include automatic-control equipment. 

'Hie process is an ojieration or senes of operations in which the value of a quantity 
or condition is eont rolled. It ineliido.s all functions which directly or indirectly affect 
ilic Value of lh(* controlled variable, 

I'igun* 10-Ui illustrates the same fluid-heat exchanger shown in Fig. 10-15, wuth 
jnldiiional detail of the process elements pertinent to automatic control. The con¬ 
trolled varialile (temperature) of the controlled medium (fluid leaving the process) 
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is measured by the automatic controller which acta in a predetermined manner to vary 
tlte value of the manipuliited variable (flow) of the control agi^nt (fluid entering the 
procoBs). The action of the automatic controller n^stores, or tends to restore, the 
value of the controlled variable to the desired value. 

The controlled variable is a condition or cliaractoriRlic of the controlled medium. 
Th^ iiianipuhited variable is a condition or charaetcriHtie of the control agent. 

Process Characteristics. All industrial processes possess charaetcTisties which 
determine to a large degree how easily automatic control can be api)lied and tin* 
results obtained from automatic control. If all processc's were alike, automatic 
controllers of one design or one lUfKle would sufliee Unfortunately, proeesHcs vary 
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Fio. 10-10. Schematic chngr.T,m aliowinjs; rdatjoiinhip of prorcss pleinentfl. 


widely in the number of eharaeteristics which the> possess and the extent to which 
these eharaeteristics are manifest. Some of the basic eliaraeteristics (»f a jirocess 
lire defined (ASMK) belowr: 

201 CajxicUy is a measure of the niaxinium ciuiintily of eneTK\ or iiuiteriul which can be 
stored. It is measured in units of quant it.\ 

202 Cajwcitance is the change in quantity ecmtained per unit of change in some refer- 
enre variable. It is measuied in uint.-s of (luaiilitx divided by the rr^feietiee 
variable's, 

203 Resistance is opijosition to flow. It is nieiisuied in units of potential rliaug' 
required to produee unit chango in flow. 

204 DecLd tim( is any definite delay period between two related artions. It is ineasured 
in units of time. 

302 Seff-regulation is a sustained reartion inherent in the process whirh assists or 
opposes the p.stahlisliment of o<]uilibriiim. 

Various forms of the tf*riii ‘'Ing^’ are commonly usi*d to express tlie delaying or 
retarding elTect inherent in the dymimie eharaeteristics of a eoiitrolled system. Tim 
eharaeteristics involved in tins r fleet are eapaeilaiiee, resistance*, and dead imo\ 
which may exist separately or in combination. These three terms covei the basic 
concepts involved and, in t!ie interest of clarity, should be used in plae“ of tlu* less 
exact term ‘'lug.” 

The type of r'apacity is determined by I lie energy or niaferiid eoniained. Uikewisr 
the type of capacitance is determined both by the tyjie of ijuimtily contained and by 
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tlu* type of rcCerenoe variable. Several tyiM's of caparity and capacitance may cxiat 
lot^c'thcr in one process. 

A coinpariBon of capoi'ity and capacitance is illustrated in Ftp;. 10-17. In this 
example, the capacities are equal, the rapacitanceH are unequal, ami the hqnid-level 
surface areas do not vary with chanKc in liquid iic^ad. The capacity or “static quan¬ 
tity” is this cubic volume of liquid contained in each vessed, The volume capacitance 
or “dynamic quantity” is equivalent to the Ui^uid-lcvel surface area of each vessel. 


LOWf CAPACITANCE 



111 this exMiiipJe, the <*npacitance is equal to the (iJun^f' oi \oJunie (Mp'icity dhided 
bv ili(‘ chaiiK* of i<‘feiem'(‘ Mifinble, the liquid In ml 

If the shape oJ the ve^^el eauses the liquid-le^ el surface iireu to ^ iii v XMth change in 
liquid head, the ciiiiaeitiiiice ^^HI1 liLeuise xarv uith head Ws^^els of dilTerent sliape 
IilLm' equal i ])acities if llie (piantities of material eontiiiiKHl an* etiusil VesbeU of 
rhherent sliaf c htne equal xoliime ciipacitances if tlie liquid-level huilace aieas me 
equal 

Another comiiarisoii lietneen capacity and capacitance is exemplified in a com¬ 
pressed-air lank. The weight eapaeity at a stated pre.ssure is the \Mnght of air within 
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Ihe lank at that ]jn‘.ssure. TJio weight cajKMcilaner with re,spent to pressun^ is the 
(hange in contained w'eight of air dixided by the corresponduig change in pressure 
of the lank. 

CJouibinations of resistances and enpacitaneos are frequently found in many 
incluslrial proeesses. Figure 10-18 illualralcfa single refeiatanee-capacit anee analogies 
Tor thermal, hydiaulie, and electrical circuits. 

Thermal resistance is inea.sui'od in degiecs per Btii jier second. It is equal to the 
jcciprocal of Ihonual eouductance. Thermal capacitance is measured in Btu pi*r 
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degree aod equal to the specific heat (Btu per degree per pound) times the mass 
(pound). 

The hydraulic resistance illustrated is measured in feet of liquid head per unit 
volume or mass flow of liquid from the vessel. The hydraulic eapacitanee is measured 
in square feet of liquid-level surface or pounds of total liquid pi^r foot of liquid head. 

The electrical resistance is the voltage per unit ampere or ohm. The electrical 
capacitance is the farad. 

Frequently, the resistance is not a linear quantity, since different values of rosist- 
anee may be obtained for different values of potential. Likewise, the eapacitanee 
may not bo a linear quantity with changes in reference variable. Therefore, the 
value of the capacitance should be based on a definite value of reference variable 

The dimensional units of the basic characteristics for several types of processes are 
summarized in Table 10-1. In this tabulation, enpaeity represents a static qiiaiititv, 
capacitance, a dvn.i,mic quant it v. The potential represents a condition at a point 
in the process which determines the energy at the point, llesistance is the potential 
per unit flow The controlled variable of tlip process may be the potential, capacity, 
or other condition of the procebs;, 

1 OYE PERfOOtCALLV 
INJECTED 

CONTINUOUS ||f LIQUID 

FLOW OF Ijl _ COLOR 

* l«-LENGTH OF TRAVEL- 


Fig. 10-19. 


DEAD TIME*' 


LEN6TH OF TRAVEL 
TRAVEL RATE 


Schematic diagram showing effect of dead time. 


Dead time is illustrated in Fig. 10-10 by the use of a fluid-flow process. A small 
amount of dye is iiijeeti'il peiiodically at point A into a continuously floviing colorless 
liquid. The luiuid imxture flows through a long length of pipe to point H before its 
color is detected The d(‘ad time is the time rt quiied for the dye to travel fiom A to B 
and IS equal to the h iigtli of travel divided hy the travel rate Pr)int A niny coire- 
spond to the location witlnn a process where a vaiiable change is iniliateil, and jioiiit B 
may correspond to the point at w liK h the variable is measuied. In this example, the 
measuring element dois not respond to vaiiable change during the deail-time period 
of the process 


Table 10-1. Units of Measurement of Basic Process Characteristics 


X mbH of 

ThoiTnal 

Prts-iirf 

Liquid lev< 1 

] lei liK h1 

Capacity 

litii 

Culm* foot 

Ciibir foot-jiouiuN 

( oiilomb 

Potential 

Degree 

Lb psi 

1 not 

\ lit 

Capacitance 

Btu 

Cu fl 

Cu ft Lb 

Coiiloiub 

Deg 

Psi 

”n 11 

Volt ” '"™‘* 

Regie tan 

Deg/Utu/stt 

Psi 

Cu ft/sic 

reel 1 pet 

Cu ft/BOc Jjh/m c 

Volt 

c’»ui^.i:7.rc 


Elements of Automatic Controllers. The fluid-heat-exelnuige process illustrab I 
in F’lg, 10-20 illustrates the basic ehuiients of an automatii' controller. These elements 
are defined (ASJ\ir.; as follows: 


701 The meanwnni7 means consists of those elemonis of au automatic controller which 
axe involved in aseerlaiiimg and eommumeatitig to the control)lug moans either 
tiie value of the controlled vaiiablc the errox, or the doviatioii. 



XVfOJgArrC PS(XJE0 CONTi0L f^c. 

>^01a ThB pri^ iB tkat por^cm of tkB soeosiirios meana 

utiliBoa or transforms Oner gar frora the controlled mediuin to produce an effect in 
response to change in the value of /the controlled variable. The effect mtMluc^ 
by the primary elemeht may be a change of pressuro, ^orce, -position, ^ectriCal 
potential, or resistance. ^ 

702 The cmdrMing means consists of those elements of an automatic controller- which 
are involved in producing a corrective action. 

703a A power unH is a portion of the controlling means which applies power for operat¬ 
ing the final control element. 

707b The final control element is that portion of the controlling means which directly 
changes the value of the manipulated variable. 

Referring to Fig. 1(^20, it may be assumed that the measuring means is a ther¬ 
mometer system, and the controlling means consists of a pneumatic-tyi>e controller 
mechanism and a diaphragm-operated control valve. 

A change in value of the controlled variable, the temperature of fluid leaving 
the process, first is ascertained by the primary element (the thermometer bulb) of the 



Fig. 10-20. I^chcmatie diagram showing relationship of automatic controller elements. 

measuring means. This cliange is communicated by the measuring means to the 
controlling means. The controlling means produces a corrective action affecting the 
value of the manipulated variable, which is the flow- of fluid entering the process. 
The corrective action operates through the final control element (the control valve) 
which directly changes the -s alue of the manipulated variable. The power unit (the 
diaphragm motor) supplies pov^^e^ to the final control element. 

Other examples of primary elements are the thermocouple for measuring tempera¬ 
ture; the diaphragm and bellows for measuring pressure; and the orifice, rotameter, 
venturi, and flow nozzle for measuring rate of flow\ All these elements first util¬ 
ize or transform energy from the controlled medium while performing the duties of 
measurement. 

An intere.stiiig example of a final control element is the control switch of a pyrom¬ 
eter for electric furnaces, where all current to the furnace is carried by the control 
switch without the use of auxiliary relays. In this case, the switch is the final control 
element. If an auxiliary relay were used, this relay would become the final,control 
element. 

Characteristics of Automatic Controllers. Just as the process proper has certain 
characteristics which affect control, so does the automatic controller. These char¬ 
acteristics are defined (ASME) and de.scribed briefly below, 

103 A edf-eperated conlrdUer is one in which all the energy necessary to operate the 
final cotLtrol element is derived from the controlled medium through the primary 
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701& A adf’^perated measurino means Jb one in nrhich all the energy necessary to actuate 
the controlling means of an autoniatic controller is derived from the controlled 
medium through the primary element. 

702c A eelf-operaied controlling tnea'na is one in whicli all the energy necessary to operate 
the hiial control clement is derived from the measuring ineauh. 

103 A nlait^operalfid conti oiler is one in which the energy trunMiutteil through the 
primary element is ciihci supplemented or amplified for opei ating the final (‘nutrol 
element hy employing energ^k" from another source. 

7()lc \ rtlap-opiraffd vivaRviing wtnns is one in which the energy transmitted through 
the primary eJement is cithci siipplcincnted or aniplifiod for iictiiatiiig the con¬ 
trolling lueans of an automatic controller by employing arlditional energy. 

7U2d A relay-'Operated conti oiling means is one in which the energy transmitted from the 
measuring meaiiH is cither supplemented oi amplified for operating the final con¬ 
trol element by employing additional eiicig^'. 

A H('lf-operatcd controller is illustrated in Fig. 10-2J which shows a diapliriigni- 
type pressure-reducing valve operated hy energy obtained only from the controlled 
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USES ENERGY ONLY FROM CONTROLLED 
MEDIUM THROUGH PRIMARY ELEMENT 

Fill. 10-21. Schematic diagnun of sflf-opoiiileil contiollcr. 



liu. 10-22. Schematic diagiHiu of icla.v-upcinlofi lonliollrv, witli sjdl-npciatod measuring 
nieaiia and relay-opeiated coiitroliiug nipans. 

inediuin through the i>niiiarv element. A scll-f>pcrnffil controller must have both 
self-operated measuring inean.s and sclf-opernled controlling nutans. It must derive 
all its energy' through tin* primary element and may not rliTive energy separately from 
the controlled medium to obtain a relay-opeiatefl eontrol. 

The self-operatc'fl meaMiriiig means of the ine^'sme-reducing valve shown in 
hig. 10-21 is the diapiiragm, wliich also is tlie prirnaiy element. The cb:i])hnLgm 
inoasure.s the pressure of the controlled vmiabh* and Iran.srorms tlihs pressuie to a 
force. 

The self-operated controlling means of Fig. 10-21 cojisisls of tlie diajihr.igra of the 
measuring means and the valvi* body and plug. Tlie diaphragm fon‘e directly o]k‘i- 
ates the valve plug, ainl I lie ic)-i(ive positions of tin* valve bortv and phig affect tin* 
value of the controlled variable. \ofe that in this exniujjle the contiolled niediuiu 
and the eontrol agent are tin* same. 

The relay-operated eoniroller Is illu.strated in 10-22 and 10-23. A relay- 

operated controller must have at least one source of energy other than that derivr*fl 
from the controlled medium through the prinn ry clemenl to operate the final conlrol 
element. A relay-operated conti oiler either may have a si'lf-ojiperaled measuring 
means and a relay-operated controlling lnean^; a lelay-tijierated measuring means 
and a self-operated controlling nu*ans; or a relay-operated measuring means and a 
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relay-operated controlling mcan^. f'iguro 10-22 shows a self-operated measuring 
means and a rolay-npernted controlling means. J‘'igure 10-23 shows a relay-operated 
measuring means and a relay-operated controlling means. 

The self-operated measuring means of Kig. 30^22 may be A millivoltmeter pyrom- 
eU'T or a pressure-actuated thermometer, in which case the energy derived fmm the 
controlled medium through the primary element is transformed before actuating the 
contrfjllmg means. However, this energy is neither supplemented nor amplified by 
energy from another source. 

Tf ui Fig. 10-22 the nomenelaturc .should be reversed, z.r., a relay-operated measur¬ 
ing means and a Hclf-op(‘rated controlling means, Die resultant coinbiuatjon also 
would be a relay-operated controller. An example of .such a combination would be 
a potentiometer pyrometer with halantdng motor operating a fin.al c.ontrol clement 
by means of a direct inechariical eouiieclion. In this rase, the fuial ex)ntrol element 
may be an electrical rheostat or a small needle valve. The relay-oijerated measuring 

relay-opcrated electhicity 



Fti} 10-2.S. Krheirial ir diagram of ielay-oi^erated controUer, whh rela,v-operated measuring 
ineaub and relay-operfitod ruiitrolluig means. 

means, in this example the poitmtiometer, employs additional energy for actuating 
th(' controlling mean.s other tlian the energy* transiilifted tJirough the primary element. 

Automatic-control Characteristics. Closely associated with the charaeteristies 
of automate (*onlrollers are (he chararteristics of automatic control itself. Some of 
th(*se characteristics are defined (ASMKl and described below. 

405 Cycling is a periodic diaiige of the controlled varialile from one value to another. 
("Oarillalign’’ is a synonymous lenu ) 

104 Tlie cHred value is tlie value of the coiitrnlknl varinble Tivliich it is desired to 
maintain. 

105 The 8cl poird is the position to ■which the roiitrol-poirit setting mechaniam is set. 

100 The ro7Urol poi»t is the value of the controlled variable wdiich, at any instant, the 

automatic controller operates to niaintnin, 

401 El ror is the difference iMjtweeu the instantaneous value and the desired value of the 
controlled vaiiable. 

402 DeviatUm is the difference lietwiNMi the iuslantaiieous value of the rontrolled vari¬ 
able and I he value of the controlled variable eorrcsponding -witlj tin* set point. 

403 Offset is a sustained deviation duo to an inherent charat'tonstic of positioning-con¬ 
troller aetion and is the difTereuce existing at any time l>etw'f?»en the control point 
and the value of the controlled variable corresponding 'with the sot point. 

Cycling of the controlled variable is illustrated in Fig. 30-24. It is a contiimous 
change of the controlled variable alteniotelj' incri'asiiig and decreasing in value. The 
»inie interval between two successive peaks of the eyclo remains substantially constant 
nd is termed the “period” of the cycle. The amplitude of cycling is the maximum 
ieparture of the controlled variable from the average value of the cycle. 

Three types of cycling of the controlled v.ariable are shown in Fig. 10-24. CJycling 
in which the amplitude gradually decreases may be obtained, for example, with 
proportioiial-spf'ed floating controller action. CV^'liug in which the amplitude is 
constant may be obtained with two-position controller action. Cycling in which the 
amplitude gradually increases is not suitable for automatic control. 

The desired value of the controlled variable is determined by tlie operating require¬ 
ments of the process. Usually, the set point of llie automatic controller is adjusted 
so that the control point and the desired value w^ill coincide, 
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The fiet point of an automatic controller iB the position of the oontroJ-pointHsettinf 
mech^ism translated into units of the controlled variable. Generally, a set-point 
scale IS provided. The set point may be varied manually or by automatic means, 



Figure 10-27 illuatratea the (•jmdition at which the control jxiini of Pic, 10-26 is 
made U) coincide u-ith the desired value by adjusting the set point of the proportional- 
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position controller of Fi|(. 10'26., The error wlucU is associated with the desired value 
now differs from the deviation wliieh is associated with the set point. 

Modes of Automatic Control. In the following defmitions, it is assumed that the 
automatic coTitrullcr operates ideally, f.(\, it detects infmitesimal variations of the 



/DESiaEO uajue 
ICQNTROLNMT 
SET POUT 


TMIC 

Fig. 10-27. Schematic diaarain Bhowiiig automatic control chararteristire where the con¬ 
trol point shown in Fig. 10-26 is made to oomcide with the desired value hy adjusting the 
set point of the proportional-position controller of Fig. 10-26. 

controlled variable and responds installlanciously in accordanre with its predetcrniined 
action or mode. All numbered definitionB are ASMK. 

I»01n7> Two-position single-point action is that in winch a final control element is moved 
from one of two fixed po8itioii.<ii to the other at a single value of controlled variable. 

TiOloa Two-j)osition dijfferentitil-gap action is that in which a final control element is 
iiio\'cd from one of two fixed positions to the other when the controlled variable 
reaches a prodeterniined value from one direction^ JUid subhcquently is moved to 
the other positioii only after the vaiiable has passed in the opposite direction 
through a range of values to a second predetermined value. 

(i02 J>ifffr<ntUd g*tpy applying to two-position controller action, is the smallest range 
of values through which the controlled vaiiable must pass in order to move the 
final eoidi ol element in suci'casioii to both of its fixed positions. 

hOU* \T uU% posit ion action is that in which a final control element is moved to one of 
three or more j)reilott‘rmiiied positions, each corresponding to a definite range of 
values of the controlled vtiriable. 

502aa »Sli de-apecd Jlouling action is that in which a final control element is moved at a 
sir*;ic rate. 

601 N( I trol zone is a predetermined range of values of (he controlled viuiable in which 
an corrective action occuia. 

601 Floating «pcfd, applying to single or multispeed floating controller action, is the 
rate of motion of the final contiol element, 

502ti/j Afvltispced floating action is that in which a final control element is moved al two 
or more rales, each rorrespuuding to a definite range oi values of the controlled 
vaiiahle, 

n\vo-i»osition, single-point action is illublratcd in Fig. 10-28. The two-position 
action, corninonly tenm'd, ‘‘on-olT," is obtained at a point \aliic of the controlled 
variable*. The position of this j>c»int is adjusted wdtliin the* range* of tlic coiitnilled 
■variable by the set-point adjustmeuit. The on or di-f jmsitioii of the final control 
• ■Icinciit is dedorniincd by the diree'tion of change of the* controlleel varialde from the set 
point. 

Tliis typo of coiitrolJi»r action may be considercel the etpiivalent of proportional- 
pisilion action with zero proportional band; floating action wdth zero neutral zone 
and infiiiite floating speed; or two-position action witli zero differential gap. 

Two-position differential-gap action is shown in P'ig. 10-20. The position of the 
final oontrol eh^ment as the controlled variable passers t he s(*t point is determined by 
the ilirection of motion of the controlled variable as it passes through the different!^ 
gap. In this case, the control point bec^iines the differential gap, a fixed range of 
values of the contndled variable. The controlled variable must pass through the 
differential gap before a change of controller position takes place. When tlie con¬ 
trolled variable is wdthin the differential gap, the controller maintains its previous 
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position. The differential gap is commonly expressed in per cent of controller-scale 
range, and its position within the range is determined by the set-point adjustment. 

Multiposition controller action is illustrated in Fig. 10-30. The three positions 
of the find control clement correspond to three predetermmod ranges of the controlled 
variable. 



0 50 100 

CONTROLLED V&RIABLE . PERCENT 
OF CONTROLLER SCALE 

Fig. 10-28. Rchematio diagiam bhowing two-po&ition single-point controller artion 

Single-speed floating action is illustrated in P’ig. 10-31. The floating speed is tlie 
rate of motion of the final control olemonl, •which is a predetermined single value. 
It is generally expressed ns the per cent of full-range motion of the final (‘ontrol elemc'iil 
per minute, A neutral zone, in which no motion of the final control element occurs, 
is employed. The control point becomes the neutral zone. The direction of motion 



0 20 40 $0 80 100 

CONTROLLED VARIABLE , PERCENT 
OF CONTROLLER SCALE 

Fig. 10-29. Schematic diagram showing tvio-pobitioii differential-gap controller action. 

of the final control element is determined by the direction of change of the controlled 
variable from the neutral zone. The neutral zone i.s commonly o\prcs»M*d m per I'ent 
of controller-scale range, and its position vrithin th range is determined by the set- 
point adjustment. 

Multispeed floating controller action is illustrated in T’ig. 10-32. It differs from 
single-speed floating action in that there is more than one ratt* of motion of the final 
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OF CONTROLLER SCALE 

Fiu. 10-30. Scliematir diafO'am nhowing multipobitioii l•on^^olIe^ actioiL 



CONTROLLED VARIABLE . PERCENT 

OF controller scale 

Fio. 10-31. Scheinatir diagrtun allowing bingle-spoed floating rontroUfir action. 



CONTROLLED VARIABLE . PERCENT 
OF CONTROLLER SCALE 

PjQ. 10-32, 8cheinatif* diagram showing niultispood floating controJIor action. 
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control element. Kacli rate of motion corrcR]X>nds to a prodetormined range of the 
controllcfi variable. 

50l£ Proportvmfil-pomtim oc/i'on is that in which there is a continuous linear relation 
botweeiJ value of the roiitrolled variable and poeition of a final control element. 

003 ProiwrOotml hund^ ap)>lyina to proportional-position coiiti oiled action, is the 
raiiffe of values of the controlled variable which corresponds to the full operating 
ran^e of the final rontiol oleinent. 

fiOld Avcrage^position action is that in which there is a predetermined relation between 
value of the controlled variable and the time-average position of a final control 
element which is moved periodically from one of two fixed positions to the other. 

602ad Floating average-position action is that in which there is a predetermined relation 
between value of the controlled variable and rate of change of the time-average 
position of a final control clement which is moved periodically from one of two 
fixed positions to the othei. 

Proportional-position controUi'r action is illustrated in I'lg. 10-33. The pro¬ 
portional band is adjustable and is shown equal to 40 per cent of the controlh^d- 
variable controller-scale range. 

The proportional band is commonly expressed in per cent of controller-scale range 
or, particularly in the absence of a controller scale, in units of the controlled variable. 

The set point is also adjustable and is 
shown at 40 per cent of the controller- 
scale range. The intersection of the set 
point and the proportional-position ac¬ 
tion line determines the position of the 
final control element when the controlled 
variable is at the set point. In this 
illustration (P'ig. 10-33), tho position of 
the final control element is at 50 per 
cent. As the controlled variable di'- 
viaU^s from the set point, the final con¬ 
trol element takes a ixisition directly 
proportional to the deviation, as indi¬ 
cated by the proportional-position ac¬ 
tion line. 

Proportional-position controllers are 
frequently equipped with a manual 
adjustment for shifting the propor¬ 
tional-position line in a direct ion parallel to the controlled-variable axis. The propor¬ 
tional-band value and the set-point position are not changed. This adjustment is 
used to align the set point in the middle of the proportional band and to adjust the 
position of the final control cleinerit for the purpose of aligning the control point with 
the set point. 

The range tlirougli which the final control element may ojierate may be less than 
100 per cent. It is dependent upon the relalive values of tlic proportional band and 
the position of the band on the controller scale. As tho value of tho proportional 
hand is increaseil above 100 jier c-ont controller scale, the range of the final control- 
element position is decreased below 100 per cent for any poHitiou of the set point. 

Average-position controller action is equivalent to a combination of positioning 
controller action and a two-position final contnd-clement action operating in a jieriodic 
manner. Tho cyclic period of the two-position final control-element action is pre¬ 
determined and fixed. The change from one position, 'Hime on," to the other 
[losition, "time off," is nearly instantaneous. 

The average-position action, illustrated in Fig. 10-34, is of the proportional type. 
The percentage "time on" or "time off" is proportional to the deviation of the con¬ 
trolled variable from the set point. 

Floating average-position controller action is equivalent to a combination of float¬ 
ing controller action and a two-position final control-element action operating in a 
periodic manner. 



COMinOaED VANlAeuE , PERCENT 
OF CONTMLLER SCALE 

Fig. 10-33. ^clioniatic diagram showing 
proportional-pohit ion controller action. 
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Fiu. 10*34. Sclieniatic dia^sram ahowing average-position controller action of the propor¬ 
tional typo. 
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I 10-35. Schematic diagram showing floating average-position rontroUer action of the 
"j igle-hpeed type. 


The floating average-position controller action, illustrated in Fig, 10-35, is of the 
ii^iiigle-specd type. The rate of change of the percentage "time on " or "time off*' is a 
hxed vedue when the c^)ntrolled variable within the neutral zone, the percentage "time 
on" or "time off," is eonslant. 

602ac PropoHional^peed floating action is that in which there is a continuous linear rela¬ 
tion between value of the controlled variable and rat*e of motion of a final control 
element. 

fl05 Floating rate, applying to proportional-speed floating controller action, is the 
rate of motion of the final control element corresponding to a specified deviation. 
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Fig< 10^6. Sohematiq diagram bhowiug the rehponse of a propoitional-speed floating- 
aation oontrdUor. 


Tbc response of a proportional-speed floating-artion oontrollor is illustrated in 
Fig. 10-36. The deviation of the controlled variable is (‘aimed by a sustained change 

in process loa^l. I'lie controlled varia¬ 
ble always returns to the set point at 
the noinplotion of the corrective action 
of the controller; this is a eharacttTistic 
of all floating-type controller actions. 
The hiial contn>l clement takes a new 
position to corr(‘ct for the process-load 
change. The manner in which the cor¬ 
rective action is accomplished is a func¬ 
tion of the controlled-variable deviation, 
as \vell as the floating-rate adjustment 
of the (‘ontroller action. 

Figure 10-37 show’s the continuous 
linear relationshij) between the magni¬ 
tude of deviation of the e^ontrolled varia¬ 
ble from the set jjoint and the rate of 
motion of the final control element, 
irhcn proi,)ortional-ap(‘pd floating con¬ 
troller action is applied. The slope of 
the curve of Fig. 10-37 is d(‘t(*rinined by 
the value of the floating rate of the eon- 
1 roller action. If the wt point is shiftc’d 
along the axis of the controlled variable, 
the controlled point moves corresixmd- 
of the, contnilled variable at 



controlled variable , PERCENT 

OF CONTROLLER SCALE 


Fro. 10-37. Schematic diagram showing con¬ 
tinuous linear relatioimliip between the 
magnitude of deviation of the eonlnjlled 
variable from the .set point and the rate of 
motion of the final control element when 
proportional-speed floating controller action 
ia applied. 

mgly. The control iwint is determined by the valm 
which the rate of motion of the final control clement is zero. 



Fro. 10-38. Schematic diagram showing the fiouting rate of pruportional-spoed floating 
controller action. 
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The floatinf; rate of proporti6nal'^spoed floating controller action is illustrated in 
Fig, 10-38. It is the rate of change of position of the final control element divided 
by the controlled-variablc deviation initiating the corrective action. Floating rate is 
coiinnoiily expressed in per cent of full range motion of the final control element per 
minute per per cent deviation. 

504aa Proportiotial-plufi-resel action that in which proportional-position action and 
proportional-HpDcd floating action are combined. 

606 HesH rate, applying to propnrf lonal-plus-resot controller action and proportional- 
pluH-re^cl-pluh-ialn controller action, is the uural>er of times per minute that the 
eifuct of the proporliotial-position action upon the final control element is 
repeated by the proportional-spewed floating action. 

6l)3ii Raic action is that in which there is a continuous linear relation l>ctween rate of 
(diiuLge of the eontrullod variable and position of a final control element. 

5042^ Priniortw}ial-‘piu&-dtrivat'itic action is that in which iiroportional-position action 
and derivative action are combined. 

607 Rate time, .'ippljing to i)ropoitipnal-plus-raic controller action and proportionaJ- 
pluH-rese I-plus-rate controller action, is the time interval by whicli the rate 
action adviiucos the effect of the proportional-position action upon the final 
control element. 

504ca Proporiional-plus-reeet-jjius-ratr ariion is that in which proportional-position 
action, iiropnrtioiial-spccd tloadiig aciloii, and rate action are combined. 

I'he rcrtiKMiso of h proportioJial-xihiR-resot arlion controller is illustrated in Fig. 
10-39. The deviiiiinn of the controlled \uriable is caused by a sustained change in 
process load. The controlled variable returns to tin* set jKiint at the completion of the 



coiiiroUer. 

corrective action of the controller owing to the floating-ty])c controller-action com¬ 
ponent enij)loyed. I’he final control element takes a ne\> position corresptiiiding 
I" the new value of the proees^! load. The manner In which the eorreetive action is 
ar>c(nnpUshed is a function of the eontrolled-variablc deviation, as well as the ailjust- 
11 . 1 ‘ntH of the proiwrtional band and the reset rate. The pn>portioiial-band udjust- 
numl simultaneously aff(*etH the proportional-speed floating action in such a manner 
that the reset remains const ant at its set value. 

When proportional-speed floating action is combined with proportional-position 
action, the proport ion al-sptwod floating action is termed "reset action.” 

llest't rate of a proportioiial-plus-reset controller is illustrated in Fig. 10-K). In 
lids iJhiHlration, proportional-iiosition action is obfRinod by an instantaneous change 
m wet-point position wdtb the other variables remaining constant. Itewd rate is the 
rate of cliangc of ]M)sition of the final control element resultiug from the proportional- 
*^J»eed floating-action component, divided by the change in position of the final control 
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element resultinK from tho proportional-position action component, with the same 
deviation in both cases. The two controller actions arc initiated at the same instant. 

Reset rate is commonly expressed as the number of “repeats per minute originat¬ 
ing from a given deviation of the controlled variable. Reset rate is determined by 
dividing (1) the travel of the final control element in 1 min due to the effect of the 



troller, 

proportional-speed floating action by (2) the travel of the final contn)l element due 
to the eifeet of the proportional-position action. 

The reset rate is fixed by a manually set adjustment; it is independent of con- 
trolled-variable deviati(»ii and the proportional-band adjustment of the controller. 



Fio. 10-41. Schematir diagraiii showing the response of a pro])oitioniil-plub-rate action 
controller. 

l^roportional plus rate action is that in which proportional-position action anu 
rate action are combined. The rate-action component employs a derivative of rate 
of change of the contndled variable and the position of the final control element. 

The rpflpoii.se of a proportional-plus-rate action controller is illustrated in Fig. 
10-41. The deviation of the controlled variable is caused by a temiiorary procesb- 
load ohauge of negligible duration. The controlled variable returns to the set point, 
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and the final control clement returns to its original position. If the procolss-load 
change were sustained, the controlled variable would line out at a new control point 
which would dififer from the set point by the amount of offset. The tnaimor uj which 
the corrective action is accomplished is a function of the (tontrolled-variaUe devia¬ 
tion, as well as the adjustments of the proixirtional band and rate time. 




RATE TIME-T 

Tig. 1CM2. Schematic diagram showing the rule limt* i)i a proportion«l-plu8-ratf» action 
controller. 


Tlato time of a proportional-plus-rate action contndlcr is illustrated in Fig. 10-42. 
It is the advance in position of the final contnil eleinent resulting from the rate-action 
component. The advance is measured in units of time, generally minutes, and is 
equal to the time required for a selected 


motion of the final contiid element due 
to the effect of proportional-position 
action alone, minus the time required 
for the same motion due to the effect 
of proportici al-positlon-plus-rate ac¬ 
tions, with tlic same rate of change of 
the eonlmlled variable in both case's. 
I’he rate action and proiwrtional-posi- 
licm action are initiated at the same 
in.stant by the deviation of the controlled 
variable. 

The res[>on3c of a proportional-plus- 
reset-plus-rate action controller in illu.s- 
trated in Fig. 10-43. The deviation of 
the (tontrolled variable is caused by a 
8ustain(*d change of process load. Tlic 
contmJlcd variable returns to the s^'t 
iM'int at the completion of the W)rrective 
iir' ion of the controller because of the 
1 1.) ating-ty pe controller-action coni po¬ 
rn at employed. The final control ele¬ 
ment takes a new position corresponding 
tt' the new process-load value. The 
niamier in which the corrective action 
ifi accomplished is a function of thc' ron- 
trolled-variable deviation, as well as 


SET POIMT 
-♦-AHO 
CONIROlPOWr 


PROP-POSITION ACTION 


PROP-SPEED FLOATING ACTION 



Fig. 1043. Schematic diagram showing the 
response of a proportional-plus-roset-plua- 
rate action controller. 


the adjustments of the proportional hand, the. reset rate, and the rate time. 

Proportional-plus-reset-plus-rato contndler action is that in which there is a pre¬ 
determined relation between the positiou of the final control element and (1) the 
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deviation of the contnill(‘d variable, (2) the time integral of the deviation, and (3) 
the rate of change of the deviation. 

The proportioiial-position reset and rate-controller action coinpouentfl occur siniul- 
taiijeouBly and arc initiated by the controlled-variable deviation. The proportioual- 
bnnd value of the jiroi)ortional-|ioHitioii-ae1ion component directly alTeels the magni¬ 
tude of the flonting and rute-controller acliona. In >iutoinfili(‘ coiitrollera having 
proportioiial-plufi-reset-pluH-ratc action, a rcHet-rate adjustnicnt and a rab'-time 
adjustment, the proportional band may be adjusted without affecting the set value of 
the reset rate or the rate time. 

The following groups of tonus arc of a general nature and define basic controller 
actions: 


404 Correciiite action is predotennined vHrialion of the manipulated variable initiated 
by a deviation, 

501 Positioning action is that in whirh there is a predetermined relation between value 
of the oontroUed vaiiable and position of a final control element. 

501a Two-position action is that in which a final control element ib moved from one of 
two fixed positions to the other. (“Open and shut action” or “on-off" action 
are synonymous terms.) 

502 Integral action is that in which there is a prodetormined relation between an 
integral fiinrtion of the controlled vai*i:d»lp and position of ii final control element. 

602a Floating action is that in which there is u predotermmed rchitioii between value of 
the controlled variable and rate of inotiou of the final control eleiiieiit. 

603 D&rioative action is that in which there is a predotoriiuned relation between a 
derivative function of the controlled variable and jiositioii of a final control 
element. 

50t Multiple action is that in which two »*r more controller action.s are combined. 

604a Proportionnl-plus-fioaling action that m which prr)pc)rtionaI-p()S]t ion action and 
floating action arc eombinod. 

604c Proportional-plHS-Iloatino-ptus-drnBatm’ iictw?\, is that in vhich proportioiial- 
po.sition action, propoitional-speod floating action, and derivative action are 
combiiiod. 



thermometer rulb^ 


AUTOMATIC-CONTROL-SySTEM APPLICATIONS 

Previous parts of tliis section on instruinentatioii point out the many variations 
which enter into process control. Instrumentatioii engineering involves an evalua¬ 
tion of all these variations, including process I'haracteristics and aiitornatic-eontroller 

eliiiracleristics. Once tliosi* variations 
m?th7i1eSmIti? CONTROL-.. | ^ \ evaluated, the eiigmeor must select 

the in.stniments Avith eharactiTLstics 
which most appropriatidy meet the re- 
ipiin‘inejits of the procos.s, not forgetting 
the eorit of the installation. Some idea 
of the mimerous ways in \\liich instru¬ 
ments and eonirnls eaai be applied to a 
pnx esK ean be obtained from the exam¬ 
ples whieh follow: 

Figure 10-44 illustrates a simple 
operi-kcttfc Um per atur decontrol system. 
The measuring means compribcs a pres- 
.snre-type thermometer bulb located 
t hrough 1 he side of the vessel. Internal 
preasiiri' in 1 ho thermal systtmi is trans- 
mitt ed to a nieasuring spiral within the 
instrument case by irieans of armored 



—-TRAR 

Fig. 10-44. Simple open-kettle teinperaturc- 
ooiitrol system* 


capillary tubing. Automatic control is accomplished luieuinatieiiJIy by jjositioning a 
diaphragm motor valve on the steam-supply lin" to the heating coils. 

In order to increase production, it may be di^sirable to heat the (jontents of the 
kettle as quickly as possible to a given tiuopernlure and then hold the kettle at tliat 
temperature. The heating time is a controllable factor which should be reduec'd to 
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a nunimiim bocaliae it is uiipi*oduotivp time. Tbis means that, during the heating 
time, a large heat input is required, and when the control temperature is reached, a 
much smaller hciat input, sometimes only suflicient to supply radiation losses, is 


required. To meet the deinan<ls of 
Runh operations, two controlled valves, 
as ilhistratod in Fig. 10-45, may be used 
ill parallel—a large valve and a smaller 
valve. If the controlled outiiut air pres¬ 
sure from the instrument varies from 0 
to 15 psi with 7.5 psi at the coutnil 
point, the large valve will be designed 
to throttle from an open to a cl(»sed 
position whiui the diaphragm air pres¬ 
sure is varied from 0 to 7.5 psi, and the 
sinaller valve will be designed to propor¬ 
tion over the entire range from 0 to 15 
psi. Thus, iKith valves will be open in 
the early stiiges of heating. The large 
valve will move toward a clo.scd position 
and will be clo.sed when the Kc‘t point is 
rc*arli<'d, and the smaller valve will be 
thridlling in inid-iM)Kitif>ii at the set 
point. 

In some operations, it is desirable 
to employ njnrlrted and eirculate 
the li(‘ating or eofiling inetliuin through 
the jacket. Figtire 10-45 is a schematic 
dittgram of a ti'inperature controlliT a])- 
plied to such an iis^tallatum. In this 
case, a threo-wav valve is used t») direet 
any part or all the flow of the heating 
inediuin through iho jacket. That 
vvliieJi doe.s not go through the jacket is 
by-passed iiniund it. Three-way vulve.s 
ill such ajipljcations periiiit a large 
(luanlity to psiss through the jackel for 
quick heating and a small quanliiy for 
holding the ttuiip^nitun' at the set point, 
t-imilar t<» the tvap-valve apjdioatioji of 
Fig J(M5, and they do not materially 
restrict tin total flow of healing medium 
Iv iiig emit rolled. 

t )fteu it is desirable h) bring an open 
kettle up U) a given teinperatiin*, hold 
it at that temperature for a given length 
« I time, and then shut off the lieatmg 
t'j (hum ami diseliarge the eoiit(‘nls of 
11,-. vessel. A pi-ocess-control sy.-,t(‘iu to 
i>< rfonn these operations is shown in 
I'.g. 10-47. A jiresMire Rwiteh in the 
flit lino to the steam valve eloses when 
file tempi'raturv reaches the set point. 
l’hc‘ pressure switch starts a timer, and 
at the end of the j)crioJ for which the 
hmer is set, the thre-e-way solenoid 
yal\e,s in the air lines to the steam v{ilv( 
•lotlL tlu* steam valve and the discharge 
move to a closf'd position vqKm air failure. 



Ftc;. 10-45. Temppraturc-oontrol system 
dcuigiied for rapid heating. 



I'm. 10-46. S.\strin showing use of three- 
wuy cbverfiiig valve in temperature control. 



Fiu. 10-47. F.lprtiii—piien mafic time tem¬ 
perature control .sjbteni. 


and to tlu‘ discharge valve are operated, 
alve are normally closed so that they will 
Therefore,, at the, end of the timing period, 
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th« three-way solenoid valve in the air line to the steam valve closes and bleeds the 
air from the diaphragm, and the steam valve closes; also the three-way valve in the 
air line to the discharge valve closes its exhaust port and admits air to the diaphragm 
from the supply line to open the discharge valve. The steam valve remains closed, 
and the discharge valve remains oiK*n. When the vessel is recharged, the operator 
pushes the start button which momentarily opens the clcctric-currcnt supply. This 
automatically resets the timer to its starting position and opens the steam valve* and 

closes the discharge valve. In the 
meantime, while the vessel was being 
emptied, the temperat lire dropped below 
the set point, and the pressure switch 
opened. The vessel now can bo le- 
charged to repeat tVu* heating and hold¬ 
ing cycle. In plants when* a number of 
vessels are under the supervision of one 
operator, it may bo desirable to incor¬ 
porate signal lights with tin* automatic 
equipment to indieato when the vessels 
are being emptied. 

In some opCTations, it is desirable 
that the temperature follow a predete?- 
mined program. Figure 10-48 is a sche¬ 
matic diagram of such an msiallatioii 
in which the control index of the recorder 
LS moved by varying air pressure from 
the transmitter. The output air jiiessure from the transmitter varies in direct propor¬ 
tion to the radius of the cam niouiitc*d on it. Thus, the control instrument auto¬ 
matically controls to the time-teinpetalnre pattern of the earn. The cams are usually 
constructed of alunimum hhc*ets. (uaduatioms are printed on llie aluminum disk 
similar to the graduations punted on a papt‘r chart. This makes it possible to keei) 
transmitter disks on hand and to cut new cams from them as required. The iiidev 
of the cuniiol iustrunient can lie set manually for operations v hen an autuniatic time- 
temperature program is not requirerl. 

W’herc there i.s energy dissipation 
within a vessel, as w'ith exothermic re¬ 
actions^ it often is necessary to remove 
heat from the process to jirevent the 
temperature from beeoming exc(*asne. 

Chromium plating is an example of a 
process in which eniTgy is di.ssiiiaied in 
the bath owing to the passage of electric 
current. Figure 10-49 illustrates the 
application of timiperature control to a 
plating tank. The bath ^ontnin^ both 
heating (steam) and eooLng (water) 
coils. The valves in these lines an* con¬ 
nected to the output air line from tlic 
control instrument. One valve opens 
with an increase in air pressure, and the 
other valve closes wdth an increase in 
air pressure. The valve springs are so adjusted that one valve is open at 0 psi and 
closed at 8 psi, while the other valve Is open nl 15 psi and clost‘d at 9 psi. Thus, 
when the air pressure on the diaphragms is betwM*en 8 and 9 psi, Ixith valves will be 
elosed. The in.4tminent-control mechanism is adj isted to a narrow proportioning 
band wdth an output air pressure of 8 5 psi at the set point. When the tempera¬ 
ture rises above the set point, the steam valve is (dosed, and the water valve opens 
When the temperature drops below the set point, the water valve is closed, and the 
steam valve opens. 



Fio. ICMi). ('ombiiied hcutuig and cuolmg 
in one control 'system. 



1*10. 10-48. Pneumatic time toinperature 

control Aybtcm. 
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Another method of obtaining both healing and {iocling in a control system is shown 
iu Fig. 10-50. In this system, a lank of hot water is automatically held at the set 
point by a separate controller which regulates the flow of Nteam and water to the 
lank. The tank is provided with an overflow. A pump eirrulatcs liol water from 
the tank through a closed-coil heater in the process vessel or through a ja<*ket surround¬ 
ing the vessel. The process temperature controller operates a three-way valve to 
regulate the flow of hot water to the proeesa or by-i>ass it back to the auxiliary tank. 
With a high rate of circulation, very 
close control can be obtained with tlus 
method, and it possesses the advantage 
of limiting the temperature of heating 
ineilium where liigh temperatures would 
cause (ieconjposition. The steam- and 
water-valve arrangement on the beating 
tank is sinular to Fig. 10-40. 

Figure 10-51 illustrates an open 
vessel in ■whu'li the liquid contents are 
hm(ed by mrave of an cUrtric immersion 
ilfment The po\\cr supply to tJie heat¬ 
ing elcnumt is turned on and oil auto¬ 
matically by moaiih of a mercury sviitch 
in the control instrument. Alcrcury 
itches such as this are designed to 
break at about thirty amperes at 115 
A cits. For greater power requirements, an auviJiary contactor is necessary. 

A iiunibcr of other systems have been devised to regulate the power input to clec- 
tiicaJly heated processes, including the follo^Mng: 

1 Automaiie adjustment of rcHiatances m scries with the heating elements 

2. Use of power input controlltTS which arc a type of circuit interrupter in which 
the length of time that the power is supplied to the process is aubornatically varied 
m ri'ferenee to departure from the set }K>iiit 

3. Automatically varying the voltage applied to the heating elements by means 

of multitap Iraiisforiitcrs or induction 
voltage regulators 

4, Autoinatu'allj’'varying the power 
suiiplicd to the heating elements by 
means of a satunildc reactor 

Adju.stablc rcbistors, input control¬ 
lers, nuiltitap transformers, and induc¬ 
tion rc'gulators generally are operated 
by reversible motors from a single-pole 
double-throw mercury switch operated 
by the automatic-control instrument. 
When the temperature is at the set point, 
the position of the switch is such that 
the circuits to the reversing motor arc 
open so that the power input to the 
process remains at that value. 

Tlie saturable-reactor type of elec¬ 
tric control system receives impulse from 
the change in position of the sliding contact on a resistor. 

In Fig. 10-52, a thennoiHiuple is located in the discharge of an electrically heated 
t'oiitinuouB-fluid heater. The output air pressure of the pneumatic control instru- 
inent is applied to a small air-operated slide-wire. The purpose of using the pneu¬ 
matic control instrument to operate the slider is to take advantage of the adjustable 
proipoTUonal band and reset rate mcorporated iu its control system. These control 
characteristics are necessary for good control on continuous processes in which the 
throughput varies. 



‘ ui where electric iininersiou heater is used. 



Fici. 10-50. roiiibiued heating and cooling 
control of process-control agent. 
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NEMmOL MMELs 


SEMES 90 
PNESSURETIIOU^ 


^TMEimOCQIIPLe 


Fig. 10-52. Control &ystem for sal urable-re- 
apior-lype electric heater. 


RCCONDING PRESSURE 
CONTROLLER 




The potential unbalaiipo cauRPci by the change in position of the sliding contact 
is amplified electronically to regulate the amount of direct current in the saturating 

_ winding of a saturable-eorc reactor. 

sS^StSSE ^SSoLLER-^ power supply is coiuiected to the 

primary of the saturable reactor, and the 
, v Cjy heating element is connected to the sec- 

- N LaHaJa ondary. As the direct current through 

SSSSiii!^ "f—^ I I the saturating winding varies, more or 

M— I I— J—t— J I I jMn less i)Ower is transmitted from the pri- 

J * I mary to the secondary to which the 

Mw E R heating element is conneeted. 

iMMEBjtow ^ most heating operations in closed 

heater-.^ ^^TWERMOcouPLE vcs&els, such as autoclaves, the upper 

rjf ib ] space in the vessel is fill(‘d with steam, 

n LJI cases, a pressure controller may 

M ¥ be used for regulating the flow of the 

J™ heating medium. The steam presflure 

^ . 1 . , . 11 IS an indirect measure of the teiiipera- 

Fig. 10-52. Control system for saturable-re- . 'ru„« 

. . 1 i • 1 i ture. ihus, pressure controllers may 

apior-lype electric heater. , i ■ i f ^ x x i 

be used in place of temperature control- 

REcoRDiNG PRESSURE ^ Icrs and have the advanlapi's of lower 

CONTROLLER cost, simplicity of operation and instal- 

oTM lation, and often better control because 

of less lag. llowexcr, u lieii pressure 
*1 I [ control is used, it is necessary t/O vent 

eutraiiped sir or other gases released 
during the heating-up penoil. Pressure 
* ' ” eontrol in lieu ol tiuuperature control 

may not l>e satisfactory for processes 
requiring the intioduction of inert or 

'vViVel’ I -yo,"v..vE 

Figure 10-53 shows a preasnre eon- 
STEAM troJler applii'd to a closed vcvsmO If 

. '^ l - direct temperature contml is required, 

Q^'-^trap owing to the jiresenee of inert gasc b or 

Fig, l0-5?t. Typical prossiire-poiitiol syhtem idlier reasoiis, the S 3 'hlern illustrat(*d m 
for a closed vessel. Fig- 10-54 can be used. Jlouever, if 

either temperntiire or ]m‘ssure is coii- 
tndletl, the uncontrolled temperature 
f 0 cMithnnfroi '> ( -Yn or prcssuFC can be recorded on the same 

tmmnmpwrofutw cliart V licrc dcsireil. 

—Suppose tliat the upper space in a 
closed vessel is filled \Aith steam and 
that a pressure recorder conneeti'd to *t 
n‘iuls too psi. If a thermometer Inillv 
partly idled T\ith water is insiTted in the 
same space and is eonueeted to read on 
Proem thc hfimc chait, it will also reail 100 psi. 

S ^^o«^avnmot^yai^ ^‘ombiiifition lias lieen usivl to d(- 

_ teet the piestace of gases in closi d ves- 

“ sets, such us paper digesters, by noting 

whether the pressure pen reeoids the 

Fiu. 1(WW. Terapernturprontrolofaclosed tl-mpiTatim^ po|.. 

vessiel with probfeuro recorded. ^hen other vapors are present, as m 

distillation eoluinns, the tliruniometcr 
bulb can ho partly filled with the condensed vapors, and the difterenee between Ui(‘ 
temperature and pressure pens then will be a measure of the composition of the vapor 
in the column coriiparcd to the vapor in the tht*miometcr bulb. 
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motor valve 


Fig, l0-5?i. Typical prossiire-coiitiol syntem 
for a cloibcd vessel. 


Pnaavrt and ttmpHahif ^ 
fteonhr tutu etmhvi 
tmm Mmpwraftitt 


^^Omiihfagm motor tfolwo 


Fig, 10-54. Temperature control of a closed 
vessel with probfeuro recorded. 
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Iio. 10-55. Vacuum rouirol of a steam- 
ejcetor bysipm. 

RECORDING ABSOLUTE 
PRESSURE CONTROLLER**^ 


The presBure'in elosed veftsels ^an be reduced atmospheric pressure by means 

of a steam-jet ejector. As a rule, steam-jet ejectors wilJ not oi^eraie saiisfaetorily 
over a wide range of steam flow. By setting the steam flow to the ejector at its opti¬ 
mum value, good control can be ol»- ^ 

tained by regulating a valve oi>eiiing i /"^Ek 

to atmosphere. Such an installation is j J 1 

illustrated in Fig. 10-55. In 1-p operas euector-^^ * ■ ip^ - —^ 

tions, it is often necessary to use aln X ^ I T’WT 

Bolute-preasure controllers to obtain g ^Awosphere [I \ L^air 

1*0081810111 results. Absolute-pressure \ 

controllers compensate for variations 

in atmospheric pressure. When cen- ' ' *'\pres8Ure '‘s 

trifugal pumps are used to reduce the ngonniin ABMunEl 

pressure, control may be obtained by iwiuSoSRmI^ 

regulating a valve located in the suction under 

line of the pump, as in Fig. 10-50. vacuum 

Pneumatic transmissitm of flow, tem¬ 
perature, preflsure, and li(iuid-levcl 

incasurpmpnts from procesa locations to jo. 55 . Vacuum control of a steam- 

a central control hoard was originally ejector byhiem. 

developed to avoid the use of electricity _ 

for this purpose in plant areas where ex- pressure® controller-*. 

plosive atmoMpheres are possible. A 

further advantage is the complete isola- j " \ 1 ' J 

tion from the control board of all process I 

])ipiug containing high pressures or haz- _ B I I I 

ardous fluids. A pressure-control sys- y — - Q—^ ^ 

teni using pneumatic transmission is 11 _ ^ 

shown in Fig. 10-57. The indicating- ^ ■' ■ ■ ■ ' 

jiressiin* transmitter is located near th<* 

li-ji line on tin* processing unit and trails- vacuum pomp 

niits the pressure reading to the record- process f 

ing control instniment which operates kettle ^ A— 

the control v.-lve In the pipe lino. To I ^ ) 

lefluee lag, a transiiiitter equipped with f / rv ^ > ^ 7 - 

.■ontrol oflen iH used I',,:. 10-.V1 Vacuum cut..,1 of centrifugal- 

Automatic control of flow and liquid pump s>.stem 
Jcvel rejnesent.s the largest field of ap- 
ph’ratinn for diffeifniinl-pvtssurv con- 
li oUi.rs in the process industries. Figure 
10-58 is a schematic diagram of a typi¬ 
cal flow-control Installation in which the 
eoiitrolled valve is located in the flow 
line A differential mercury manometer 
ronnerted across the orifice transmits 
the movement of its mercury electri- 
f ’dly b) a recording control iiiatruniciit 
bich, in turn, operates the valve in the 
'low line to maintain a constant differ- 
»"nlial pressure across the orifice and 
eoiiwquently a uniform rate of flow in 


^PRESSURE 

TAP 


Fto. lO-riO Vafuiun eontiol of eenlrifugal- 
pump s.\ .stern 



j ' 11 i *■ PRESSURE transmitter 

Utten it may be desirable automail- ,, . • -xi 

^ally t>o control one rate of flow in direct I^bsbuto control with pneumatic 

mpe^rlim to another rate of flow. A 

'^“heinatie diagram showing how this can 1 h» accomplished is given in Fig. 10-69. In 
^ upper diagram, a meter body or manometer cojmected across the orifice in the 
priinaiy flow line operates a pneumatic iiicchanism w hich develops an air pressure in 
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Fiq. 10-58. Typical flow-coiitroJ system with 
elerincal traiibirubsiun. 
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direot proportion to lh(» JifTcreniial pressure across the orifice. This air pressure is 
tranamitt^ to the control instrument connected across the orifico in the secondary 
flow line where, by means of a bellows-operated mechanism, it moves the control 

index. Thus, the set point of the eon* 
trollcr rcf^ulatinf^ the secondary flow is 
iiuiveci in pioimriioii to the primary 
flow. The mcf‘haiiisin in the secondary- 
flow controller is adjustable so that the 
ratio of the two flows can be varied. 
Maximum and minimum limits also 
can be act for the secondary-flow rate. 

The lower diagram (Fig. 10-59) 
shows how pneumatic transmission can 
be used in a ratio flout-corUrol syntem to 
permit locating the recording controller 
reiiioti‘ly with respect to the primary- 
and secondary-flow lines. It is possilfle 
by using equipment similar to that 
shown in Fig. 10-69 to reset the control 
index of a flow controller from varia¬ 
tions in liquid level or to reset the eon- 
tn>l ind(‘X of a prt‘ssuro controller from 
variations in temperature or other coni- 
bmations that may be desirable. 

Differential-pressure recorders also 
are used in connection with eontinuous 
filters, screens, and heat exchangers to 
reveal undesirable operating conditions 
such as the aorumulation of scale or 
foreign material which affect the effi¬ 
ciency of the equipment. 

Figure lO-tiO illustrates the applica¬ 
tion <»f a diffcrcntial-preasure (xuiirol to 
maintain automatically the levd in a 
clobcti VfSbfl uiidfr pressure. Inslni- 
nients of lliis type can be adjusted to 
hold the level witliin close hmits, but 
this is not always desirable. For exam¬ 
ple, the level in an a(‘cuniulator tank is 
not inijKirtant imtil the tank is quite 
full or almost empty. l''or such apjilica- 
tions, tlie controller can be adjusted to 
pciniit tlio lev<*l to change between wide 
limits, and where tlu^so limits are 
readied, the discharge valve wull move 
to make large changes in the rate of dis¬ 
charge to prevent the tank from filling 
or becoming empty. 

There are occasions when it is desira¬ 
ble to record or conirol the difference in 
temperature between two points in a proc¬ 
ess or to control one temperature at a 
fixed difference with respect to another. 
This can be accomplished by using two 
thermocouples connected differentially to a potentiometer. Tlie temjicraturc differ¬ 
ence across heat exchangers, compressors, centrifugal pumps, or between the heating 
jacket and column on adiabatic laboratory stills are but a few applications for this 
arrangement. A diagram of such an application ih shown in Fig, 10-61. 
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Heat exoKangerfi are used to 'heat or cool, With heat conaervation aa a po^ble 
dividend. The temperature of the fluid iMsiiig heated or cooled can be controlled 
automatically by regulating the rate of flow of the fluid through the exchanger by 
means of a temperature controller responsive to the outlet temperature. If H is not 
feasible to put a control valve in this line, it may be placed in the line of the heating 
or cooling fluid, but the control may not be bo close with the valve in this location 
because of the increased time required 
for the effect of a change in flow rate to 
be felt by the control instrument. 

Figure 10-62 shows a heat c^xchanger 
in which hot oil is being cooled to a con¬ 
stant lower temperature by water. For 
tlie purpose of water conservation and 
cirntrol stabilization, the outlet-water 
temperature is controlled b 3 ’ an inexpen¬ 
sive nonindirating controller vhieh reg¬ 
ulates the flow of 'Water through the 
exchanger. The oil-teniptTaturc con¬ 
troller operates a three-way valve which 
divides the oil flow into two parts; one 
part goes Ihniugh the heat exchanger, 
and the other part by-passes the heat 
exchanger. The part that goes through 
the exchanger is cooled below the de¬ 
sired final temperature. Upon leaving 
the exchanger, the cooled oil is mixed with the hot oil by-passed around the cvehanger. 
Thus, the temperature controller blends hot oil and cold oil to obtain oil at the desired 
temperature. In this system, a change in valve position is felt very quickly by the 
temperature controller, and only a eoiitroller that v^ill respond quickly should he used. 

In some cases, a liquid is heated hy steam in a heat exchanger. If the exchanger 
has excess capaeity, a pressure controller can be used to regulate the flow of steam, 
and the final temperature of the liquid also can be recorded on the same chart. 

Dmvlherm vapor is used as a high- 
teiiipcratiire heating medium in many 
of the process industrit's. Figure lQ-63 
ih a diagram of an automatic-control 
system applied to an oil-fired Dov therm 
vaporizer. A pressure contniUer re¬ 
sponsive to the outlet pressure of the 
vaporizoi legulatea the flow of oil and 
air to the burner \ photoelectric 
flame dcte<*tor and pressure switches in 
the air and oil lines are safety devices 
to op<m the circuit of the solenoid valve 
to shut off the oil supply and sound an 
alarm when the air pressure is too low, 
when the oil pressure is too low, or if 
the flame goes out. On electrically 
heaUni Dowtherm vaporizers, the pres¬ 
sure coiitroUer can be used to operate 
a switch to open and close the ein'uit to 
the heating elements or to operate the 
■slider on a potential divider, as aliowii previously for the control of electric heating elo- 
inentft by means of saturable reactors. 

Kilna used for drying may be automatically rout rolled in response io the tempera- 
lure of the exit material. The material dried in kilns is usually in the form of small 
partudes so that a stationary thernuKaniple can be jilaeed in the strejun of 
material leaving the kiln, ('are should bo taken so that the thonnoeouple will 



I'ol s.vbteni eiijplovina control of outlet oil 
UMiiperature with auxiliary'' control of cooling 
*' ttter. 



I IG. 10-61. Two Ihej miM'Ouple.'' ronnecte<l 
to measure the diffeience in temperature 
l^etweeii poiiitb. 
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respond to ehanges in temperature of the material and not be affected by air 
currents. 

Figure 10-64 is a hiln^-control aysitm in which the oil burner is regulated from an 
instrument connerted to a radiation pyrometer sighted on the material in the kiln or 
leaving the kiln. 



Fio. 10-63. Typical control system for oil-tired Dowtherm vaporizer. 


Dust is a problem nround most kilns, and the air-cooled fit ling not only cools the 
radiation heat, but it prevents dust from depositing on the lens. The lo(‘ation of the 
radiation pyrometer should be selected so that tin* Ime of sight docs not iiielude any 
part of the flame. 

Wlien the rate of driiing is to lie controlled, wet- and dry-bulb nieiisureinents of 
the air prior to its contact with the material are desirable. ]f the WTt and dry bulbs 

are located in the air stream leaving the 
materials, a measure of the moisture 
from the mat erial is obtained. The rate 
of drying may be accelerated by intro¬ 
duction of fresh air and retarded b> 
introduction of water vajwr. Jt shouhl 
be borne in mind that, W'hen applying 
control equipment to driers, moisture 
removed is emried away in the exit air, 
and the distribution of air in llio drier 
is important from the staiulp^iint of 
uniform drying. The air velocity across 
the w’et bulb should be at least 10 ft per 
sec to ensure sufficient evaporation. 
Direct measurement of relative* 

Fiu. 10-64. Tempeiaturf-routrol ty^ton, for humidity by mciins of hair eleaicnts is 
oil-filod rotar,> kiln. restricted to temperatures below 40'’C , 

and they should be used only in eleon 
atmospheres because grease ami dust close the jiores of the hair, and it will not 
respond rapidly to moisture changes. 

ThermD(‘ouples, particularly pencil-type eouplcs, can be used satisfactorily for 
wet-bulb nieasurements. Tlie wid bulb should he suflTieiently long to preclude erro¬ 
neous readings due to heat conduction to the hot junction of the thermocouple. 
^Tien relative humidities above 90 per cent are involved, careful consideration should 
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be (civon to the sonsitivity and aticuraey of the instruments becaufto. the wet- and dry- 
bulb temperatures approach the same value at 100 per cent. 

Figiire 10-65 shows a wet- and dry-bulb-coiitrol installstiion on a recircuUitin^ 
drier. The sensitive elements are locatc‘d in the air leaving the drier. The dry 
bulb controls dampers either to direct air through the heater or to by-pass it around 



Fia. 10-05. Humidit>-control ^ystpm for lecirrulating drier. 


llu heater. The wot bulb controls admission of fiewli and release of moisture-laden 


an by means of a three-way damper. 

\i times it is desirable to have a valve cloai' aiid stay closed afU‘r a process has 
icfiched a predetermined eondition (automatic^hhaithum systems). In Fig. 10-66, a 
imeumatie (‘ontroller is shown with its eontrol index set at a predetermined value. 
^^heu the value is reached, the output air prc‘ssiire of the controller drops below 16 


psi, and th(‘ pressure suitcli opens the 
circMiit to n tluee-way valve which slnits 
cdf th<‘ air to the valve and permits the 
air on the diapliragni to discharge 
to atiriospliere. The diaphragm valve 
closes and stays closed until the tlirec*- 
valve is ojiened again by nieaiis of 
the manual-reset push biitton. 

Figure 10-67 shows an autonintic- 
sliiitdo>\n s^’atein which is completely 
pneumatic for use in locations where the 
let' of el(H*trieity is considered liazard- 
oii Ill this system, when the pen 
' <flies the set |M»int, the output air 
'I sHure from the instrument decn'iises. 
e controlled valve closes, and a small 
phragin valve in the air line from the 
istrunient also closes. With the dia¬ 
phragm eoniieelioii of iliLs valve on 



Fic,. 10-60, Automatic safety shutdown ays- 
tem with eomhinatiou electric and pneumatic 
contiuls. 


fhe downstream side of llie valve, both vahes \\ill remain closed even though the jjen 
oil the Instniiiient retiiriis to a positiim below the sot point. Iloweviu*, the valves 
can be reopened by m.'uiunl operation of the reset valve which should bo of the self¬ 
closing type*. Similar syslcuD.s lining combinations of electrical control iiistniineiits 
and electrically operated valvc^s havt‘ been used in nonhazardous locations. 


IHstiKalion equipmvni varies from sumII kettle stills to hirgo continuous stills, and 
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the instrumentation applied varies accordingly. Kettle-type stills require little con¬ 
trol equipment. They are usually charged with a given quantity of material which 
then is heated until the volatile components are removed. Then the still is emptied. 
In such operations, the vapor temperature at the top of the still is the main guide in 
its operation. The vapor temperature may be simply recorded while the still operator 
manually controls the heating medium in accordance with his observations of the 



.COftmOL ASCMT 

_ UME_ 

Fig. 10-67. Pneumatic safety shutdown 
system. 


temperature record, or the temperature 
recorder may in corporate a control sys¬ 
tem automatically to control the heating 
medium or shut off the heating medium 
and open the discharge valve whtm a 
predeterrained tenipeiaturo is reached 
111 some eontimious-still opt'rations, the 
feed is sufficiently uniform that efficient 
operation can be obtained with a flow- 
rate contniller on the feed and a flow¬ 
rate controller on the steam supply, a 
temperature recorder on the vapor lint*, 
and a liquid-level controller regulating a 
valve in the discharge from the bottom. 

Figure 10-68 outlines the m^irvmen- 
foil on on a large fractionating column with 
a separate reboiler. A flow-rate control¬ 
ler admits the feed to the column at a uni¬ 


form rate. The feed eouhl also be brought through a controlled heat exchanger so that 
it would enter the column at a constant teiiiperature. A pressure controller regulates 
the release of vapor from the column to maiiitam a uniform back pressure. A tem¬ 
perature controller resets the control index of a flow controller on I he steam line to 
the reboiler to maintain a uiiifonn temperature of the vaixir leaving the rc'boiler 
This method of controlling the steam eliminates variations duo to fluctuations in 



10-68. Typical control Hynteiii for cuntiriuous fraciian.'\ting cohiann. 


steam pressure. A flow-ratr* eontioller on the reflux line regulates the return of »hui 
densaU* to the column. A level controller or th(‘ reflux accumulator governs ll 
valve in the product line so that the demands for reflux will be met first. A mu 
tipoint instrument reeords the temperature of the vapor, the feed, the condensati. 
and the temperatures at several locations on the column. Variations of the above 
instrumentation of a fractionating column can be made to meet particular requiri' 
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lueiits. For example, the bark prVhburr on a roluniii can be coiitrollod by regulatiiig 
the ilow of cooling water to the condeitacr. Alao the steam pressure to the bottom 
of a column has been regulated from the pressure differenti^ across the column to 
niaintain a uniform rate of vapor up the column, anil ratio controllers may be used 
to return a fixed percentage of the condensate to the column. 

INSTRUMENTATION COSTS 

Instrumentation of plant opi*rations, espcoially where continuous processing is 
involved, has increased manjdold during the past decade or two. This increased 
usage of instruments and automatic controls is a result of several factors all intimately 
associated, directly or indirectly, with processing economics. 

Instruments are rapidly becoming an integral consideration in the design of all 
])rocessing plants, and the conception that indicating, recording, and controlling 
instruments are accessories ‘‘to be added later” is seldom encountered where new 
construction is involved. Consequently, instrumentation costs now represent a sig¬ 
nificant portion of the over-all investment in plant equipment, 'w horeas in a post era, 
the expenditure for instrumentation was oftentimes placed in the realm of incidental 
costa. 

It must he stressed that, while most plant designers and contractors recognize the 
factor of instninientation at the outset of a project, they too often relegate the pro- 
jK)sed expenditure for inatnimontation to the tail end of their project budget thinl^g. 
(‘onseiiuently, instrumentation costs often are underestimated, with resultant penal¬ 
ties to smooth and effieient process operation. Although only 5 per cent of the 
iiuestmeiit in a plant may be required for instrumentatioii, it is an extremely impor¬ 
tant 5 per cent and, if trimmed by only per cent, the “appaiimt” savings will 
ultimately be refliTted in one of several wa 3 "s, including higher over-all costs and 
lower product quality. 

A study of instrumentation costs not oiilj" is eomplicated by the great variety of 
plant operations and processes used, the basic instruTnentation requirements of which 
\.‘iry widely, but also by lln‘ many methods of measurement and styles of mstniments 
avujlatde to do a given job. \ piocess ten)i>c*rnture can be mea'^iired in one fashion, 
i.g , !)> simple, low-cost glass-stem tlieniiomoters; on the otiier hand, wdierc accurate, 
continuous, a I automatic recording and controlling of temperatures are required, 

instrument to do the job may logically lie a self-balancing potentiometer iiicorpo- 
ratiug carefully machined parts and electrical and elect ronie (‘oruponents, all mounted 
111 a ruggi'd case of attractive apjxvirance for convenient mounting on a control panel. 
Obviously, inatninieiits of the latter type, performing many more functions and 
assuming greater rosponsiliilities, cost more. Over-all instrumentation costs have 
Jisen not onl}*' because more instruments are being used but also because the instni- 
ments themselves have become .sophisticated and complex. 

Tastes of tlu^ design <*ngincer also grcatlj’’ alTect over-all instrumentation costs. 
Theie is a trend in the design of control rooms for large processing units toward more 
:md more attractive nppeiiriince of instrument-panel Iwards and greater eomfort and 
l)lcasmg siiri'oundings in the control room. Air conditioning, indirect lighting, soimd- 
pronfing, and color dynamics in the control room are looked upon by some designers 
Ji' hi\ury items of purely aesihelie \aliie; other designers regard them as important 
< 1‘ritribuliiig fnetors to long-term ojH'rating efTiciency of the unit. Some designers arc 
t uqimt to install pressure gauges on each pump or blower; other designers specify 
111,4.1 these instruments all be incoriiorated on a central panel board in the pump 
1 )om. The figures given in the table with this article' ari' based upon average instal- 
l.iiions of the day. Wliere centralized control is not considered essential, possibly 
tljcse figures will be a trifle high; where it is ^lesired to take advantages of centralized 
control and an attractive and eomforfable control iDoin, the figures null be consider¬ 
ed ilv lower. Th us, the factor of taste iriiLst be considered wdicn making a cost estimate. 

l^or nac in making preconslniction in.struiiieiitatioii-eosl estimates at a stage before 
jhc complete instrument and automatic-control layout is known, the percentage of 
Lola! equipment cost required for instrumentation, as experienced by other aimilar 
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ciifi be lielp/ul. A very limited but roceuit survey of the chciiiicKl jji-ocebs 
industries divulges tlie figures presented in Table 10-2. 

Instrumentation costs for the production of methanol iutcriiiediateK, acefic acid 
ret5t»very, polythene synthesis, manufacture of Hcrjdic resin molding iw^der, and 
agriciiliural insectiridc and fungicides are reported by one user to vary from 8 to 12 
l>er <5ent of the invi'stinent in (otal InstMlled equipment. Ajiolber user reiM>rth that 
the average iusinunent/ilion eost for 10 units making agricultural cln'inicals and plas- 
li4‘N is 0.7 per cent. A progresaive manufacturer of perfumes and cosmetics reports 
tliai instrument costa uaiiully run between 5 and 10 per cent, but that on some proc- 
cssi^s, instrument costs run im high as 19 per cent. A textile manufacturer n‘jK)rts 
that the average mechanical operation in a tejclile mill, such as weaving and spinning, 
requires an im'estinent in instrumentation of well under 1 per cent of the total plant- 
equipment invehtriifmt. Largt* soap mamifaeturf'rs report that instniinejitalion costs 
run between 2.2 and 3.2 per cent of the total inv(’stment in (‘(luipmt'iit. On a more 

compheated phuit operated by a soap 
Table 10-2. Installed Costs of Instru- manufacturer, it is reported that the in- 

ments as Percentages of Total Plant- and htrumentation costs are as higli as 8.6 per 

Process-equipment Costs cent. A procesHf>r of nonferrous ores 

Per cent of iniiinifiictun'i of nonfoiTOUs salts 

Prorcifft tupe reports that instrumentation ctists of an 

Ethylene plant*, 4 c‘lei*t roly tic reiiuing unit arc iipproxi- 

RoU eiit-ilewaxiuK units . 3 iiialcly 1.02 per Cent. A lime plant 

Thrrmofnr catal> lir irurUin^^ Hints .I t OUlied by this Same J)rOCCSSOr lias ail 

\uu’OHe inakuijr 2 '1 . * j r i a ■ 

RiutiH-ticaminimiaphiiits . 3 2 investment of only 0.39 per cent in 

CuriUict hulfnrif* acifi pUitith ... 3 iiihiruinentatioii. 

Nitric arid plants . 2 Tlichc wido variations in insirumenta- 

■■ ■ tion-rohtix-rocntfiftOH arf-R result of many 

Hydrofluoric utul alkylailuii uuOs 5 7 bictors JIS diSCUSSCd Ul thc follOA^ing 

Gufl-recoverv iiuiLh . . 4 paragraphs. 

PuppneplQiris . . 4 XumcroUK factors deteruuiKi tlu* pcr- 

rharmaocutical plants ... In . j i . j • 

Soap plants . .232 ccntagc of the total uivcKtiuent m a 

Eloptrolytiononfprrruis mrinl ndmiiift. 0 SI prneC‘S8 whicll llULSt bc allotted to illKtril- 

Linieplants .. — .. 0 45 iiientaliou. »Some of tliew* factors an; 

ManufactuT** 01 fluondo sHits ...11 r-i i* i* 

J’ulp iriillp 3 nature of umt operations making uji 

Textile imliB. ... 15 procchh; (2) special items required be¬ 

cause of corrosion, low flows, etc.; and (3) 


capacit}' vs. number of processing iiiiils. The fact that somo imliistiies are moie 
instrument-niinded and coiibcious of the many udvantages which continuous ineasiiie 
iiienis and autoinatie controls bring about also has an iiiqioriant bearing on eompara 
tive costs. Tel roleuni refiners and manufacturers of organic chemicals are outstanding 
in their appreciation of instrunient.alion, and hence they iiivesl more ea])ilul in this 
direction. An imjiortaiit ohsf'rvatioii made over thc past few' years indicates thr-t 
iiuprovenients and teehnicul jirogress in processing go hand in hand with increa'-Ml 


insiruiiiiMit ation. 

ProcesM(‘s involving distillation are w'ell known as heavy users of instruments. 
One fractionating tower, for example, may requin‘ a potentiometer to control poluni!i 
temperature by re.setiing the control index of a flow controller on the steain-supply 
line to the redioiler, a flow eoiitroller on the totver fei‘d, a liquid-level controller nr 
the tower iKittoins, a flow controller on the reflux line, a liquirl-level controller on the 
reflux accumulator, and integrating flowmeters on the product lines. 

On the other hiiiid, mixing, crushing, grinding, and filtering are operatioiiK wlii' '> 
usually require only the .sinijih'Kt tyjie of instrument at ion. A sup(*rpIiosphal(' phir:- 
which involves principally i;ru.shing, grinding, leaching, mixing, and peeking involve'- 
practically no instrumentation. Ibdlectiori on the figun's given in Table 10-2 wi 
bear out these conclusions. 

Some operations require that more variable's be controlled and more facts be 
known than do others. Logically, w'here teinperatun*, pressure, pll, or other variable^ 
must be controlled witliin very narrow limits, tlie best in available instrument ation 
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will be required. Wlioro cusIk of HWaiu and other mediums are exiromcly pertuiciit, 
numerous recording and indicating meters may bo required. 

It is not unusual for 50 per cent of the total investment in a pilot plant to be 
devoted to insl rumen!,« and contnils. Here temperatures and pressures and other 
variables arc nieaHurc'cl and recorded at a host of locatioiiH which normally would not 
be of interest iii a large operating unit once it is dcvclopc'd. 

Where corn>sivc materials are handled, equipment coats in general rise. Instru¬ 
ments and controls are no cxe(‘ption. The figure* of 5.7 per cent for hydrofluoric acid 
alkylation givtm in Table 10-2, as compared with the other typical p(‘troleuni prorc*ssf‘S 
listed, is due in large part to special valves, protection for sensing elements, etc. 
Wliere small flows which cannot be handled in the smallest conventional control 
valves are encountered, more expensive valves of special construction must be used, 
upping the total instrumentation costs. 

Although the capacity of one unit making a given substance may be three times 
the capacity of another unit making the same substan(‘e, the number of critical 
pntcess variables which must be measured or controlh'd remains about the same. 
For example, about 4 per cent of the iuvestinent in a 20-tou-cBpacity contact sulfuric 
acid plant is for instrumentation. A 2(Xl-bjn-cai)nci1y plant requires only 2 ))er cent 
investiiient in instruiuentation. In iiicn^tising the capacity of a unit, the major 
increase in ijistruincntalion costs is brought abcnit b}" tlic grcat(*r cost for larger 
coiilrol valves, longer lengths of extension wire, eoiiiiecting tubing, etc., and is not 
markedly affected by requirements for a larger nuiiib(‘r of individual instruments. 
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INDUSTRIAL PIPING 


CONTENTS 

PIPE, VALVES, AND FITHUGS FOR NORMAL AND HIGH PRESSURES 


I. Pipe and pipn nialeiialN 
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PIPE, VALVES, AND FITTINGS FOR 
NORMAL AND HIGH PRESSURES 

BY C. A. Dopp 

Directing Engineer^ Valve and Filting Enginnring l)ppa}tmenif Crane Company 
AND E. C. PRTniE 

Manager^ Engineering and Eesearch Jhvmim, Crane Company 

Pipe, valves, and fittings are used in over}’ industry to roin’oy fluids from one 
point to another. These fluids may be in a gaseous state, a Injuid form, scniisolid, 
abrasive, and/or corrosive; they may be flowing under low-pressure conditions, high 
procure, and at low or high velocities. Kach of these and other manifold variables 
make the proper seleetioii of the most suitable piping material, the valve which will 
perform most satisfactorily, or the fittmg wliieh i^ill produce the utmost in economy 
and service a problem which can be dealt i^ith only by one having sufficient informa¬ 
tion regarding the performance of pipe, valves, and fittings under the service condi¬ 
tions which are likely to be encountered. 

In the design and selection of piping materials for sorxnce conditions ranging frtun 
the average home plumbing in,stallation to the h-p jiower plant, careful «»tiid> must be 
given to the individual requirements to provide a l)a.si8 for the selection of the proper 
equipment. 

The primary purpose of this subsection is to present information which can be 
used as a guide by the designer in seleeting the product most suitalde for the many 
service conditions encountered in the various industries. While it is true tliat there 
are many codes, standards, and manufacturers' catalogues which can be used to some 
degree for this purpose, the basic refisonmg behind tlie adoption of certain types of 
products may not be readily available. It must be unde^rstood, however, that no 
product should be u.sod which is definitely legislated against by these codes or hIhiuI- 
ards and that manufacturers' recommendations should be followed. 

PIPE 

The most prevalent type of product used in all piping systems is “pipe." The 
laeleetion of the size, material, and class of pipe for a particular service condition is 
dependent upon several factors among wliich are pressure, temperature, corrosion, 
availability, etc. 

PIPE MATERULS 

The pipe material is generally selected on the basis of the requirements set up in 
various codes and standards which refer in the majority of cases to specifications 
established by the American Society of Testing Materials. Other widely uh(>(1 
specifications are those published by the ^avy Department, the Ameriean Petroleum 
Institute, and the thiited States (loveriimenl A partial list of piping materials 
and the corresponding specification refenmcc is given in Table 11-1. 

Some of the more important piping materials and their specific characteristics are 
as folio w’s: 

Carbon-ilteel Pipe, rarbon-steel pipe derives its distinclive luoperticH chiefly 
from the amount of carbon which it (*ou1aina. The basic material used in the pro¬ 
duction of earlaUKstis*! pipe is generally jirodured eitlu‘r by the open-hearth, elee- 
trie-furnaee, or the aeid-Bessomer proeesa. In ordering the pipe for fahrieatioii, 
open-hearth-process pipe is generally specified because of its Buporior forming qualities. 
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Bwtt-woldccl rarbon-8U*pl pipo'is available in si*os from to 3 in inoluaLve^ lap- 
\kclded pipe IS available in H4-1U sizes and Jari^er Both typos are n\ailaUe m 
standard arid cxtra-sl rong 1 hiok nesses Carbini-sti f 1 pipe is nlanufaetured to conform 
n ith numerous ASTM spe t jfn alionSf thn e of v hith art commonly used for fabricating. 


Table 11-1* 

Maivnah, pipe, ami tubing 

Brass and copper 

Copper pipe standard sizlb 
Rod brass pipe st mdard sirps 
StaniksB ropptr tuluiiK hriKht aiintuhd 
Seamless Lopp<i tulns 
( opper water tubt 

Copper and copper>aliuY spainlis<i coiidiiiser ^ulub and ftrn U shjik 
(. ast iron 

C ast-iruii pit-iast pipL for waOr or utlur li piirls 

Thpf watir enst irr n (bill and Hpipot) 

Methaiiiral joint cast iron pipt 
Wrought iron 

Welded art iij;lit iron jiipt 
Spiral atldtd sUi] nr iron jiipt 
Casinjf drill pipe and tiihing 
Jdne pipe 
Steel 


Spedfication 

ASTM B42 
ABTM B43 
ABTM B68 
ASIM B75 
ABTM B88 
ASTM BUI 

ABA A21 2 and 
ASTM 444 
I SB WW-P-421 
CIPRA 

ASTM A72 
4STM A211 
API 5-A 
API-6-L 


Welded and siainlcsb sitil | ipt 

Lap welded and Heainliss ■‘It el and lai> welded iron bniltr tiihis 
I orgc-d or rolled stitl pipt flaji^rs forat I fittinKi and vaKts and jaits frr lii^h 
trinj^eraturt scr\itc (material f r fnrgtd and bond carbon stei I jnjK) 

Seamless rarboii sttd pipe for IukIi t< inpciaturf sctmic 

Black and hot dipi (d /iru (oatid (^aK tniztd) wrldfd and seamless slerl pipe for 
ordinary uses 

Lhetne fusion welded ate^tl ^ijn 30 in and o^ir) 

Ehotrie resistaiiu at bird slid pije 

Elretrie fusion at.Ided sted | i]m ( i/es R in it but not meludiiii; 10 in ) 
rUdiiL fusion welded sUel | ipt for liii.li temiwratine iiitl Ji p serMie 
Seamless alien P P‘ for biph tempiratiire srrMfO 
rieitnr resistaiire wdded sled and open hearth iron b iiUr tubes 
Siamkhs cold drawn low carbon sled lieatr-exdianei r and eoiidenstr tubes 
lorgrel or rolled allo^ «>teel pipe flanjers forf^nl httin(,s and \ah(8 and jiarts (eir 
luc;h terrperature Btr\i(e (niaterml fi r furKcd and bemd allo\ steel) ipi) 

Seamless s ol boiler tubes for h p s« r\it.r 

ScaniUss carbon mcKlHknuin alloy steel i ipe for bie,b InuperaturL sireuc 
Meek urn raibuii oramUss steel boiler and superheater tulHs 
Spiral welded btid or iron jnpi 
Seamli ss allu> steel boiler and superhealit tubes 
f Irctne r sistaiiee wrdrlrd steel heat txdiQna'r and [iMidenstr tub^s 
Electne resisianri weldidstrel boilrrand su{ <rheute r till es fcrlif btreiee 
Atomic h>drnfi(en arc welded and fkiine nsihtanee welded alloy slid boder and 
superheater tubes 
Copper brazed teeltubniK 
CaHiiij; drill ptjie and tubing 
Line pipe 

Seamless and welded firntii stainless sted tubiiiR f >r penernl serMu 
Seamless and weldtrl luste nitir stniidiss strel tubiiip f r anuial hitmu 
S oBinloss austnnilic chroiniuni nukd sled still tiibeo for jdiiierv service 


ABTM A63 
AbTM ASS 

ASTM A105 
ASTM A106 

ASTM A120 
AbTM A134 
A^TM A135 
ASIM A139 
ASTM A135 
ASTM A158 
ASTM A17B 
ASTM A179 

ASTM A182 
ASTM A192 
AS IM A206 
ASTM A210 
ASTM A211 
ASIM A213 
ASTM A214 
ASTM A226 

ASTM A249 
ASI M A254 
API 6 A 
API 6-L 
ASTM A2ft8 
ASTM A269 
AbTM A271 


Seamless chroma molj ImU nuin tdlriv stediije foriervnt at bii;h teinjx ratures ABIM A280 
Tublishf ri in AbA Code for Pressure Pipiiiie buipIcmentNo 2 Ap/il 1S47 


iSTAf A120 tSptcification for Black and Hot~dipp(d Zinc-coaUd (Galvanized) 
Weldid and Sianih'Ht Pipe for Ordinary C «s \STM A120 pipt might be called 
tilt “garden" vanity t)l piiie since it is used extensivclv for gLneial piping purposes. 
These ordinary ust s uu lude those for low-pressure domcbtu servit e, small-sizc low- 
pressure water instdilations, and gas lines A120 is not suitable, however, for close 
bending or lor lugh-tomperature seivire 

The steel used for this pipe is made by the open-hearth, elec tru-furnace, or the 
acul-Ressenur process and i& of boft weldable quality. If galvanized pipe la desired, 
the coating inside and outsule is applied by the hot-dip process, and the weight of the 
t Gating is listed in ount es per square foot Spec miens of each lot of pipe are selected 
and subjected to tests that measure their loating weight, pipe weight, hydrostatic 
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strength, weld strength, and diameter and wall thickness. A120 pipe len^hs are 
usually cut in the to 22-ft range for standard^weight pipe. Specifications arc 
also listed for workmanship and finish required for this groide of pipe which is stamped 
or stenciled to show the manufaRturer, the length, and the ASTM Specification A120. 

ASTM A 53 Specification for Welded and Seamless Steel Pipe, ASTM A53 pipe is 
manufactured as black or hot-dipped galvanized pipe and might be called a medium- 
grade pipe. Pipe complying with these specifications may be used for coiling, bend¬ 
ing, flanging, or other specified special purposes. The steel for A53 is made by the 
same process as that used for A120 with the exception that electric-resistance-weldcd 
pipe for the smaller sizes of Jg and H in. in diameter is made from open-hearth steel. 
The chemical content for tliis pipe steel is specified, and samples from each lot of 
500 lengths arc checked against the specifications. The tensile strength as well as 
the flattening and bending properties of the pipe are checked. Following the hydro¬ 
static test, the pipe is checked for weight, workmanship, finish, marking, and final 
inspection. 

The Code for Pressure Piping limits the use of A53 to a mavimum steam pressure 
of 400 lb and a maximum temperature of 750°F. Other codes differ in tlieir specified 
use for A53. 

ASTM A106 Specification for Seamless Carhon-bteel Pipe for High-temperature 
Service, The steel used for A106 pipe, which is specified as grade A or grade B, is 
killed steel made by the open-hcartli or the electric-furnace process. The chemical 
composition and the physical properties are carefully specified and presented in table* 
form. Test specimens are used to determine the bonding and flattening properties of 
the pipe, and unless otherwise specified, each length of pipe is hydrostatically pressure- 
tested. After checking the weight, w^all thickness, diameter, finish, and over-all 
workmanship, the pipe is marked and inspected. A106 pipe is used for high-pressure 
and higb-temperatun* work and should be suitable for bending, flanging, lapping, and 
similar forming operations. The AlOC speoi/ications arc rigid, and the manufacturing 
tolerances which aie siiccificd are closely followed by the producer. 

Alloy-steel Pipe. The term ''alloy-steel pipe" is meant to apply to any tubular 
steel product which differs from carbon steel liy the addition of one or more aJ](>3nng 
metals to which it owes its distinctive properties. The basic matcrialh for the man¬ 
ufacture of alloy pipe arc made by the open-hearth or clcctric-furnaee process. Most 
of the alloy-steel pipe is made by the seandess process, although sonic Jngh-ullov 
varieties are produced as welded pipe. In the sizes up to 1*^ in. the pipe is cold- 
drawii; in sizes from to 10 in. it is cither hoi-finished or cold-drawn; and in sizi*s 
above 10 in. it is hot-finished. Alloy-steel pipe is normally classified by schedule 
number or w^all thickness. 

In recent years steam temperatures have exceeded tixe limits for which carbon- 
steel pipe is suitable. This Jias naturally resulted in the more (‘\tr‘iisjv(‘ use of alloy- 
steel piping. In iwwer-plaiit work involving bnuperatures up to 1000°F, rarbon- 
molybdeniim pipe has found wdde application. Jiasically thi^ material is a low’-carbon 
(0.10 to 0.20 per cent) silicon-kilJod steel to wdiich molybdenum (0.45 to 0.65) per cent 
is added. This small quantity ol molybdenuin gives tlie material supcTior cieeji 
resistance at temperatures up to 1000®F. At this writing c<*rtnin specifications call for 
the addition of 0,5 to 1.0 per cent chromium to resist graphitization of caibon-inolyh- 
deiium piping at weldr*d joints which results from service* under high temperature. 

ASTM A206 Spenfication far Seamless Carhon-molybdtnum AUoy-sUel Pipe foi 
Highr-temperatvre Service (Tentative). A20C seamless rarbon-molybdeniim alloy-steel 
pipe for high-temperature sc*n'iee is made of steel selected for its high*temperature 
properties, w'eJdability, and general stability under sfjvere working conditions. Thi*^ 
steel is made eithc'r by the open-hearth or the electric-furnace process, with the gram 
size carefully checked to meet the specified limits. After tho finishing jirocess is 
completed, the pipe is anneah'd. The chemical composition and the tensile propertic*- 
are tabulated for quirk reference. When the jiurchaser so requests, a photomicro 
graph at 100 diameters, taken from a spoeiincn cut, is furnished by the manufacturer. 
As specified by the code, the use of \206 is, at the present tini<‘, quite rigidly rontrolled. 

ASTM A158 Speeijioationfor Seamless Alloy-steel Pipe for Hi{]i/i-<cmpera<ure Service 
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Table ll-2c. Double-extra-strong Wrought-steel-pipe Data 

(\ll dimensi ind wfigl ts ire njminali 
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Table 11-8. Dimensions of Welded and Seamless Steel Pipe 


Noim- 

Out- 

Nominal wall thirknewos for Bohedule numbeifl 

nal 

mrle 











pipe 

diam 

brhed- 

Bcbed- 

ached 

Sched- 

Sfhed- 

Brhed 

Brhrd- 

Bfhefl 

Brhed- 

Brhed- 



ule 10 

ule 20 

ule 30 

ule 40 


ule 80 



ule 140 

ulo 160 

H 

0 405 




0.0«8 


0.006 





H 

0 540 




0.088 


O.llB 





H 





0.081 


0.116 





H 





0.109 


0 147 





H 





0.118 


0.164 





1 

1 315 




0.188 


0.170 





IVe 

Uiliin 




0.140 


0 191 





IH 

1 000 




0 146 


0.800 




0 281 

2 

2 375 




0 114 


0 818 





2H 

2 875 




0 108 


0.876 





S 





0 816 


0 800 





3H 





0 880 


0 818 





4 





0 887 


0.887 


0 437 


0 531 

5 

5 563 




0 808 


0.870 





6 

6 625 




0 880 


0.481 


0 562 



8 

8 625 


0 250 

0 877 

0.888 

0 406 

0 600 

0 593 

0 718 

0 812 

0 906 

10 

10 76 


0 2,0 

0 807 

0 866 

0 600 

0 593 

0 718 

0 843 

1 000 

1 125 

12 

12 75 


0 2j0 

O.SSO 

0 406 

0 562 

0 687 

0 843 

1 000 

1 125 

1 112 

14 OD 


0 250 

0 il2 

0 375 

0 437 

0 )Si 

0 750 

0 937 

1 062 

1 250 

1 406 

16 OD 


0 250 

0 312 

0 375 

0 500 

0 C,b 

0 843 

t Oil 

1 218 

1 437 

1 562 

18 OD 


0 250 

0 312 

0 437 

0 562 

0 718 

0 937 

1 1)0 

1 )4d 

1 562 

1 7)0 



0 260 

0 375 

0 500 

0 jOi 

0 812 

1 031 

1 250 

1 500 

1 750 

1 917 



0 250 

0 375 

0 562 

0 687 

0 9i7 

1 218 

1 500 

1 750 

2 062 

2 312 

li 


0 112 

0 500 

0 62) 









All (limeasionH are Riven m mrhis 

The defiiiiHl thid netiBes listed foi ilu icnpo tivp pipe si/fs lepriscnt then noiiunal oi avnaae wall 
dimensions 1 ui toleiante^v on wall thicknesMs hic appiopriati iiiaNnal speLification 

llucknesscs shown in 1 oldfare t\ pf in Schetluhs ^0 and 40 are identual with tlurkmases for btand 
ard weight pitie in foimei liols th in in SLlirdulis 60 and 80 aie identical with thirknessos foi extra 
strong pipe m foiniei lists 

The srnedule numbers indieate ai proxin ate values of the cxniosaion 1 000 X 
Ovnng to a neceasaiv departiiio fioin the old standaiil woignt and extra strong thirknesses in the 
ll^'in sue in Schedules 40 and 60 the ntw tbicknosses aie a >1 as jet nlorkcd by all manufat tiircrs and 
jobbeis Hence whtio agieoalle U the puichasei and Mutable foi the service conihtions the old 
standard weight 0 375-in wall pijie roinsponding to a 1 000 P/Hy value of 37 7 is still avadable and ran 
be substituted for the 0 406 m wall and the old extro strong 0 500-m. wall pipe corresponding to a 
1,000 P/S value oi 35 can be substituted foi the 0 in wall 

(Tentative) ASTM A158 pipe covers several varieties of ferritic and austenctic seam¬ 
less pipe and is applitahlc to services wlicre the metal temperatures aie high or where 
corrosion may be a lac tor The^e steels are charactemed by their high-temperaturc 
properties, 'weldability, (oirosivc resistance, and general siabihty ai tin working tem¬ 
peratures They are made either by the open-hearth or electnc-furnaeo process 
The heat-treatment to be used is t ai efully followed, and the tensile-strength limits ai i 
tabulated as a means of ready r< ferencc. Bcndmg, tlattenmg, and hydrostatic tests 
are made to check the quality of the pioduit 

The petroleum industry is a large user of alloy-steel pipmg Most of the lo\v- 
alloy and 4 to 6 pel cent chrome varieties of pipe i^cre developed to combat th( 
extremely corrosive conditions encountered m modem petroleum-rehning proc easts 
Many of the cracking processes involve extreme temperatures, thus necessitatmg the 
use of higher alby steels 

The relatively high (ost of allov-steel pipe limits its application to those mstallu 
tions involvmg extreme tcinpcratureb and having severe coirobion conditions and 
where carbon steel is not found to be entirely satisfac tory 
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TaU« 11^ Wt^ti «i Welded ud SMualese Steri ^ipe* 


Nomi¬ 

nal 

pipe 

nte, 

in. 

ScheS- 

ule 

10. 

plain 

ends 

Sched¬ 

ule 

20, 

plain 

ends 

Schedule 30 

Schedule 40 

Sched¬ 

ule 

60, 

plain 

ends 

Sche^’ 

uId 

80, 

plain 

ends 

Sched¬ 

ule 

100, 

plain 

ends 

Srhed- 

iile 

120, 

tdain 

ends 

Sched¬ 

ule 

140, 

plain 

ends 

Schad- 

ule 

160, 

pbun 

ende 

Plain 

ends 

Threads t 
and 

coupUnea 

Plain 

ends 

ThreadHt 

and 

eouplineB 






0.81 

0.85 


0.88 





H 





0.48 

0.48 


0.54 










0.87 

0.57 


0.74 










0.80 

0.80 


1.00 




1 31 

H 





1.10 

1.14 


1.48 




1.94 

1 





1.08 

1.68 


8.15 




2.85 

IK 





8.88 

8.89 


8.DO 




3.77 

IH 





8.78 

8.74 


8.54 




4.80 

2 



. .. 


a .08 

3.68 


5.08 




7.46 

2H 





6.80 

0.88 


7.67 





3 





7.88 

7.68 


10.8 




14.3 

3>1! 





9.11 

9.81 


18.6 





4 





10.8 

10.9 


16.0 


19.0 


22.6 

5 





14.7 

14.9 


80. B 


27.1 



6 





19.0 

19.8 


88.0 


36.4 


45.3 

8 


22 4 

S4.7 

8B.0 

88.6 

88.8 

35 7 

43.4 

50 9 


67.8 

74.7 

10 


28 1 

84. S 

85.0 

40.5 

41.8 

54.8 

G4 4 

77 0 

89 2 

105 

lie 

13 


33.4 

48.8 

45.0 

.53 6 


73 2 

88 6 


126 


161 

14 OD 

36 8 

45.7 

54.6 


63 3 



107 

131 

147 

171 


10 OD 

42.1 

52.3 

62.6 


82 8 



137 

165 

193 

224 

241 

18 OD 

47.4 

69.0 

82.0 


105 


133 

171 

208 

239 

275 


20 OD 

52 8 

78.6 

105 


123 


107 


251 

297 

342 

374 

24 OD 

63 5 

94.7 

141 


171 


231 

297 

.361 

416 

484 

530 

30 OD 

99.0 

158 

197 











* Wcifihta are given in puuuds pei linear font and are fur pipe with plain oniis exeopt foi eizee which 
are eommercirtUy available with threads and eoiipliiige for wdiieh both weighlH are liated. 

1 Weight fi>r line pii>e with eoiiplinKn ate eliAbtly greater than shown in Srlifniules 30 and 40 and 
niay lie found in API Aiiecifieation 5-L. Weights shown in boldfare tyi>e in iSrhefluIcs 30 and 40 are 
identical with weights for standaid-weight piiM: in former lists; those in Srhetlules 60 and BO are identical 
with weights for extra-strong pipe in lormer lists. 

The schedule numbers indicate approximate values of the expression 1,000 X F/S. 

Genuine Wrought-iron Pipe. The bafdc material used in the manufacture of gen¬ 
uine wrought-iron pipe is made from pig-puddled or processed wrought iron and is 
free from any admixture of iron scrap or steel. Wrought iron is defined as a ferrous 
material aggregat-ed fn)in a solidifying mass of pasty particles of highly refined iron 
with which, without subsequent fusion or chemical relationship, is incorporated a 
minutely and uniformly distributed quantity of slag. The durability of wrought iron 
when subject to general corrosive conditions is attributed to the siliceouH slag fibers 
imbedded in tlie base metal. Wrought-iron pipe finds wide application in plumbing, 
water, and underground pipe lines where certain coirosive conditions exist. 

This pipe is produced in butt-welded and lap-welded form. Sizes from 3^ to 2 
in., inclusive., are produced in the form of butt-welded pipe; sizes from 13^ to 12 in. 
inclusive, are produced by the lap-welded process; sizes from 14 to 24 in. OD ore 
either hammpr-welded or fusion-welded. In the main genuine w'rought-^iron pipe is 
most used in those sizes 12 in. in diameter or smaller. 

Genuine wrought-iron pipe may be obtained in standard, extra-strong, and double 
extra-fltrong thicknesses and is manufactured to conform to ASTM A72 specification 
for general usage, coiling, bending, flanging, and other special purposes. Although 
this material is more expensive than carbon steel, the producers claim that its resist¬ 
ance to corrosion offsets any difference in cost when the lengthof service is considered. 
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Table 11-8. Standard Pipe Sizes for Brass and Copper Pipe 


Nondnal jiize 

Diajnotfrs 

Wall ihirk- 
rPhfi, in 

Weight/lin ft 

Cirnft i>ipo flizej, 
in. 

External, in. 

_ 

Intelnal, in 

YpIIom biatts, 
111 

Red luam, 

11) 

Topper, 

lb 





TtoKiilai 





0 400 

0 281 

0 0620 

0 246 

0 2.53 

0 259 


0 040 

0 375 

0 0825 

0 437 

0 450 

0 460 

H 

U (175 

0 494 

0 0905 

0 612 

0 630 

0 643 

H 

0 840 

0 62.5 

0 1075 

0 911 

0 938 

0 957 


1 050 

0 822 

0 1140 

1 24 

1 27 

1 30 

1 

1 315 

1 062 

0 1265 

1 74 

1 79 

1 83 


1 AftO 

1 368 

0 1460 

2 56 

2 63 

2 69 

IH 

1 900 

1 600 

0 1.500 

3 04 

.3 13 

3 20 

2 

2 375 

2 062 

0 1565 

4 02 

4 14 

4 23 

2H 

2 875 

2 500 

0 1875 

.5 83 

6 00 

6.14 

s 

3 500 


0 2190 

8 31 

8 56 

8 75 

w 

4 000 

500 

0 2500 

10 85 

11 17 

11 41 

4 

4 500 

000 

0 2.500 

12 29 

12 66 

12 94 


5 000 

500 

0 2.500 

13 74 

14 15 

14 46 

6 

5 5Q3 

062 

0 2500 

15 40 

15 85 

16 21 

e 

6 625 

6 125 

0 2500 

18 44 

18 99 

19 41 

7 

7 625 

7 062 

0 2815 

23 92 

24 63 

25 17 

8 

8 625 

8 000 

0 512.5 

30 0.5 

30 95 

31 6.1 

10 

10 750 

10 019 

0 ,56.5.5 

41 91 

45 20 

46 22 

12 

12 750 

12 000 

0 ,37.50 

53 71 

55 20 

56 51 



Extra stioiiG 




H 

0 405 

0 205 

0 100 

0 .3.53 

0 363 

0 371 

M 

0 540 

0 2‘H 

0 123 

0 593 

0 611 

0 624 

% 

0 675 

0 421 

0 127 

0 805 

0 829 

0 847 

H 

0 840 

0 542 

0 149 

1 19 

1 23 

1 25 

y* 

1 050 

0 7ib 

0 1.57 

1 62 

1 67 

1 71 

1 

1 315 

0 051 

0 182 

2 39 

2 46 

2 51 

Ui 

1 060 

1 272 

0 194 

3 .30 

.3 39 

3 46 

i>; 

1 000 

1 494 

0 203 

3 99 

4 10 

4 19 

2 

2 375 

1 9H 

0 221 

5 51 

5 67 

5 79 

23^2 

2 875 

2 315 

0 280 

8 41 

8 66 

8 84 

3 

3 5(M) 

2 R02 

0 304 

11 24 

n 57 

11 82 

3M 

4 000 

.3 358 

0 321 

13 67 

14 07 

14 .37 

4 

4 500 

3 818 

0 .341 

16 41 

16 89 

17 25 


5 000 

4 250 

0 375 

20 07 

20 66 

21 10 

5 

5 503 

4 81.3 

0 375 

22 52 

23 18 

23 67 

6 

6 625 

,5 751 

0 437 

31 .32 

32 21 

32 93 

7 

7 625 

6 625 

U 500 

41 23 

42 43 

43 34 

8 

R 625 

7 625 

0 .500 

47 02 

48 39 

49 42 

10 

10 750 

» 7.'.0 

_ 1 

0 500 

59 32 

61 0.5 

62 40 


Toncan Iron Pipe; Copper-bearing Steel Pipe. Tn ndibtion to cari>on stool, orca- 
BionEd use is mado of oopppi-boaring stool pipe or ooppor-Tnolybdonum iion (Toncaii) 
pipe. Copper-boaring stool is stool with an addition of 0.20 to 0.36 por cent copper. 
Toncan iron is opoii-hoarth iron containing 0.10 por cent copper and 0.67 per cent 
molybdenum. 

Brass and Copper Pipe. The throe basic materials of this group consist of yellow 
brass, having an approximate composition of 67 per cent copper and 33 per cent zinc; 
red brass, which has an approximate composition of 85 per cent copper and 15 per 
cent zinc; and copper pipe, which is manufactured close to a 99.9 per cent copper 
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T&bie ^1-6. Linear Ezi»aaeioa of Pipe 




Inehen/lOO ft 




fuobes/iOU ft 



Inohes/lOO ft 

Toiup, 





Temp, 





Tdmp, 


_ 1. 











(Iar F 

Htoel 

WionffUt 

iron 

Pi ass 

tJop- 

IXT 

dpR 1 

8loel 

W'lrniRltb 

irun 

Hi ASS 

rnp- 

l>fl 

derg V 

St6d 

Wraugibt 

non 

0 

0 0 

0 0 

0 0 

0 0 

340 

2 76 

2 87 

4 30 

3 95 

680 

5 965 

6 20 

20 

0 15 

0 15.5 

0 25 

0 25 

300 

2 935 

3 05 

4 58 

4 15 

700 

6 17 

6.42 

40 

figTil 

0 31 

0 45 

0 45 

380 

3 11 

3 235 

4 85 

4 40 

720 

6 .375 

6 625 

00 

0 455 

0 475 

0 67 

0 65 

400 

3 29 

3 43 

5 14 

4 64 

740 

6 58 

6 835 

80 

0 01 

0 03 

0 92 

0 87 

420 

3 465 

*3 62 

5 45 


760 

6 79 

7 05 

100 

0 77 


1 17 

1 10 


3 65 


5 73 



6 99 

7 276 

120 

0 915 

KXEI 

1 41 

1 35 


3 835, 


5 06 

5 37 

800 

7 21 

7.49 

140 


1 13 

1 69 

I 57 

480 

limiym 

4 10 

0 25 

5-64 

820 

7 415 

7 73 

100 

1 235 

1 29 

1 91 

1 77 

500 

4 21 

4 39 

6 55 

5 88 

840 

7 63 

7 93 

180 

1 40 

1 40 

2 15 

2 00 

520 

4 39 

4 58 



860 

7 84 

8 146 

200 

1 57 

1 04 

2 4.3 

2 25 

540 

4 59 

4 78 



880 

8 055 

8 37 

220 

1 73 

1 81 

2 71 

2 52 

560 

4 78 

4 975 



000 

8 28 

8 60 


1 89 

1 98 

2 97 

2 74 

080 

4 075 

5 175 



920 

6 495 

8 82 


2 065 

2 16 

{ 22 

2 9.5 

600 

5 17 

5 38 



940 

8 72 

0 05 


2 23 

2 335 

3 47 

i 17 

620 

5 365 

.5 .58 




8 945 

0.28 


2 41 

2 52 

3 70 

.3 42 

640 

5 565 

5 785 





9 52 


2 59 

2 70 

4 1)7 

3 70 

650 

B 76.5 

5 99 





9 75 


analysis. The pipe in seaiuless and is formed by eiippini; and drawiiiR or by extrusion. 

Yellow brass is .suitable for most general water mstallations and is cheaper than 
either rod brass or coiiper. Red brass, while more expensive than yellow brass, is 
easier to fabriealc and, owing to its hinaller zinc content, does not deteriorate so 
rapidly for severely corrosive whaler herviee. C>n the other hand, j^ellow brass has 
been found to be subjeet to eorrosioii due to deziiieifieation. 

(/Opper and brass are extensively list'd lor handling w^aters, acids, alkalies, and 
other generally corrosive fluids. 


Pipe Dimensions 

Steel Pipe. Since steel pipe must be suitable for a wide range of serviceH wdth 
respect to pressuie, temperature, corrosion, and the like, it is produced in a variety 
of wall thicknesses and different weights for each of the various sizes. As a general 
rule, particularly in the ease of carlxm steel, pipe is elassitied by the terms standard, 
extra strong, and double extra strong. A more Kuitablo method, wdiich is being more 
universally applied particularly to alloy-steel pipe, ha.s been developed by the ASA, 
viz.j the chissihcatioii of pipe liy scheduh* number (see Tables 11-2 to 11-5). 

Pressure Eating for Stvil Pipe, For pressure rating for steel pipe, refer to ASA 
Code for Pressure Piping, ASMF Boiler ronstruetioii Code, or any code or standard 
Hjiplying to a specific applieatiuii. 

Exparision of Piping MalcriaU. For expansion of piping matcrialB, see Table 

1U6. 

VALVES 

Valves are among the most important of all control instruments used in industry. 
Their function is to control and stop the flow of water, oil, gas, steam, air, chemicals, 
and in foot, any liquid or gas conveyed from place to place. Their selection for any 
particular service condition can be best Rct*omplishpd by one who is thoroughly 
acquainted with their individual eharacicristies. 

Classification of Valves by Material 

There are three basic materials from which the principal parts of the great majority 
of valves are made. These are brass, iron, and steel. Each has its particular pur¬ 
pose in valve design. All these materials are made in a large variety of compositions 
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having varying strengtfaa and to tho pffect of corrosion and temperature. 

Bma. Brass is used extensively for bodies and bonnets tif valves where resistance 
to ootTosion by liquids or gases is desired. It is r satisfarfory material to resist the 
corrosive action of most water and RtmoR))li(‘ric ronditions and can be used for most 
nonnaJ pressure and temperature conditions, ft ran lie cast or forged and is reason¬ 
ably easy to machine. Ih*rause it in iniirli higher in cost than cast iron, its use usually 
has been confined to sizes 3 in. and hinaller. Many large brass valves are used, how¬ 
ever, to resist the corrosive artion of sea \\ ater. Some of the specifications generally 
referred to for brass valves are 

ASTM BQ2 Specification for Composition Brass or Ounce Metal Castings. ASTM 
B62 is widely used for valves rated as high as 150 lb steam pressure. It is limited 
by most codes to a maximum temperature of 400°!". 

ASTM B61 Specification for Steam or Valve Bronze Castings. A brass used by the 
majority of manufacturers for valves having ratings higher than 150 lb steam is cov¬ 
ered by the above specification. While some codes limitf the use of this material to 
50G°F, most manufacturers recommend it for as high os 550°F. 

Oast Iron. Oast iron is generally used for valve sizes 2 in. and larger except where 
a more ductile or more corrosion-rc^sistant inateriid is necessary. Although cast iron 
is used for reasonably high pressures, the metal sections musi be made quite heavy 
because of its relatively low physical properties which consequently makes it more 
difficult to obtain sound pressure-tight castings. Its use, therefore, is generally 
restricted to pressures 500 Ib and lower, particularly in sizes above 12 in. Codes in 
general limit the use of cast iron to a maximum temperature of 450°F. Cast iron 
for valves is f‘Overed by ASTM Specificalion A126, 

Cast Steel and Forged Steel. Cast stet^ and forged steel arc the accepted maU'- 
rials in valve bodices and bonnets for extremely Ingh pressures, particularly when used 
in services where temperatures are in excess of SOO^F. Its high strength, high duc¬ 
tility, and shock n^sistance, as well as resistance to the effect of high temperatures, 
make steel an extremely important material bi the valve industry. The many differ¬ 
ent compositions and alloys, ranging from carbon steel to stainless and high-strength 
steels, make this material applicable for use in valves of all sizes, shapes, and designs. 

Classification of Valves by Types 

The, basic types of valves are globe, gate, and check. There are many variations 
in the design of each type which make each one particularly adaptable to a specific* 
use, in a piping system there are a multitude of rc^quirements winch must be con¬ 
sidered w'hen the type of valve is to be selected. 



Fig. 11-1. Angle valve. Fig. 11-2. Y-pattern 
globe vttlve. 



Fig. 11-3. Cross valve. 
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Olol^ VaItm. The name probably origmated beoauae tho conupoa type 

of gk>be-valve body was globular in shape. The term i^be, however, has for years 
been generally accepted os applied to the fundamental principle of plugging or etop^ 
ping olT a valve seat. For this reason, the term globe type*’ baa become quite com¬ 
mon as it frequently applies to valves having shapoa differing from the original globe 
valve, such as the angle, Y pattern, or cross. 

The three globe-type valves illustrated in Figs. 11-1, 11^2, and 11-3 operate on 
the same principle as a regular globe valve. As shown in the cuts, any valve in which 
the closing and opening of the port through the valve seat is accomplished by forcing 
a ’’disc'' down against the seat or into the seat opening to close it completely and 
where to open it the disc must be withdrawn is considered to be a '’globe type.” 
The force to actuate the disc is applied through the valve "stem ” either by means of 
the stem threads or other actuating members such as lovers, operating cylinders, 
toggle, etc. 

Globe-type valves have always been preferred for throttling service, as they are 
easily controlled, but as explained lifiroinafter, the plug-type metal-disc design has 
given most satisfactory service. 

Method of Operation, In globe valves, two common design principles are applied 
to the operating mechanism. One of tliese is the inside-screw rising stem (Fig. 11-4). 
In this type, the stem thread rotates m a corn^sponding or mating thread inside the 
bonnet so that, as the stem rises or lowers, it revolves os it moves the discs. Owing 
to the fact that the operating threads are exposed to the fluid withui the valve, this 
design should not be used if the threads are likely to be seriously damaged by the 
fluid. For example, if the fluid contains an abiasivc substance, excessive wear will 
quite likely occiii in the stem threads and thus cause difficult operation. 

Ill such cases a valve uith an extenml operating mechanism such as the outside- 
screw and yoke (OS and Y) rising stem (Fig 11-5) should be used This type is 
gt^neially specified in connection ^vith largei sized valves. In this valve the stem 



11-4. Xuside-acrew, ris- bin. 11-5. Outside- Fio. 11-6. Quick-opening slid- 

ing-Btem globe valve. screw and yoke (OR iiig-stem globe valve. 


and Y) globe valve. 

thiead rofiites in a corresponding tlnead in the upper hub of the yoke. The stem 
itself also uses and lowers, thereby causing the disc to move up or down. It will be 
noted that the stem threads in this valve aie not exposcnl to the fluid inside the valve. 

There are also numerous special operatmg means such as the automatic-closing 
t'Npe of shding stem as shown in Fig. 11-6. Globo-type Valves are ^so made with 
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special operating means such as gearing, cylinder operation, motor operation, etc. 
For all these the operating mechanism within the valve proper must be designed to 
suit the particular operating means. 

Se<tt aiid Disc. The most important features of any valve, as far as service and 
tightness are concerned, are the material, design, and workmanship of the B(»at and 
disc. Briefly, the three designs of globe-type valves now in most common use are 

1. Metal dise—^narrow conical seat 

2. Plug dise 

3. (Composition dise 

There are many other special seat designs, but the general field is quite well covered 
by these three. Each has its advantages and each serves a useful purpose in industry. 

Metal Disc—Narrow C'on7raZ Seat. The metal dise with a narrow conical seat 
usually has a ball-shaped surface on the dise, a conical flat seating surface in the 
body, and is generally referred as the conventional design of globe valve. Figures 
11-7 and 11-8 illustrate this design of seat and disc as appli(‘cl to brass and steel 
globe valves. 





Fro. 11-7. Brnss globe 
valve with ball disc Hiid 
conical seat. 


I'Ot 11-8. Steel globe 
Aahc vith btdl disc and 
conical spat. 


In., 11-9. Globe valve 
witli plug-type disc 


Beeaiisc of the line bcaiiiig obtained in S(‘ating, tins design is (‘iisily niad(‘ tight, 
can be refaced or reground n*adily, and is adaptable to many types of services. 
Bi'cause operators have found that this type of seat provides an excellent means for 
removing coke, it is often specified for high-temperature oil service. (Joke forms on 
metal siirfaeoH in lines carrying high-temperature oil vapor. This hard brittle coating 
on the seating surfaces is generally not uniform in thiekness and would soon lead to 
leaky valves. Because of the excessively high loading on tlie sealing surface, the 
coke uill crack ^hen the ojipralor rlo.ses the valve tightly. The valve is then opened 
slightly permitting a high-velocity flo^v across the seat, which action washes avray the 
coke particles. Thi>^ procedure is generally repealed .several times when the valve 
is closed, particularly if the valve has been in service wdth the dise in the open posi¬ 
tion for a relatively long peiiod. 

The principal disadvantage of tliis tvpe of seat is that very liard dirt or foreign 
matter may dent the seating surfiice, I'ansing leakage. The result of such leakage is 
the inevitable wire-drawing action, which will destroy the S(‘at in a very short time. 
Even though the dirt may not be hard enough to cut in<o the metal, if it holds the 
disc away from its seat and is allovred to remain in this position, the flow through 
the valve will cut the seat by wire-drawing aetion. When any valve fails to seat 
properly, it should be opened purl w^ay again and allowed to Idow a short time This, 
if repeated several times, will Hometiines remove the obstnictioii and materially 
increase the life of the valve. 
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Plug Disc. The phig^type diw rlesign haa gained in popularity in recent yeara 
l>eeauBe of ila ability to (1) throttle flow more effectively than other designs and (2) 
resist the wire-drawing aetiuii of high-velocify flow. This construction as illustrated 
in Fig. 11-9 comprises a plug-type disc and mating seat which produces 

1. A gradual increase or decrease In the dislanr^e between the seat and disc sur¬ 
faces when the valve is slowly opened or closed. This causes a gradual change in 
flow aren thereby providing for close thrr>ttling control. 

2. A wide contact area between disc and sent surfaces. Tn this manner the effect 
of wire drawing is greatly minimized as cutting always starts at outer edges of a bear¬ 
ing surfaec. Jn addition, any indentations in the seat caused by hard particles of 
foreign matter arc unlikely to extend across the entire, disc or seat surfaces and, 
therefore, are not a])t to cause leakage. 

If top-grade seating materials are used in this design, it is extremely difficult to 
surpass the service life of a plug-disc globe valve. 

Composition Dirc. The composition-disc design (Fig. 11-10) has been widely 
used for many services because of the case with whh*h a disc can be replaced. Its 
principle advantages are: (IJ It n^quirps less iwwer to seat tiglit 
then a metal-disc valve. (2) Disc can be renewed with little effort. 

(3) It is less likely to be rluiiiagod by dirt or foreign matter than 
the metal disc with narrow sest. Dirt will imbed itself into the 
disc, and the valve will nun an i tight unless the dirt particle is 
exceptionally large. (1) By the use of differenl discs, the valve 
can be made suitable for different .services such as steam, water, 
air, nr giis. 

For the most part, tlie of composition discs has been con¬ 
fined to small sizes and lor aerv'iee conditions not to exc‘eed 450®F 
because of the diflicullies of obtaining suitable eompoHitions for 
larger sizes and higher temperaturch. \ com posit ioji-disr* valve 
should never be used for tlirottling as it may not give satisfactory 
service. CoiniioBition discs generally break down more quickly 
than metal discs when throttled, and on steam service a composi- 
tioii disc will expand enough to effect the steam flow if throttled 
closely. 

Althoiigli a composition-disc valve is a great eonvenienee 'when used in the proper 
service, it requires reasonable attention the same as any other mechanical device. If 
a disc has been in service long enough to cut out or leak for any reason, it must be 
replaced m ithin a reasonalile tune or the valve seat ill be damaged by wiif* drawing. 
It is a wise precaution to examine the seat before replacing the disc and, if it has 
been damaged, to take a cut off tlie seating surface with a re!=M*ating tool before plac¬ 
ing tlu* valve back in seivice. 

Proper Installation of Globe-type Valms. There has always been a difference of 
opinion as to whether a globe-tyiie valve shouhl be installed in the line with the inlet 
pressure acting under the disc or above the disc. Obviously, if the pressure is under 
the disc, the, greatest force is required at the end of the closing operation to make 
the seat tight. If the pressure is above the disc, the greatest force is required at the 
fi'art of the opening operation to pull the disc away fniiii the seat. In either of 
t'H'se operations the force must overcome the full pressure per square inch multiplied 

the area of the disc. 

Let us assume that steam pressure is acting under the disc when the valve is closed. 
At the time of closure the pressure on the outlet side will be dissipated through what¬ 
ever equipment the line is feeding. As the pressure on the outlet deereases, the tem¬ 
perature will also deerease. The stem which has been partly within the steam flow 
v^’ill cool and contract, (’ondensatioii in the line is likely to flow back into the valve 
submerging the stem and further cooling and contracting it* Since it i.s the stem 
«hieh holds the disc tight against the seal, the contraction will decrease that load. 
1 nder these conditions the pressiiiv under the disc will tend to force the disc away 
from the seat and may cause leakage. 

Let UB now assume that the steam pn'ssure is acting above the disc when the 
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eonqiosition disc. 
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valve is closed. The stem is still subjected to full steam temperature, and there is 
uo rslaxation of load. It is, of course, possible that condensate may build up in the 
valve body and cool the stem. If that happens, the stem would contract as in the 
former case, but the pressure acting above the disc will tend to hold it against 
the seat. This is possible because there is a certain amount of lost motion between 
the stem thread and its mating thread and also in the disc-stem assembly. 

On high pressures it is easier to make a globe valve tight with the pressure above 
the disc than with the pressure under the disc. 

From the above it can be seen that the preferred position for a globe valve in a 
steam line is to have the pressure above the disc. This method of installation, how^* 
ever, may be undesirable in some specific cases. No matter how well a valve may 
be designed or built, there is always a possibility that the disc might become loose 
from the end of the stern. If that should occur in a boiler feed line, for example, 
and the pressure were above the disc, the disc would close the valve as in a check 
valve, and it would be impossible to get water into the boiler. 

A good rule to follow is "If it would lie dangerous to have the valve close (in the 
event of a disc becoming loose from the stem), the inlet pressure should be under 
the disc." Under most other conditions globe valves should be installed with pres¬ 
sure above the disc. One exception to this is the composition-disc globe valve. 
Experience has shown that a coinposiLion disc will last considerably longer with the 
pressure acting under the disc than with the pressure above the disc. The resiliency 
of the disc is in most eases sufficient to overcome any tendency for the stem to con¬ 
tract and cause leakage. 

Gate Valves. The term "gate" as applied to valves refers to that type of valve 
in which the port is closed by a flat-faced disc sliding at right angles over the seat 
port to close it. Because of the nature of this means of closing, it is quite difiirult to 
control flow by throttling, particularly if it is necessary to set the valve to deliver a 
definite volume of fluid. It ih also objectionable to use a gate valve for throtthng 
for other reasons. When the <tisc is in the partly open position, the scat faces are 
so close to each other that wire drawing is bound to result and cause damage to the 
seats. In the double-disc type, beeause the disc assembly consists of two or more 
parts, these parts are likely to vibrate and wear out rapidly. For these reasons a 
gate valve should preferably be kept either tight shut or wide open. 

One of the principal advantages of the gate valve is the clear unobstnieted flow 
opening w^hieh results in a very low^ pressure dnip through the valve. This is the 
principal reason why gate valve.s are so generally used in liquid lines and in large h-p 
steam lines. 

Meilhods of Operaiiim. The four standard methods of operation used in gate 
valves are as follows; 

]. Outside Bcn*w and yoke (OS and Y) (Fig. 11-11) 

2. Inside screw, nonrising stem (Fig. 11-12) 

3. Inside screw, rising .stem (Fig. 11-13) 

4. Sliding stem—quick opening (Fig. M-14) 

The outside-screw and yoke design shown in Fig. 11-11 is made in either the 
solid-wedge or double-disc design and in brass, iron, and steel. It has several impor¬ 
tant features, 

1. The stem is nonturning, rises through the yoke sleeve which is revolved in the 
upper hub of the yoke by the wheel, and supplies a positive indication of the position 
of the disc. 

2. Because th(‘ threads on the stem are outside the valve, they are not exposed to 
the wear often resulting from abrasives carried in the fluid. The stem threads can 
very easily be greased and their life materially increased. Tliis practice is stronglv 
recuni mended. 

3. Many large valves are regularly made with ball-bearing yoke sleeves. This 
pra<'tically elmiiiiHtes the excessive friction on the yoke-sleeve thrust eollors. 

The inside-screw^ iionrisiiig-stem design shown iii Fig. 11-12 is common to cither 
brass or iron gate valves but is seldom used in steel. Its principal features arc 

1. Requires much less headroom than the OS and Y design* 
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2. The stem which revolves t«r open or close the valves does not rise since it is 
held in place by the collar enclosed in the top of the bonnet and will give less trouble 
from Btufiing-box leakage than any other type of stem action. 

3. The stem threads which screw into the disc hub, thus raising or lowenng the 
disc, are always exposed to the fluid within the valve. This can be an advantage if 
the fluid has lubricating qualities and do(«u not contain abrasive inulter, but in the 
latter case the threads are subject to severe wear and possible jamming or sticking. 

Valves of the inside-screw nonrisiiig design should not be used on high-tempera- 
turc service because of the danger of uneven expansion of the parts causing binding 
of the threads and resulting in a galling action. This is the principal reason why 
large iron nonrSsing-steni valves arc not often used ^or steam service, and large steel 
valv<‘s are seldom made in this design. 



I'Tii 11-11. Outfudo-scipw Fig. 11-32. Inside-acrpw, Fig. 11-13 Inside-screw, 

niid yoke (OS and Y) gate iionribiiig-stcni gate valve. nsing-stem gate valve, 

valve 

The inside-screw rising-stem valve show'n in Fig. 11-13 is seldom used except in 
small brass valves. In this design the stein rises and turns at the same time as the 
^lem threads screw into a mating thread inside the bonnet. Its principal features arc 

1. The stem ads as an indicator of the position of the disc ns it its raised or lowered. 

2. It makes for a more compact small valve than the OS and y as the need for a 
yoke is eliminated 

3 Although these inside screw threads are subject to cutting action by any abra¬ 
sive material in the line fluid, they give comparatively little trouble from this source 
on small valves. 

The sliding-stem quiek-opening design shown in Fig. 11-14 has the following 
ff uturcs: 

1. The stem slides up and down through the stuffing box and is actuated by a 
!< \er. It is intemded only for special service wlien' the flow must lie cut off or on 
v'l ry quickly. 

2. In the design of valve showm, the lever action is so designed that the maximum 
power necessary to close or open the disc is exerted at the point ivhere the disc is in 
‘he closed position. As the valve is opened, the effective leverage is automatically 
reduced, and the speed of motion is increased, as it requires much less force to move 
the disc when it moves above the halfway-open point. 

3. It should be remembered that no quiek-opening valve should ever be used on 
Water, oil, or other non compressible fluid unless proper provision has been made in 
the line to prevent shock or water hammer. This is generally accomplished by the 
use of air chambers. 
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Disc Design. There are t wo hanie designs of gate-valve discs in common use at 
the present lime: 

1. The wedge-disc design 

2. The double-disc design 

Wedgp Dnr. One of the !)(‘wt knoA\u disc designs is the solid wedge shown in 
Fig. 11-15. This design has been used in brass, iron, and steel gate valves for a 
great many years anil with exceJhnit results. Its principle of operation is quite obvi¬ 
ous; the tapered ’vvedge is driven in betwoeii the eonesiiondiiig tapered seats, exerting 
ail exceedingly high loading on the sent fai’cs to hold tight against pressure. As the 
disc is witiidraw'ii from the body s(*ats, guided on the vertical center line of the body 
by a guide rib on eacli side, the disc faces are automatically withdrawn from the 
body seats because of the taper, and as a result the seat faces do not drag over each 
other after the fluid has staited to flow. This preventundue w’ear on the seat faces. 



I'lo. 11-14. Quick-opoiiing, bn, 11-1.5. Holid-wedRe- 1 lu. 11-16 llouhJe-diac. 

slidiug-fitcm gate valve. disc gate valve. parnllel-seat gate valve. 

The solid-wedge disc will perform sntisfaetonly in alniost any service, such as 
water, air, gas, steam, or oil. 

The advent of extremely high temperatures in jiower-plaiit servi<‘C‘ has produced 
a peculiar problem. When a solid-weilge disc is hoalerl by superheated steam and 
then closed tightly and the valve allowed to cool, the disc may be held so tightly in 
the body that it is sometimes impossible to open the valve. k\hausti\e testing has 
disclosed that, when the flow* through an open valve causes h(‘atiiig of the parts, the 
disc which is in the bonnet is not heated to so high a temperature as the Inidy of the 
valve and therefore does not expand so much as the body. Tins being the case, 
when the valve is closed and permitted to cool, the body contracts more than the 
disc thereby pniehing it between the body seats. A steel disc of the flexible type 
has been developed which has sufficient spring to overcome this pinching action and 
therefore can be opened with comparative east*. 

Douhlp Disc. The double parallel disc, shown in Fig. 11-lfi, also is very popular. 
In this design the disc face drags over the seat face on the outlet side, and those two 
faces are held togpth(‘r by the pn*ssure during the full travel of the valvt* This 
action has a tondoiicy to wipe the seat clean, but in so doing, it accelerates wear and 
generally makes the valve harder to operate with high pressure against the disc. 
When the valve closes, the wedges between the two dises arc stopped in the bottom 
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of the body, caxiding the wedging i^faecB to force the discs tightly against the body 
seats. There are various designs of wedging mechanisms for those discs, but they 
all operate on the same general principle. 

Valves with double parallel seats are most commonly used in water-works lines 
and in pipe lines for cold oil and gas. Their use is insisted upon by many engineers 
owing probably to the fact that they are more easily repaired tlmn the taper wedge- 
disc valves and also because their use in water worlu and pipe lines is traditional. 

Check Valves. Check valves, whioli are designed to permit fluid flow in one direc¬ 
tion only, fall into two general groups commonly known as swing check and lift 
check. Tlieir purpose is extremely important to 
proper functioning of any piping system becauso of 
their quick automatic action and their sensitiveness 
to changes in flow conditions. Further, they will 
prevent dangerous backflow in a line when two or 
more fluids arc being supplied to a common point ut 
different prcHSurea. Check valves might well be 
called "safety-first" valves. 

Being automatic in action, check valves are sul> 
jected to greater abuse than are manually operated 
valves. Operators rely on the iierformaiice of their 
automatic features without giving any partieular 
attention to periodic inspection. In addition, auto- 



J'lu. 11-17. Swing check valve, 
uiatic action means that discs move back ami forth with every fluetuation of 


flow and jiressurc and that this movement of the disc is not limitc‘d from one end of 
its travel to ilie other. It should be remembered tli.'it tlu^ only thing that makes a 
check valve liglil when closed is the action of the piessure against the disc in the 
outlet end of the valve. The full line pressure is sehlom available to accomplish this 
because the only effeetive holding jinwer is the difference bi‘tvseen tlio pressure on 
the outlet side and that on the inlet side. Although the Hlig]iti‘st pressure differential 
y ill euuse the valve to elose. it recpiires a reasonable (liffeivnee to hold the disc pres- 
hure-tight. As a result, a cheek valv'c is om‘ of tin* most difhcult valves to make and 
keep tight. The higher the pressure differential, the tighter the valve will be. These 

points are imiMirtant and should be kept in mind 
when evaluating cheek valves in terms of service. 
Swing Check Vahts. In the swing check design, 
1 K j n flow through the body is very similar to that of a gate 

^ VO v’alve. Tlie disc sea lb against a bridge yrall (across 
the line of flow) and is hinged to a pin placed cross¬ 
wise of the body above the bridge wall. The disc is 
free to swing through an arc between the bridge wall 
and the Iwidy or cap and far enough from the bridge 
wall to permit full flow through the valve when the disc 
is in wide-open position. The simple explanation is 
that the disc is held off its seat by flow in one direc¬ 
tion and is returned to its seat by reverse flow or 
gravity (Fig. 11-17). The location of the bridge wall 



1 Hi. 11-18. Lift cheek valve. 

■Mid the relationship in position between the hinge pin and the seat is such that, with 


i>'» pressure or flow through the valve, the disc is held to its seat by gravity. 

lyift Check Vedvea. The lift check (horizontal or globe type, Fig. 11-18) is designed 
that flow through the valve lifts the disc away from its seat, and the force of gravity 
ei back pressure holds the disc to its scat when closed. In this design it is common 
J)i iieti(‘e to use bodies similar to the regular globe or angle valves. In lift check valves 
having a metal disc, the disc i.s usually renewable and regrindable; in the compositiou- 
dise type; the disc is, of course, renewable. To ensure proja-r seating, the disc must 
bo accurately giiideil. 

FITTINGS 

Fittings comprise a eoiihiderable part of any piping .system and, in addition, 
i^oiistitule a good portion of the aggregate over-all cost. 
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important, is the fact that pipe itself is usually trouble-free if proper materials for 
the service have been selected, while joints are likely to be responsible lor say unlooked- 
for maintenance costs which may occur. The working pressure and the nature of the 
service for which fittings arc to be used have an important bearing on their design, 
and the wide variations in service conditions have necessitated the development of 
many different types and patterns as well as the use of different metals and alloys. 


Groups of Fittings 

The seven groups into which fittings Goints) generally fall are as follows: 

1. Screwed Ends. Screwed ends are used more often owing to the fact that they 
make a substantially permanent connection—a very satisfactory mctal-to-mctal 





Fig. 11-19. Fig. 11-20. llang- 

Screwed-end el- ed-end dbow. 

bow. 


Fig. 11-21. 

Socket-welding 

elbow. 


joint—are adequate for reasonable pressures and lemperatures where piping is used, 
and, last but not least, are economical to use. It is well to note that they are most 
popular in the smaller sizes because the larger the pipe, the more difficult it is to make 
up a screwed joint. 

2. Flanged Ends. Flanf,*ed ends are used where conditions make screwed ends 
impractical and where bolting up the joint is advantageous. Although some flanged 
en^ are made in sizes as small as J ^ in., they are most generally used for lines 4 in. and 
larger because of their easier assembly and takedown. Further, flanged joints are 
made up with much smaller tools than arc required for screwed connections of com¬ 
parable size. 



Fig. U-22. Butt¬ 
welding elbow. 



Fig. 11-23. Elbow with 
ends for brazing. 



Snidfr Jolnr tnd* 

Via, 11-24. 
Elbow with sol¬ 
der-joint ends. 


3. Welding Ends. Welding ends arc generally grouped under two headings: 
"socket-welding,’^ primarily used in connection with small diameter piping; and 
"butt welding," for general all-around use and for any pressure or temperature to 
which the piping may be subjected. Also, welding ends are generally used on lines 
not requiring frequent dismantling. 

4. Brazed Ends. Brazed ond.s are made with a brazing ring insert, having ei‘d 
joints similar to a socket wt Id or solder fitting as described herein. These ends are 
satisfactory for many installations surdi as steam ond water lines, in process industries, 
refrigeration, etc. IJke tlie .solder end, they are often preferred os a means of obtain¬ 
ing a more permanently tight joint than is possible with a screwed end. 

6. Solder-joint Ends. Solder-joint ends have been perfected for the purpose of 
forming a smooth, durable, and pressure-tight union between copper tubing and the 
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fitting. Fittings of this type arc' very often used in plumbing and heating lines, 
lubricating oil lines around machines, for services such as water, air, vacuum, brewery, 
or distillery liquors, and other nonhazardous and nuncorrosive systems. 

6. Hub and Spigot Ends. Hub and spigot ends are generally limited to valves 
and fittings specified for use with gas and water mams, sewage piping, or soil pipe, 
generally. The joint is assembled on the soekel principle, with pipe inserted mto 
liub end to valve or fitting, then caulked ^ith oakum and sealed with molten lead, 
liub-end fittings are usually made of cast iron and used with cast-iron pipe having 
diameters that differ from steel pipe. Variations of this joint for use with wrought- 
iron or steel pipe are known as the Matheson, Ckinverse, etc., jomt. 

7. Flared Ends. Flared-end fittings are commonly used for copper and plastic 
tubing up to 2 in. in diameter. The end of the tubing is flared or skirted and a ring 
nut IS used to make a union-type joint. 

Common Types of Fittings 

There are many patterns of fittings, each of which is designed for a particular and 
specific purpose, and the complete assortment is sufhcient to care for any known join¬ 
ing problem. Pipe fitters can make up any siinplo or complex job with a minimum 
number of fittings and in strict accordance w ith specifications and codes. 

Fittings are made in the same variety of metiils ns valves (brass, iron, steel, various 
alloys) and m corresponding pressure classics ami end connections and in all standard 
pipe sizes. All types of fittings, lioi^cver, arc not made m all sizes and materials, 
liven the regular range of fittings includes a great multiplicity of items, and to show 
them all here would be practieally impossible. An acquaintance with the most I'om- 
nioii types as illustrated and a general knowledge of the typical variations is advan¬ 
tageous. Generally speaking, these patterns are as follows: 

Flanges Rc'ducers Unions 

Elbows Rushings Return bends 

Toes Couplings Y bends or laterals 

C^rosses Nipples ('aps and plugs 



Fio. 11-25. Common types of fittings. 
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INDUSTRIAL PIPE INSULATION 

BY R. C. Parlett 

Chief Engineer for Insu\oiio% Johm^Manvilk CorporaUm 

AND J. F. Stone 

Staff Managerj Refrigeration Insulation^ Johns-Manville Corporation 

HIGH- AND MEDIUM-TEMPERATURE PIPE INSULATION 

Proper thermal insulation is required on heated piping and related equipment, 
prineipally for the economy effected by the heat or fuel savings and the resultant 
reduction in production costs. However, it is frequently needed for other important 
purposes either alone or in conjunction with fuel savings. For example, insulation is 
used to ensure a minimum temperature drop in liquids and gases conveyed through 
pipes, ducts, and flues; to keep heat away from areas w'here it is not w'ant(*d in onler 
to produce more efficient or comfortable working conditions; to protect against the 
hazards of fire or injury to personnel from contact with heated surfaces; to reduce 
strain on heated equipment by too rapid cooling, as in the case of exposed higli-teni- 
perature pipe flanges and boiler lirick settings; to maintain uniform tenipenitiires in 
equipment in order to effect a desired chemical reaction; to prevent condensation of 
gases, e.g.j in maintaining the superheat in a steam line supplying a turbine or in 
flues to prevent corrosion of the metal flue; and for many other purposes. 

Uninsulated Heated Surface Losses. Engineers generally recognize that it is 
good economy to msulate heatcfi pipes, but other surfaces such as flanges and fittings 
often go unnoticed as thej' do not realize the magnitude of these losses. 

That the area of these .surfaces can total to a large quantity is readily seen from 
Table 11-7 which shows the areas of bare fit tings nud flanges. A single pair of 6-in, 
standard flanges has an area of 1 8 sq ft and is equivalent to a linear foot of H-in. pipe. 
The loss of heat is not visible as in the case of steam leaks which would quickly be 
remedied by tightening and packing. The heat losses are nevertheless just as real 
and continuous. 

When the magnitude of these losses is known, I ho need for a substantial saving of 
this wasted heat is readily umlorstood. We all have difficulty in visualizing heat units 
(Btu), but wlion we talk of their equivalent actual cost in dollars or in pounds of coal, 
the extent of the losses is readily apparent. Figure 11-26 shows the eqiiivalimt losses 
in dollars per square foot per year (365 days of 24 hr) from bare heated surfai’es. This 
is readily applied to different kinds of fuel of different eosts and heating values burned 
at different efficiencies, ns determined from Table 11-8 (see page 750). In eonsidcr- 
ing the cost of heat, the cost delivered at the apparatus should be used. This inelu-lc** 
not only the cost of fuel but may also include handling costs, depreciation, and othci 
fixed cliarg»‘s on heat-generating and -transmitting equipment such as boilers, etc. 
Table 11-9 gives an example of the magnitude of these same losses in equivalent pounds 
of coal for a given set of operating conditions. 

Table 11-9 shows the amount of heat energy lost, and coal consequently wasted, 
by the diasipation of heal through uniusulated surfaces. The calculations are based 
upon an available heat value per pound of coal of 10,000 Btu, which is equivalent to 
a boiler efficiency of 70 per cent using coal with a calorific value of approximately/ 
14,000 Btu per II). The figure's are based also on cuntinuous service, 24 hr per da^, 
365 days per year, with the average tempeiature of surrounding air at 70®F. A lesser 
boiler eflficioncy or inferior gradi* of coal would show even greater waste of fuel. 

Monetary Value of Insulation. In referring to Fig. 11-26, it will be seen that 
bare-surfacp losses increase rapidly with increasr^d lomperaturo of the surface; hence 
the need for insulation is even more important the higher the temperature. A 
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Table 11-7. Areas of Flanged Fittings and Equivalent Pipe Lengths 

Figuras in coluiuus under Area f^ve euifare amafi in tiqiiaie 

Figures in columns un(1«>r Fiiie lengthh him* thi' nninlicr ol tert of pipe wluch lutii an area equivalent 
to the area of the fitting.’*' 


Staiiilanl UuiLB^ii litliii]u:>>, iiieliuluig art oiniuiii^ ing fliingi'u 


Nominal 
pipe taw 
II). 111. 

Flanged coupling 

DO-ileg ell 

Long-rail 111 

H (II 

ipe 
, tha 

Tw 

Cross 

Area 

Pipe 

lengths 

Area 

i'lpe 

lengiha 

Area 

P 

let! 

Area 

Pipe 

len^hs 

Area 

I*ipe 

lengths 

1 

0 

320 

0 

93 

0 796 

2 

31 

0 

892 

2 

60 

1 

235 

3 

59 

1 

622 

4 72 

IH 

0 

383 

0 

88 

0 967 

2 

20 

1 

084 

2 

49 

1 

481 

3 

40 

1 

943 

4 47 

IH 

0 

477 

0 

96 

1 174 

2 

35 

1 

337 

2 

68 

1 

816 

3 

64 

2 

38 

4 78 

2 

0 

672 

1 

08 

1 66 

2 

65 

1 

84 

2 

96 

2 

64 

4 

08 

3 

32 

6 34 

2H 

0 

841 

1 

12 

2 O') 

2 

78 

2 

32 

3 

08 

3 

21 

4 

26 

4 

19 

6 56 

3 

0 

945 

1 

03 

2 38 

2 

GO 

2 

68 

2 

03 

3 

66 

3 

99 

i 

77 

5 70 

3M 

1 

122 

1 

07 

2.08 

2 

85 

3 

28 

3 

13 

4 

48 

4 

28 

5 

83 

5 66 

4 

1 

344 

1 

H 

3 63 

2 

00 

3 

96 

3 

36 

5 

41 

1 

59 

7 

03 

5 97 

4>3 

1 

474 

1 

13 

3 06 

3 

01 

4 

43 

3 

38 

f) 

07 

1 

6:i 

7 

87 

6 01 

b 

1 

G22 

1 

11 

4 44 

3 

049 

5 

00 

3 

43 

6 

81 

i 

07 

8 

82 

6 06 

6 

1 

82 

1 

049 

5 13 

2 

05 

6 

99 

3 

46 

7 

84 

4 

63 

10 

08 

6 81 

7 

2 

17 

1 

0M7 

(i 17 

3 

09 

7 

38 

3 

697 

9 

37 

4 

09 

12 

00 

6 01 

8 

2 

41 

1 

067 

G UH 

.1 

(H) 

8 

6b 

3 

79 

to 

56 

4 

67 

13 

44 

5 96 

9 

3 

00 

1 

10 

8 71 

3 

457 

10 

57 

4 

20 

13 

18 

5 

23 

16 

78 

6 06 

10 

3 

43 

1 

22 

10 18 

3 

61 

12 

35 

4 

38 

15 

41 

1 

J7 

19 

58 

6 96 

12 

4 

41 

1 

32 

n 08 

3 

92 

16 

36 

4 

Of) 

19 

07 

5 

89 

24 

87 

7 46 

14 l)D 

5 

39 

1 

466 

Ui 38 

4 

47 

20 

17 

5 

17 

21 

81 

f) 

78 

31 

48 

8 60 

15 OD 

6 

18 

1 

672 

18 60 

1 

72 

22 

02 

6 

83 

27 

91 

7 

10 

35 

48 

9 04 

1(5 on 
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69 

1 

60 

20 17 

1 

82 

1 

25 

11 

0 

07 

30 

32 

7 

2i ' 

38 

34 

9 15 


ilaiiRid litlinirs, jut IikIjiik ur i i>in|tuiiMiie 1ianii;i h 


Nuimiial 
pipe size 

11). Ill 

1 laiigrM 

Area 

rimphng 

J^ijie 

lengllm 

90-d 

Area 

eg (11 

PlI)C 

lengtlis 

J.(iiig-r 

Area 

aHnis ell 

J’ljje 

lengths 

Area 

1 e 

Pilip 

leiigtliH 

C 

Area 

rosH 

Pipje 

|ength«i 

1 

0 

438 

1 

273 

1 

015 

2 

«5 

1 

083 

3 

148 

1 

575 

4 

578 

2 07 

6 02 

Ud 

0 

610 

1 

172 

1 

098 

2 

.624 

1 

.340 

3 

08 

1 

925 

4 

125 

2 53 

5 816 

1>2 

0 

727 

1 

469 

1 

332 

2 

674 

\ 

874 

,3 

702 

2 

OK 

5 

381 

3 54 

7 108 

2 

0 

848 

1 

363 

2 

01 

3 

23 

2 

Jb 

3 

473 

3 

09 

4 

968 

4 0<i 

6 528 


1 


1 

403 

2 

67 

3 

41 

2 

70 

3 

665 

4 

06 

5 

.378 

5 17 

6 865 

3 

1 

484 

1 

G19 

3 

19 

3 

807 

3 

74 

4 

08 

5 

33 

5 

816 


7 582 

SVa 

1 

044 

1 

67 

3 

96 

3 

782 

4 

28 

4 

087 

6 

04 

6 


7 89 

7 535 

4 

1 

911 

1 

624 

4 

64 

3 

938 

4 

99 

4 

236 

7 

07 

6 

001 

9 24 

7 843 

4V!, 

2 

04 

1 

558 

6 

iCT 

3 

834 

5 

46 

4 

170 

7 

72 

5 

897 

10 07 

7 692 

5 

2 

IB 

1 

497 

5 

47 

3 

756 

6 

02 

4 

134 

B 

62 

6 

861 

10 97 

7 534 

6 

2 

78 

1 

603 

m 

99 

4 

031 

7 

76 

4 

475 

10 

04 

6 

130 

13 75 

7 929 

7 

3 

46 

1 

7.33 

8 

62 

4 

318 

0 

7,3 

4 

874 

12 

33 

6 

177 

16 83 

8 431 

8 

3 

77 

1 

670 

9 

76 

4 

324 

11 

09 

4 

913 

14 

74 

6 

531 

18 97 

S 405 

9 

4 

44 

1 

762 

11 

44 

4 

541 

13 

17 

6 

228 

17 

23 

6 

84 

22 in 

8 773 


6 

20 

1 

810 

13 

58 

4 

82 

16 


5 

638 

20 

41 

7 

215 

36 26 

0 322 

12 

6 

71 

2 

01 

17 

73 

5 

31 

18 


5 

622 

26 

65 

7 

987 

34 11 

10.222 

14 OD 

8 

30 

2 

26 

22 

31 


EiS 

26 

70 

7 

02 

33 


9 

18 

43.16 

11 75 

15 OD 

0 

62 

2 

43 

25 

28 

0 

43 

29 

34 

7 

47 

38 

01 

9 

08 

48 70 

12.4 

lO OD 

m 

m 

2 

4 

27 

IB 

6 

475 

31 

73 

7 

576 

40 

m 

9. 

775 

52 35 

12 .h 


, ^Huivalent pipe Lengths give a leader method of surveying a plant for heat losses by adding the 
nttmgs in pipe lon^^ba to other bare pipe in the same run. 
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Table 1141. Heat Coat of Fuels per MilUon Btu at Various Themal Bffidencies 


FufIb 

Btu (onlent 

(^ubt/std unit 

Coal 

13,600/lb 

16 OO/tmi 

6 00 

4 00 

3 00 

2 00 

FubIoiI 

150,000/gal 

0 07/gal 

0 06 

0 05 

0 04 

0 03 

Coal tv 

150,000/B.il 

0 on/gni 

0 04 

0 03 

Nutural gu 

1000/euft 

0 70/Mcf 

0 60 

0 50 

0 40 

0 30 

ATtifu'uU gv 

SOO/Lufl 

0 SO Met 

0 70 

0 60 

0 50 

0 40 

Cak«>-OTeii gv 

450/cult 

0 10/Mcf 

0 oe 

0 ns 

0 07 
fl 06 

ProduGpr gas 

130 nift 

0 06 Mcf 

0 06 

0 01 

0 03 

0 02 

Blast-furnacp gas 


0 05/Mcf 

0 04 

0 03 

0 02 

0 01 

Electncity 

3,415/kwhr 

0 06/kwbr 
0 04 

0 03 

0 02 

0 015 

0 01 

0 0075 


Thermal pfficiBDi^ 


100% 

90% 

80% 

70'^ 

80% 

SO"', 

40% 

30% 

20% 

10% 

1 

222 

1 217 

S 278 

t 318 

1 

370 

% 

444 

6 

555 

t 

740 

11 

11 

32 

22 


1B5 

206 

232 

265 


309 


370 


462 


617 


926 

1 

85 


14B 

166 

185 

212 


247 


296 


370 


444 


740 

1 

48 


111 

124 

139 

159 


185 


222 


278 


370 


656 

1 

11 


074 

082 

092 

106 


123 


148 


1B6 


247 


370 


74 


466 

.619 

583 

666 


778 


933 

1 

17 

1 

65 

2 

33 

4 

6G 


400 

446 

500 

672 


666 


800 

1 

00 

1 

33 

2 

00 

4 

no 


333 

370 

417 

476 


5.55 


666 


wie 

1 

11 

1 

(MT 

3 

33 


267 

297 

334 

381 


445 


633 


006 


80 

1 

83 

2 

67 


200 

222 

250 

286 


333 


400 


60 


666 

1 

00 

2 

00 


333 

370 

417 

476 


555 


666 


834 

1 

11 

1 

66 

3 

33 


267 

297 

334 

381 


445 


633 


666 


80 

1 

33 

2 

67 


200 

222 

250 

286 


333 


400 


500 


666 

1 

00 

2 

00 


700 

77K 

875 

1 00 

1 

16 

1 

40 

1 

75 

2 

1 

33 

3 

50 

7 

00 


600 

667 

750 

857 

1 

00 

1 

20 

1 

50 

2 

00 

3 

00 

6 

00 


500 

555 

625 

715 


834 

1 

00 

1 

25 

1 

67 

2 

50 

5 

00 


400 

445 

SOU 

572 


667 


80 

1 

00 

1 

33 

2 

00 

4 

00 


300 

3d3 

375 

428 


50 


00 


75 

1 

00 

1 

50 

3 

00 

1 

60 

1 78 

2 00 

2 29 

2 

C7 

3 

20 

4 

00 

5 

33 

8 

00 

16 

00 

1 

40 

1 56 

1 75 

2 00 

2 

33 

2 

80 

3 

50 

4 

66 

7 

00 

14 

00 

1 

20 

1 33 

1 50 

1 71 

? 

00 

2 

10 

3 

00 

1 

00 

6 

00 

12 

00 

1 

00 

1 11 

1 25 

1 43 

1 

67 

2 

00 

2 

50 

3 

33 

5 

00 

10 

00 


SO 

89 

1 00 

1 14 

1 

33 

1 

60 

2 

00 

2 

67 

4 

00 

8 

00 


222 

247 

278 

318 


370 


444 


565 


740 

1 

11 

2 

22 


200 

222 

250 

286 


333 


400 


500 


666 

I 

00 

2 

00 


178 

198 

222 

254 


296 


356 


445 


59.3 


89 

1 

78 


150 

173 

195 

222 


269 


311 


380 


518 


777 

1 

5C 


133 

148 

167 

191 


222 


267 


334 


445 


l>6b 

1 

33 


462 

51.) 

677 

660 


770 


924 

1 

15 

1 

54 

2 

11 

1 

62 


385 

427 

481 

550 


641 


770 


962 

t 

28 

1 

92 

3 

85 


308 

342 

384 

440 


512 


615 


769 

1 

02 

1 

64 

3 

08 


231 

257 

289 

330 


385 


462 


577 


77 

1 

15 

2 

31 


151 

171 

192 

220 


256 


308 


486 


513 


77 

1 

54 


555 

.618 

695 

794 


925 

1 

11 

1 

39 

1 

R5 

2 

78 

5 

55 


145 

495 

550 

635 


741 


89 

1 

11 

] 

48 

2 

22 

4 

15 


334 

370 

417 

476 


555 


660 


833 

1 

11 

1 

66 

3 

34 


222 

247 

278 

318 


370 


444 


655 


74 

1 

11 

2 

22 


111 

121 

139 

169 


186 


222 


278 


37 


555 

1 

11 

14 

66 
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72 
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79 
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86 
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39 












1 
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20 

















8pp<»ifi(‘ example is a boiler drum operatiiiK 7,200 hr per year at approximately J50 psi 
gauge pressure (366'®F) witli lx)iler-room air temperature of 75°F, or a temperature 
difference between boiler and air of and heat cost of 30 cents per million avail¬ 

able Btu. The loss per square foot per year is 

$2.46 X [7,200/(365 X 24)] = $2.02 

Proper type of insulation for this serviee, saving over 90 per eent of this loss, ran 
be* applied at far less than half of 1 year’s saving. This shows that insulation is an 
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TaUe 11-9. Bxuiifle of Coal Waate Due to Heat Loao from Dninaulated Suffaoaa 


steam preesuie 

png 

1 ' 1 

Tempeirature, 

degF 

Temperature 
differeneCj 
deg F 

Btu loBH 
/bq ft/hr 

Coal wasied, 
Ib/sQ ft/year 

.Area, am ft 
wuaUag 1 ton 
coal m 1 year 


100 

30 

56 6 

49 6 

40 3 


120 

60 

97 6 

85 4 

23 4 


140 

70 

142 

124 3 

16 1 


160 

90 

100 

106 3 

12 oa 


180 

110 

242 

212 

9 44 


200 

130 

298 5 

261 5 

7 65 

0 

212 

142 

331 

293 

6 32 

10 

240 

170 

425 

372 

5 38 

25 

267 

197 

522 F 

458 

4 37 

50 

208 

228 

641 

564 

8 55 

75 

320 

250 

737 5 

646 

3 10 

100 

338 

268 

820 

718 

2 70 

150 

3b0 

296 

9()0 

840 

2 38 

200 

388 

318 

1 079 

946 

2 12 

250 

40(j 

336 

1 184 

1 036 

1 93 


(•xr*ellpnt invpbtmojil ami illuhtratoa the iioed for msulatuig siieh surfaces os boiler 
lieadh, flanges, and fittings, 'which are often left bare even when piping is adequately 
insulated 

Insulatum is paid foi whether it is bought or not because the cost of the heat loss 
without insulation in 1 yeai is generally eonsiderably gieater than the insulation cost. 



Fig. 11-26. Cost of heat losses per year at various values of heat. 

Moreover, this heat-loss cost goes on year after year, so in effect the equivalent cost of 
insulation is paid out many tunes. 

Theory of Losses from Heated Surfaces, llefore discussing savings further, 
consider the source of the data on bare losbes from heated surfaces. The lo» from 
any heated surface exposed to air is niatie up of t-wo components, one designated 
"ladiation" and the other "coiiveclion.” The radiation component has been 
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Sec. 11] 1NDV8TRJAL PIPING 

cxpresAccl by Ijangmuir,^ according to Stefan-Boltzmann in Eq, (1), 

gr « 0.l74e[(ri/100)* - (T’a/lOO)^] (1) 

where gr * rate of heat transfer from surface by radiation, Btu/(hr)/(fiq ft) 
c as cmiflsivity eoeffici(‘iit 
Tj = absolute temperature of hot surface, dog F 
Ta »= absolute temperature of surrounding objects, deg F 
showing that the loss is dependent jirineipally upon the difference in the fourth powers 
of the absolute temperatures of the radiating surface and of the surroundings and also 
upon the nature of the siirfaee and surroundmgs, whether “bright,” “dull” (in refer¬ 
ence to heat rays, nob to light rays), ete., and some small extenl upon the geometrical 
arrangement. It should be uiiderstooil that the radiation portion of the loss is the only 
part that is affected by “brightness” of the surfaee. It has been shown by test that, 
other than polished metal siirfaees, all ordinary materials siieh as iron and steel, 
brick, wood, c»)nerete, plaster, as well as noiimetallio jjaints irrespeetive of their color, 
have practically the same radiation loss. 

(Jopper, brass, and aluininum liave been shorni to have low’er radiation loss w'heii 
new and brightl}'- iwlishod; but these losses increase in st'rviec owing to oxidation and 
by soiling from oil, grease, dust, and dirt. Therefore, il is an unnecessary refinement, 
not warranted in practice, to differentiate between the tyi>es of metal used, ]):irtieularly 
as ferrous pipe is by far the most generally used for heated pipuig. IlowevcT, it can 
be shown that, even when applied on new eommereially finished copjier and brass 
pipe, insulation pays a satisfactory return on its investment.* 

The loss by convection, according to Eq. (2) developed by Langmuir,^ for still air 

Qr = 0.29rMTi - (2) 

where g, = rate of heat trnnbfer, from surfaee by convection, Btu/(hr)/(sq ft ) 

Ta =* absolute temperature of air, deg I'' 

under average conditions, is dependent priTieii)ally upon the five-fourths pow'er of the 
clifferenee in the absolute temperatures of the heated surface and the air. It is nlso 
known that the shape and tin' positij>ii of the surfaee with resix'ct to the natural air 
currents set np by the conveetioii loss have some effect ajjd that curved surfaces of 
small diametcT lose heat at a greater unit rate Ilian large diameters. It should be 
noted here that the term “still air'' is used to denote only the condition where natural 
air movement due to the heat dissipated from the pipe exists, and no forced or artificial 
circulation is jn-t'sent. However, the greatest affect on conveetioii is tliat due to 
currents such as would be occasioned by forced air circulation indoors or wdnd blow¬ 
ing on outdoor equipment. Equation (3) (Langmuir’s equation^) shows that the 
inerease in convection by air circulation is dependent upon the velocity. 

?r. = Sr \/|I''+^oT/BR'9 13) 

where Qm — rate of heat transfer from surface by convection at any velocity, IMii/ 
(hr)/fsq ft) 

V — air velocity, fjnn 

The total heat transfer from any surface can thus lie ealeuliit(‘d by adding ths radiation 
loss to the eonveelioTi loss for the given air velocity. 

How Test Data on Bare-surface Losses and Theory Agree. A number of tests 
have been made on beated surfaces, mainly on pipes, some by accurate electric il 
measurement of lieat loss. These test results are shown in Fig. 11-27 compared wdth 
values ealculalc'd for combined radiation and convection under siill-air conditions 
using Langmuir’s equations (Eqs. (1) and (2). 

It wdll be noted that in Fig. 11-27 there is little variation due to pipe si/e except foJ 
the very sniall diamelers and that the McMillan results are representative of all tests. 
For this reason all bare-surfiiee losses in still air used in this siibsrx'tion (Table 11-10) 
have been based on tliest* ie.st results together with siibsequeiit tests in the McMillan 
laboratories extending the data to 1CK)0°F, 

Teat n'Siilis on surbices Bubj<icted to various air velrx’ilir^s have not bei*n as numer¬ 
ous as still-air tests, probably owing to the larger number of varisblea which would 
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have i<o be studied. Tests by Taylor* and Fultou and Parlett^ have diown large 
increases in heat loss with small increase in air velocity and values even larger than 
those shown by Langmuir’s equation. Langmuir’s data have been generally used 
because of their oompletenesa. Figure 11-28, based on these data, shows how the total 
loss increases compared with still-air conditions. It shows that, for an air velocity 
of only 10 mph (less than the average yearly wind velocity in New York City), the 
loss is 140 to 210 per cent of that under still-air conditions for the temperature range 
shown. Since Langmuir’s figures are conservative, we can readily see the added 
importance of insulation, as many surfaces in the plant are exposed to circ\ilating air. 



li'i. 11-27. Rato of heat transfer from metal surface to air. (Barrua^ Eberle, McM'UlaUt 
i7itl Larigm uir.) 


I'Xcn at a velocity of only a few hundred feet a minute, the increase in loss may be as 
much as 50 per cent. Most indoor heated surfaces are subject to circulating air a 
v^reater portion of the time, and on outdoor apparatus and piping the effect is even 
greater. 

Savings with Insulation. The large savings or reduction in heat losses from 
bare surfaces that can be made by proper insulation are definitely known from 
many tests. All standard insulating materials have been tested in some lal>ora- 
^ory, and some manufacturers regularly and periodically test their products in their 
own laboratories to determine insulating value and to ensure uniformity in the product. 
These tests arc run on electrically heated pipes and plates where the heat loss can be 
measured electrically within an accuracy of 1 per celit.<® ®^ 
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INDUSTBIAL PIPING 


Pipe ineolation outer suilaoe temperatures are accurately measured with 
thermocouples; and the tests are made in a closed room under still-^r conditions with 
accurate air-temperature control. 

The ‘'conductivity'' of an insulation is the rate of heat transfer through a homo¬ 
geneous material in onC direction (perpendicular to an area) per unit time per unit 



Fig. 11-28. Effect of air velocity on bare surface loss (temperature of air, 80°F), 


area per unit temperature gradient and is expressed as fc ** Btu/(hr)/(sq ft)/(deg V 
temperature difference between surfaces per 1 m. thick). 

The conductivity can be calculated from the measured Btu loss from the pipe, 
using the well-known rational equation for flow of heat, Eq. (4). 




(fi ti) 

Wi log^ (r,/ri)] /k 


(4) 


where C* * rate of heat transfer per sq ft of outer surface of insulation, Btu/(hr) 
(sq ft) 

ti » temperature of warmer surface of insulation, deg F 
ti B temperature of cooler surface of insidation, deg F 
n <8 outer radius of insulation, in. 

T\ 8 innei radius of insulation, in. 

k « conductivity, Btu/(hr)/(sq ft)/(deg F temp diff between surfaces per 
1 in. thick) 
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Table 11-10. Heat Loss from Bore Surfaces 

Loom given in Btu Mr hour per linear foot of bare pipe at various temperature differences (pipe-air). (Few finding losses at temperatures between thoee shown 
the Btu increments per degree are given in lightface type between the main columns.) 


































Table 11-10. Heat Loss from Bare Surfaces 























Table 11-10. Heat Loss from Bare Surfaces {Cord.) 
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INmSTEIAL PIPING 


Table 11-10. Heat Loss Irom Bare Surfacee (Cord.) 


Nominal 
pipe sue, 
in. 

Kq ft of 
pipe surfanr 
/lin ft 

Loitt, Btu/(hr)/(lin ft of bare pi] ip) 

Btu 

iiicrpinent 

/desrne 

9r>o“F 

Btu 

increment 

/decree 

1000"F 


O.MO 

3.90 

1918 

4.10 

8188 

H 

0.878 

4.88 

8897 

5.14 

8884 

1 

0.844 

6.08 

8998 

6,44 

8880 


0.U5 

7.72 

8798 

8.12 

4188 

iS 

0.488 

6.84 

4841 

9.30 

4806 

t 

0.688 

11.04 

8488 

11.60 

6009 


0.788 

13.34 

8868 

14.08 

7867 

8 

0.817 

16.26 

7998 

17.12 

8849 

m 

1.047 

18.56 

9188 

’ 19.50 

10100 

4 

1.178 

20.90 

10870 

22.00 

11870 

4H 

1.809 

23.20 

11410 

24.40 

11080 

8 

1.488 

25.80 

18690 

27.20 

14000 

8 

1.784 

30.60 

18110 

.32.40 

16780 

n 

1.998 

35 40 

17400 

37.20 

19800 

8 

8.887 

40.00 

19670 

42.20 

81700 

1 

8.819 

44.80 

81960 

47.00 

84810 

10 

8.81T 

49 80 

84000 

52.60 

87180 

11 

8.078 

54 60 

98700 

57.40 

29800 

18 

8.880 

59 20 

89100 

62.20 

88810 

14 OD 

8.668 

65.00 

81980 

68.40 

88880 

18 OD 

4.188 

74 20 

86800 

78.20 

40410 

18 OD 

4.716 

83,60 

41110 

88.00 

45010 

M OD 

6.888 

92 80 

46080 

97-80 

80580 

84 OD 

8.888 

111.40 

64790 

117.40 

80660 

80 OD 

7.884 

139.20 

68460 

146.60 

78790 


Heat Loss from Flat, Curved, and Cylindrical Surfaces 

lle»t lomea giveii in Btu per hour jjer square foot of bare surfaco at various 
teniperaturo differenc'cs. 


Temp 
diirerpiicc, 
deg F 

Total heat 
loss at temp 
indicated 

Increments 
/degtoe for 
total losses 

Loss/d agree 
temp 
difTerenoe 

80 

97.6 

2.33 

1.960 

100 

918.8 

2 90 

8.168 

180 

860.0 

3 40 

9.400 

900 

683.0 

4.10 

8.666 

800 

787.8 

4.80 

1.961 

800 

078.0 

5 83 

3.960 

880 

1819.8 

6 89 

8.887 

400 

1614.0 

7.87 

4.086 

450 

8007.8 

9.05 

4.461 

600 

8480.0 

9 87 

4.980 

050 

8988.8 

11.10 

8.370 

600 

8610.0 

11.96 

B.BBO 

050 

4108.0 

13 04 

6.880 

700 

4760.0 

13 03 

6.800 

780 

0466.3 

14 87 

7.876 

000 

6800.0 

15 as 

7.760 

BBOj 

8991.3 

16 77 

8.886 

900 

7680.0 

17.73 

8.TOO 

980 

8718.8 

18.67 

9.175 

1000 

9850.0 


9.860 

L. 


The conductivity, calculated from such tests can then he applied in the same type of 
equation [Eq. (5)] to determine the loss on a pipe or other curved surface of different 


f/2 


(^1 



Tj log, (rt/ri) 
k 



(5) 


where Ui > over-all rate of heat transfer per sq ft of outer surface of insulation, 
Btu/(hr)/(8q ft) 
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U •• temperature of air on cooler ade, deg F 

h n rate of heat transfer from outer surface of insulation to air, &tu/(hr) 
/(sq ft)/deg F 

diameter, which makes it unnecessary to test insulation in every pipe sixe in which it 
is manufactured in order to determine the losses. The conductivity may also be used 
in the same type of rational heat-flow Eq. (6) for calculating the heat loss from a flat 


U 


(h - u) 
(L/k) -h (1/A) 


( 6 ) 


where U over-all rate of heat transfer, Btu/(hr)/(sq ft) 

L thickness of insulation, in. 

surface where the insulation would he apphed in the form of flat blocks. 

The heat losses determined in this manner are shown in Table 11-11 for 85% 
magnesia blork, the univcrsul standard insulalioii for temperatures up to 600”F. 
Table 11-11 applies only to blocks when used on flat surfaces or curved surfaces of 
very large diameter and not to pipes. Similar tables of heat losses for all pipe sizes 
and thicknesses of insulation are furnished by the insulation manufacturers for all 
types of insulation. 

The losses from bare surfaces arc also given, and the magnitude of the savings is 
shown. As an example, take the loss from the boiler drum, previously referred to, 
which operates at 150 psi (366“F). This is found to be 59.2 Btu/Csq ft) /(hr) when the 
drum is insulated with 2-in.-thiok 85% magnesia. The loss from the same drum 
bare is 934.8/Bta/(sq ft)/(hr), or over 15 times as large. Hence a saving of 875 Btu/ 
(sq ft) / (hr) is made which is over 14 times as much as the loss from the insulated pipe. 
The percentage of the bare loss that is saved is 93.C per cent. 


Table 11-11, Heat Losses and Savings, 86% Magnesia Blocks 

[Inbulation laaseti and BavinKs, Btu/(hr)/(Bci ft)] 


Insulation ih^okneas 

Temiioratnre of hot surface, deg F 

12a 

176 

225 

275 


375 

425 

476 

525 

575 













Temi>eratiire Uiffen*ni3C between hot surface and air, deg I' 



60 

lOO 

150 

200 

2,50 

300 

360 

400 

450 

500 

N 0 liiAulation 











Bare-burface Iobh 

07.6 

215 2 



737 8 

978 0 

1269 5 


2007.6 

2460.0 

Inmilalion lura 


34 6 


72.0 



134 0 

157 0 

180 0 

204 0 

Kaving. 

so 5 

180 6 


EMMu 

645 7 


1135.6 


1827.6 

2256.0 

IH in. 











llIHUlatiOli loHB. . 

12 1 

24 6 

37 7 

51.2 

65.3 

70.8 

04.9 


126 0 

143.0 

. 

^ m 

8.6 4 

100 G 

322 3 

481.8 

672.5 

898.2 

1174.6 

1504.0 

1880.5 

2317.0 

InBulation Iopb. 

0 36 


29 ] 

30.6 



73.5 

85.6 

08.1 

111.0 

flavin K. 

B8.1 

106.2 

Kiiliwj 

493.4 

687.8 

016 2 


1528.4 

1009.4 

2349.0 

in. 











Insulation loss . 

7 65 

16 5 

23 7 

32.2 


50 1 


09.6 

79.7 

90 5 

flavin K. 

8f).8 


836.3 


696.8 

027.9 

1210.0 

1544.4 

1927.8 

2360.5 

3 in. 











Inaulation loss... 

6 45 

13 2 

20.1 

27 4 

34.8 

42.6 


68 8 

67 5 

76.0 

flaviug. 

01.0 


330 9 

Beilin 



1219.1 

1655.2 

1940.0 

2384.0 

3 Vi in. 











Insulation loss. 


11 4 

17.4 

23 0 


86 6 

43.4 

60.4 

58.1 

60.0 

flavine. 

01 0 


342.6 

509.4 

707,8 

941.4 

mmm\ 

1663 6 

1940.4 

2394.0 

4 in. 











Insulation loas.. 

4.90 

10 0 

16 3 

20.8 

26 5 

32 4 

38 5 

44.8 

51.8 

58.0 

Raving. 

02 G 

205.2 


612.2 

711.3 



Sffi 

1066.2 

2402.0 


759 


















Sec. 11] 


INDUSTRIAL PIPING 


The Btu losers and savings undrr still^air conditions shown in Table 11-11 can be 
converted into equivalent pounds of steam or coal or other fuel, or dollars, by direct 
calculation. In order to determine the equivalent pounds of steam, it is necessary 
only to divide the Btu by the heat in a pound of steam above feed-water temperature. 
To convert Btu into equivalent pounds of coal or other fuel, divide by the Btu avail¬ 
able per pound of fuel (Btu calorific value of fuel multiplied by heat-plant thermal 
efficiency). To convert Btu to equivalent dollars, the value of the heat per million 
available Btu must be known. As previously stated, this figure should be the deliv¬ 
ered cost of the heat at the point where it is dissipatt^d and may include not only the 
coat of fuel and labor of handling it but the fixed charges on the steam or other licat- 
generating and -transmitting equipment. The heat cost of the fuel alone can b(* 
determined directly from Table 11-8 when the thermal efficiency is known. 

Tlie magnitude of the losses and savings effected by proper insulation in a plant 
can be seen by referring again to a simple item such as the two heads with an area of 
15 sq ft on a single boiler drum. The boiler operates at 150 psi for 7,200 hr per year, 
generating steam at a total cost equal to 30 rents per million available Btu, or approxi¬ 
mately per 1,000 lb steam. The yearly bare loss from the two boiler drum heads 
amounts to 100,958 lb steam, or $30.28. The yearly savings when insulated with 
2-in. 85% magnesia block are 94,414 lb steam, or $28.32. Other individual 
items similar to this one will be multiplied many times in some plants. St«'am- 
generating or boiler-room equipment, such as boders, turbines, pumps, heaters, and 
piping, is generally conceded to require proper insulation, although it is not always 
properly insulated. Besides these, there are savings to be effected throughout the 
plant by the use of proper insulation on such heated equipment as process tanks, lieat 
exchangers, furnaces, w'aste-heat boilers, etc. Surveys made in each plant to deter¬ 
mine the loss on all heated equipment generally show much equipment where the 
possibilities of savings have never before bc'en explored. 

The heat-loss table for 85% magnesia block is based on still-air conditions. 
It has already been shown that bare losses increase rapidly with increase in air vclorit v 
over the surface. For example, 40 to 110 per cent increase with a wind or air velocity 
of only 10 mph. The effect on W'cll-insulated surfaces, however, is very small by 
comparison; the maximum increase due to a wind velocity of 30 mph being only 
about 15 per cent for l-in.-thick insulation, 10 per cent for 2-in -thick insulation, anil 
5 per cent for 3-in.-thirk insulation; and at lower velocities theie is even less effect. 
This small increase for well-insulated surfaces is due to the fact that aii motion over 
the surface of the insulation reduces only the resistance to heat flow offered by the 
film of air at the surface and does not affect the internal resistance to heat flow offiTcd 
by the insulation proper, which is many times as large as the surface resistance. This 
is at once apparent if we consider an example using the heat-flow equation for flat 
materials, (’onsider a particular case of a 1 -thick insulation, having a conduc¬ 
tivity of 0.5 Btu/(hr)/(Hq ft)/(flpg F temperature difference between surfaces per 1 in 
thick) and a surface-film coefficient of heat transfer of 2.0 Btu/(lir)/(sq ft)/(deg F 
temperature difference, insulation surface to air) under still-air conditions. Then 

Insulation resistance = thickncss/conductivity 1.5/0.5 ^ 3.0 
Surface resistance « 1/heat-transfer coefficient 1/2 0 =* 0 5 
Total resistance =3.5 

Rate of heat transfer = 1/total resistance = 1/3.5 = 0.28 Btu/(hr)/(sq ft) 

/(deg F temp diff) 

If the surface resistance is reduced to such an infinitesimal quantity as to be prac¬ 
tically eliminated, as from the effects of wind and rain on an outdoor installation, we 
find that the rate of heat transfer becomes 

1/3.0 = 0.33 Btu/(hr)/(sq F temp diff) 

in which case the maximum possible increase in heat transfer is 

[(0,33 — 0.28)/0 28] X 100 per cent = 18 per cent 
700 
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Thus it u fleeD that, since air motion increases insulated losses only slightly compared 
with the increase in bare losses, the saving when air motion is present is much larger 
than the saving under still-air conditions. Therefore, all analyses of savings based 
on still-air conditions are extremely conservative. 

It should be noted that the example of the effect of air flow in increasing heat 
losses from insulation, tr>gcthcr with the figuros given, is based on the assumption 
that the insulation is tightly sealed. However, if joints arc left open or the insulation is 
cracked to the extent that air can circulate through tliem, the increases will be far 
greater than those illustrated. Therefore, insulation should always be applied snugly 
to the pipe with joints sealed as tightly as possible. On outdoor equipment this is 
particularly important, in which case weatherproof jackets should also be well lapped 
and sealed. Any plant-insulation survey should take note of these points since no 
insulation that contains open joints or cracks oi is loosely hanging in place is effecting 
the maximum savings possible. 

Surface Temperatures Not a Reliable Measure of Heat Loss. In making plant 
surveys to determine surfaces losing heat, it should be stressed that no attempt be 
made to judge the need by the foci of the surface or even by measuring the surfsice 
temperature. Surface femperature alone is absolutely no measure of heat loss. The 
surface temperature uill depend upon the temperature of the surrounding air, the 
proximity of other hot or cold objects, the velorily of the air adjacent to the surface, 
and the nature of the surface, whether polished, dull, etc. It is impossible to evaluate 
all the variables affecting a particular surf ace-temper a turc reading and thus to deter¬ 
mine from it the actual h(‘at loss. As an example, it is obvious that, with a temper¬ 
ature of 125°F on the side walls of two adjacent boilers a few feet apart and the 
confined air between at approximately the same tc^mperature, the wall may be losing 
practically no heat. ()n the other hand, the rear boiler w'all at only 100°F radiating 
heat to a cold exterior building wall at 5()®F a few' feet away is losing a relatively large 
quantity of heat. 

Air circulation, which exists in all installations, causes such large variations in heat 
losses with the same temperature differences that, with an air velocity of only a few 
hundred feci a minute, the surface temperature becomes meaninglcsB. As previously 
shown in the resistance example, the effect of air motion over insulation is to lower 
the surface resiataiice, or, stated in another way, to increase the rate of heat transfer 
from the surface. This cools the surface to a low'cr temperature than it would have 
under still-air conditions, and hence with a lower surface temperature, more heat is 
actually being lost than under still-air conditions. It was also shown in the reaiat- 
aiice example that the effect of moving air on the over-all heat loss through insulation 
IS small, but we can see from the above example that surface temperatures are not 
affected in the same proportion for a number of reasons. Hence they are valueless for 
measuring heat losses. 

Insulation Types Available. There arc a number of types of insulations avail¬ 
able, the more common being described in the following material. The proper¬ 
ties of weight, temperature-use range, and typical conductivity values ore all shown 
in Table 11-12. These pipe insulations are, in general, furnished to fit all stand¬ 
ard sizes of steel pipe and copper tubing in 3-ft-loiig ryliiidricol or semicylindrical 
sections or curved segments in thicknesses starting at 1 in. and increasing in thickness 
l)y increments. Some types are also furnished in ‘^standard” thickness in. 
'»r pipe sizes ^ to lH in.; IH 2 in. for 2 to 3 in.; in. for 4 to 6 in.; in. for 
7 to 10 in.; in. for 12 in. and larger) and “double-standard” thickness (two-layer) 
'I'Ms in. for to l^^-in. pipe sizes; in. for 2 to 3 in.; 2^^ in. for 3^^ and4in.; 
2® 1 C in. for Hi to 6 in.; 2}i in. for 7 to 10 in.; 3 in. for 12 in. and larger). Pipe 
msulations are regularly furnished with light canvas pasted on the outer surface. 
The materials are also furnished in flat or curved blocks of such standard siees as 
3 by 18 in., 6 by 36 in., and 12 by 36 in, in regular thicknesses, inereasing by H-in. 
incrc»menls from 1 in., for application to flat or large-diameter curved surfaces. 
Cement or dry-powder insulation, to be mixed with water, is furnished for application 
to small fittings and surfaces too irregular to apply blocks. Both block and seotional- 
pipe insulation have lower thermal conductivity than cement and hence are to be 
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preferred wherever applicable. Bectional-pipe and curved Bogmental ineulatlon are 
wired or metabband^ to the pipe. Blocks are usuaUy wired in place and finished 
with ^ in. of asbestos cement applied in two coats and reinforr^ with hexagonal 
wire mesh. This gives a smooth, hard, continuous surfaec. 

Pipe insulation has been applied to strel pipe or metal flues and ducts on the outer 
or room side for pipe temperatures reaching from 960 to 1050“F. For higher tempera- 
tuiea, as in cylindrical steel flues carrying waste-heat gases operating up to 1200°F, 
internal insulation has been used, the lining consisting of hard-surface premolded 
special diatomaccous-silica blocks. Hcccnt operuliiig tests have been successfully 
made by the United States Navy using internal insulation on gas-turbine piping where 
gases were 1450°F. Tliis 3,000-hp plant is the first large gas turbine reported ever 
to have operated continuously at peak efficiency functioning successfully at such high 
temperature. The insulation used was calcined diatomaceous silica 1900°F preformed 
segmental insulation applied in three layers. The insulation is finished on the inside 
with a high-tcinperature special alloy-steel liner while the regular carbon-steel outer 
pipe is kept at a safe temperature by means of the insulation between. 


Table 11-12. Thermal Conductivity k of Different Types of Industrial 
Pipe Insulations for High- and Medium-Temperature Piping 


Material 

Denaity, 

pof 

Geoerai unase 
limit 

Mean tcmi>eruture, deg F 

100 

200 

300 

400 

500 

600 

700 

800 

k,* Btu/(hr)/(B(i ft)/(ileK F/iii.) 

86 % magneBia 1)0 

11 15 

ITp to 000 F 

0 41 

0 45 

0 48 

0 52 





Aabestoa felt, laminated type 

30 35 

Up to 700 F 

0 3D 

0 44 

0 49 

0 54 





Mineral*-wool typo (wire run- 











forced) 

10-15 

Up to 800 r 

0 40 

0 45 

0 50 

n 55 





Molded-aobestos typo 

13-18 

Up to 7.50 F 

0 34 

0 3D 

0 44 

0 49 

0 54 




Diatomaoeous*'ailica type 

23 25 

Up to 1900 F 


0 65 

0 67 

0 69 

0 71 

0 73 

0 75 

0 77 

£xpanded-verniicu]ito tMte 

17 20 

Up to 1000 F 

0 gl 

0 87 

0 03 

1.00 

1 07 





* Average of values from one laboratory ou Diaienals of vaiious manufacturers. 


85 % Magnesia Type, This is i he most widely used of the various types fur applica¬ 
tion on hot surfaces up to C(X)°F. This is a lightweight molded material composed 
of approximately 86 % hydrated basic magnesium carbonate reinforced with asbes¬ 
tos filler. Furnished in cylindrical half sections or segments 3 ft long for pipes, 
in thicknesses of “standard’' and 1^2 in*; 2 in,; 2^^ in. in single-layer and “double- 
stgndard" (two layers) and 3 in. (double layer); also in flat liloeks 3 in., 6 in., 9 in., 
and 12 in. wide by 18 and 36 in. long and curved blocks approximately 6 in. wide 
by 36 in. long. Blocks are regularly furnished in thicknesses from 1 to 4 in. by 
increments. They are readily cut with knife or saw for fitting to bent jiipc, fitting.s, 
and flanges. 85 % magnesia is also furnished in powdered-cement form. It is soma- 
times used as a second layer over molded diatomaceous silica on high-tcmpcraturc 
piping to obtain the most economical and thermally efficiency construction. 

Asbestos Feltj Laminated Type. This material consists of asbestos felt, approxi¬ 
mately 35 to 40 laminations per in. of thickness, cemented together at intervals with 
heat-resisting adhesive. It is furnished in cylindrical pipe sections 3 ft long split 
through one side fur springing over the pipe in thicknesses of 1 in., in., 2 in., and 
2^ in. single layer and in 2 in., in., and 3 in. double layer. It is also furnished in 
sheet or block form up to 36 by 30 in. in thicknesses from to 4 in. This material, 
like 85 % magnesia, is sometimes used as an outer layer over molded diatomaceous 
silica for high-temperature piping where the ext^'a ruggedness of this type is required. 
It is recommended for temperatures up to TOO^F. 

Minerab^ooL Type, This material is composed of synthetic mineral fibers made 
from rock, slag, evr glass by melting and blowing with steam or air, The fibers are 
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held between metal fabries which are wired to each other hy tie wires. It ie shipped 
flat in pii^ lengths of 2 ft and widths sufiicient to encircle the pipe. This flejdble 
type of pipe covering is used mainly where matetUl must be occasionally removed 
for pipe inspections, etc., as in oil refineries. It is furnished for pipes and fi^ surfaces 
in thicknesses from 1 to 4 in. It is generally used for temperatures up to 800*’F where 
removed frequently. 

MoldedrOAbeBtos T'ype, This material is composed principally of natural asbestos 
mineral fiber, usually brown amosite, bonded with a small quantity of heat-resisting 
adhesive and molded into pipe sections and blocks. It is furnished in the same general 
forms and siacs as 8fi% ma^esia and in split half sections up to 30-in. pipe siae 
and in single layers up to 5 in. thick. Blocks are made up to 3 ft by 3 ft by 5 in. 
thick. It is UBi^d for temperatures up to 750®r. It is also combined with high-tem¬ 
perature ingredients and furnished for temperatures up to 1200‘‘F cither in one layer 
or integrally combined with an outer layer of 750® material. 

Viatomaceou^silica Type. This is a product made of calcined diatomaeeous silica 
combined with magnesium carbonate, bonding clay, and asbestos. It is also molded 
like 85% magnesia and is furnished in the same general forms and sizes and also 
in special thicknesses, nominally \}i in. and 2 in., but actually of proper thickness to 
ht snugly inside the outer layers of 85% magnesia or lammaied-asheBtos felt of 
standard pipe sizes. It is suitable for 1900®F and is used as the inner temperature- 
reducing layer in combination with 85 % magne.sia or laminated-asbestos felt. 

Expanded-vermicuhte Type. This is made of vermiculite (mica) expanded by heat, 
Avhich is bonded with asbestos fiber and gypsum. It is furnished in the same general 
form and sizes as 85% magnesia. 

Asheatos-hlankct Type. This is a mattress-form insulation composed of woven 
asbestos-cloth covers filled with amosite asbestos fiber, tufted with wire at close inter¬ 
vals and employing sewed-ou metal hooks for wiring to heated equipment. It is 
used for qxiiek accessibility to bolt heads of turbine flanges, pipe fittings, etc., where 
insulation must conform to irregular surfaces and be readily removable and replaceable. 
11 ih made to order for special sizes required usually in thickness of IHt 2, and iii- 
single layer and double layer for greater thicknesses. It is used for temperatures up 
to 850®F depending upon the type of asbestos cloth used. 

Inaulatirtj Cements. There arc several general classes of insulating cements, 
the first bei.^g a bulky fibrous type such as those composed principally of mineral 
wool, glass M ')ol, or expanded vermiculite combined with some asbestos fiber and bond¬ 
ing clay. These cements are designed for mixing with water and applying in plastic 
form to irregular contour surfaces where more efficient block materials are not appli¬ 
cable. They readily adhere to metal surfaces and con be applied in thick layers— 
about one inch. Another type, such as 85% magnesia cement and diatomaee- 
ouii^Milica cement, is of th(‘ same composition as these block materials but is furnished 
in powdered form. These are also used on irregular surfaces, applied in layers about 
one-half inch thick. A third type, used principally as a finish over other insulations 
such as block, is composed principally of asbestos fiber and produces a semihard sur¬ 
face. This type is usually applied in two layers, j 2 total thickness, over the block 
insulation and sometimes mixed vdth port land cement to give still harder surfaces. 
A fourth type, semirefractory, is composed of asbestos fibejr and refractory materials 
and is used in a 3^-m. layer for protecting block insulation when applied as a lining 
m flues. 

Factors Governing Selection of Insulation. The proper selection of insulating 
material for a particular service is an engineering problem and cannot be left to rule-of- 
thumb methods. It must be determined that the material has 

1. Suitable heat-resisting qualities to withstand the maximum working tempera¬ 
ture of the equipment. Laboratory and service heat-resistanee tents are the proper 
guides in this respect. It is not possible, although often attempted, to deduce 
accurately from the chemical composition what will hapi)on to a particular nraterial 
under temi>erttlure. 

2. Low thermal conductivity. Conductivity must be known from accurate 
laboratory tests over the entire temperature range at which the equipment will operate^ 
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It is not sufficient to know the conductivity at only one temperature since conductivity 
increases with temperature. 

3. Sufficient durability and structural strength to assure long life under the par¬ 
ticular service conditions and sufficient internal strength to maintain its original shape 
and particularly its thickness on which its ultimate iuRulating value depends. 

4. Adaptability. Furnished in a form readily applied to the particoilar surface. 

5. ReinBtanc>e to moisture or to chemical fumes in some particular installations. 

6. Proper thickness to effect the most economical heat saving or to accomplish 
some particular purpose such as preventing excessive temperature drop or condensa¬ 
tion in steam lines or to effect comfortable working conditions, etc. 

7. Proper method of application to ensure retention of its original strength and 
insulating value when in place. 



Fig. ll-29a. Economiral thickness of insulation. 

Since the selection of proper thickness is of primary importance in any installation, 
both because it affects directly the initial investment and the final heat-baving or other 
heat-retarding effect, we will consider this in detail. 

Selection of Insulation Thickness for Heat Saving. If the principal reason for 
which insulation is being used is to effect a beat saving, the proper or economic thick¬ 
ness is that thickness the last increment of which pays an adequate return on the 
investment in that increment. 

Figure ll-2{)a shows that, as the insulation thickness increases, the cost per year 
n (first coat multiplied by percentage fixed charges) increases and that also with 
increase in thickness the heat-loss cost per year m doereaacH. Then the total cost 
per year y is the sum of the yearly insulation cost and the yearly heat-loss cost or the 
cost at which a given temperature is maintained. The point on curve y at which the 
total cost is a minimum is the most economical thickness. Greater thickness would 
mean that the total cost is too high because of the increased cost of insulation; s 
lessor thickness, that the total cost is too high because of excessive heat loss due to 
the insulation's being too thin. 

It is poBsihle to determine the economic thickness for any given set of conditions 
by calculating the yearly cost of heat loss and the yearly cost of insulatiou for a number 
of different commercial thicknesses, increasing, for example, by J^-in steps, and then 
select the thickness which gives the minimum total cost per year. However, this 
would be laborious if there were a number of such calculations to be made. 
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To eliminate the necessity fot'this, McMillan* determined rational formulas for 
the economic thickness applying to both flat surfaces and pipes. He set up equations 
for the cost per year of heat loss m and cost per year of insula^tion n and adding the 
two obtained the equation for the total cost y. Then, to determine the thicImeBs 
which gave the lowest total cost or the minimum value of y, he calculated this by the 
mathematical method of differentiating the equation and equating the first derivative 
to zero. This gave the economic-thickness equation. Since these equations are 
rather involved mathematically, the results of substituting values in the equations 
have been plotted in the alignment chart (Fig. 11-296) from which the economic 
thickness can be accurately determined for all conditions without the necessity of any 
calculations. To use the chart proceed in the direction shown by the arrows after 
first determining the following factors: * 

1. Hours of Operation per Year, This should be the actual number of hours the 
equipment operates. 

2. Value of Heat. As previously pointed out this should be the total value at 
the point v^hero the insulation is applied in dollars per million available Btu. Some- 
limes this value will be higher than the average cost of heat in the plant, owing to the 
increased production or other useful results produced by the saving of a particular 
portion of the heat. 

3. Temptraiure Difference (heated surface to be insulated minus air temperature). 
It lb assumed that the heated surface temperature stays constant regardless of the 
tliicknosB of insulation placed on it. This is true for saturated-vapor lines such as 
steam and can be assumed to be the case for practical purposes for other pipe lines or 
metal surfaces heated by liquids. Therefore, the temperature difference used in the 
chart ean be the temperature of the vapor or liquid minus the air temperature. 

4. ConducUmty of the Imulalion. This is determined from values of the mate¬ 
rial under eonsideration, sueh as show’n in Table 11-12, furnished by the insulation 
inanufaeturer The actual value of tbih factor is necessarily dependent on the arith¬ 
metic mean temperature of the two surfaees of a material of undetermined thickness, 
lions PV(‘r, since conductivity generally does not change rapidly nsith siriall increase in 
temperature, it vill be satisfactory for use with this chart to use the conductivity 
at the arithinetie mean temperature of the heated surfaee and the air temperature. 

5. Coat of Insulation. This is the applied cost which includes material plus labor. 
I'he method of determining is explained in detail in the notes on Fig. 11-296 and later 
in the text. 

6. Per Cent Annual Fixed (Jharges. This factor includes the return desired on 
the investment, depreciation, insurance, etc., or the total annual fixed charges applied 
against the total applied cost of insulation expressed as a percentage. 

7. The Pipe Size. For which the insulation is required. 

In using the chart (h"ig. 11-296) start with hours of operation per year and follow 
through as indicated by the dotted line. The choice of proper economical thickness 
scale IS determined by the choice of hcat-valuc and temperature-difference scales. 
Example: with scale B heat value and scale A temperature difference, or vice versa, 
use scale AB economical thickness, etc. 

Coat of insulation refers to applied cost. Therefore, to obtain proper discount, 
hrst use discoimt for material alone to determine approximate thickness on which to 
I'asc material and application costs. Tlien use the following formula to determine 
'ue correct discount: 

Applied cost in per cent discount from list « 100[1 — (X -f Y)IZ] 

'^here X = cost of material; Y « cost of application; Z » list price applying to 
material. 

The thickness is again determined, and if it differs from the first thickness, the 
procedure is repeated until the thickness does not change. 

For pipe insulation, where list prices do not apply, use the following formula to 
convert from applied cost per linear foot to applied cost per board foot: 


Applied cost per board foot ^ 0.^2A/dx 
765 



Sac. Ill 


INDUSTRIAL PIPING 



Fio. ll-29b. Chart for delerminina pconoiniral thicluirw of inaulatiun. 


706 












niOB^ AND MEDIVM^TEMPBRATVBB PtPE INSULATION fS«c. U 


where A ■■ applied coat per linear ftMiit; d » outado diameter of inaulation in inchea; 
X «i thickness of insulatiim in inehea. 

Example of Typical Bcoiioaic Insulatioii Thickneeaes* IVptoal economic thick- 
nessea determined by means of Fia;. 11-29& are plotted in Fi^. 11^. Thisshowahow 
the economic thickness increases with increasing pipe size and with increasing pipe 
temperature. The particular operating conditions assumed are such as might be 
found in an average large power or manufacturing plant, via., heat cost 30 cents per 
million available Btu, piping kept heated 8,760 hr per yoar, applied cost of insulation 
85 to 185 per cent of list price of insulation, depending upon pipe size, fixed charges 
10 per cent, air temperature 75"F. The curves for 800, 1000, and 1200®F pipe 



peraturcs are based on using calcined diatoinaceous silica—85% magnesia com¬ 
bination insulation while the curves for 200, 400, and 600°F arc based on using 85% 
magnesia alone. A similar scries of curves could be plotted for any other set of 
auditions existing in a particular plant. 

After the total insulation thickness is determined, the nearest commercial thick- 
usually nearest in., is selected. Where bigh-temperature combination insula- 
f ion is required, a calculation must be made to determine the proportion of the total 
economic thickness wliieh must be high-temperature material in order to reducse the 
temperature on the outer-layer material to its safe limit. Here also the nearest com¬ 
mercial thickness must be used and also one which will closely fit a standard pipe size 
outer layer. Manufacturers furnish special thickness bigh-temperature inner layers 
lor this purpose. 

Where insulation is useo for some particular purpose, other than heat saving, rach 
Its temperature control, personnel protection, comfort, fire protection, etc., the thick¬ 
ness must be designed to accomplish the particular purpose. For example, if the 
njBulation must limit the temperature drop in a long line carrying superheated steam, 
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it is nccoBsary to calculate the heat loss from the line per hour per pound of steam 
flowing through the line in the same time and then deduct this loss per pound of steam 
from the total heat in a pound of steam at the inlet steam conditions to find the total 
heat in a pound of steam at discharge end of the lino. Having previously determined 
the pressure drop in the line from conventional friction flow formulas, the steam pres¬ 
sure and total heat of the ulcam at the end of the line are now known, and from the 
superheated-steam tables the corresponding temperature of the steam for this final 
pressure and total-heat condition can be found. If the insulation must have a maxi¬ 
mum outer surface temperature to protect personnel, a calculation of the temperature 
gradient through the insulation is made using the resistanee conception previously 
illustrated and the surface temperature determined. 

The Importance of Proper Method of Application and Maintenance. The selection 
of the proper material with full consideration for the temperature and other conditions 
and the determination of proper thickness are of little importance if the material is 
applied improperly. For, if it is not properly applied, the actual heat loss may be con¬ 
siderably higher than the calculated value based on laboratory tests. Improper 
application may cause the insulation to deteriorate, and hence it may not give the years 
of service for which it was originally planned. It is not possible to give here detailed 
application specifications for applying insulation to various types of equipment, but 
there are general factors which apply to the satisfactory application of all insulation. 
Among these factors are 

1. Insulation should be applied securely to and tightly against the pipe or other 
heated surface. An air space left between the insulation and pipe may result in heat 
being short-circuited through an open joint or crack. Furthonnorc, loose insulation 
is more easily damaged by impact. Some types will sag under vibration if not securely 
\>ired or banded in place. 

2. Insulation should be applic'd with joints closely fitted, and multiple-layer 
insulation should be applied with staggered joints, particularly on high-temperature 
equipment. Otherwise, pipe expansion and vibration t(‘nd to open up through-joints. 

3. Insulation should be protected against abuse such as abrasion, knocks, and 
crushing. Insulation is not a structural material. Hence, where it is liable to be 
w^alked upon or have ladders placed against it, runw^ays or scaffold should be provided. 
This is particularly important on outdoor installations to avoid entry of i aiii or snow 
into the material. "WTierc in.sulation may be subject to impact or abrasion, it 
should be protected with a suitable sheet-metal jacket or bumper. 

4. A moisture-resisting finish should be jirovided on insulation outtlrwirs, or indoors 
where it is liable to be splashed from process liquids or otherwise subjected to wetting. 
This may consist of an asbestos weatherproof jacket over the pipe insulation and 
asphaltic cement finish over insulation on fittings and irregular surfaces. Weather¬ 
proof jackets should be securely wired or banded in place, lap])cd, and scaled with 
asphaltic lap cement to prevent dctiTioration of insulation hy wind, rain, and snow. 
Special provision must be made to protect insulation exposed to strong alkali or acid 
fumes. Underground pipe insulation requires tile protection specilically designed 
for the service. 

5. All indoor insulation not otherwise protiected should be finished with heavy 
canvas pasted or sowed in place, painted with two coats of lead and oil paint. 

6. Sturdily constructed removable and replaceable flange insulation covers should 
be provided where flanges must be inspecteti frequently. 

7. Last but by no means least important is that insulation should be installed by 
experienced mechanics. 

An insulation properly selected for the conditions often outlasts the useful life of 
pipe to w'^hich it is applied; but in order to ensure its maintaining its initial insulating 
value throughout its life, it should be periodically iusi>ected and maintained in gootl 
condition. This requires attention to such items as prompt replacing of torn weather¬ 
proof jackets and canvas finish; replacing of broken wires and sections of insulation; 
tightening of wires, bands, and loose insulation; repainting of canvas. Any cracks 
in cement or weatherproof finish should be sealed with the original material since 
wetting causes loss of insulating efficiency and deterioration of the insulation. 
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In addition to the foregomg, {feriodir maintainance inspections should check such 
items as whether improper pipe insulation is the cause of excessive condensation dis¬ 
charged from traps or whether steam temperatures have been raised beyond the safe 
limit of the insulating material used. It is also neecssary to ehminato water hammer 
or other causes of excessive vibration Which may cause joints to open in the infmlatiou; 


to stop leaks in steam or hot-water lines 
causes rapid deterioration, and water 
from a leak may follow along a pipe, 
saturate the insulation, destroy its insu¬ 
lating value, and at times cause the 
insulation to fall from the pipe. Quite 
often when pipe repairs are made, insula¬ 
tion sections or flange and fit ting insula¬ 
tion covers are removed. These should 
be promptly reapphed as carefully as 
though it were a new installation since 
improperly applied insulation is often 
thermally inefficient and is more liable to 
failure. Such inspections will pay divi¬ 
dends, not only in heat savings, but in 
saving of materials and labor. 

LOW-TEMPERATURE PIPE INSULA¬ 
TION 

The reasons for insulating pipes carry¬ 
ing refrigerants and other low-tempera¬ 
ture fluids are similar to those for 
insulating hot lines. Heat flow is revers¬ 
ible, ue , a bare pipe 100°F below atmos¬ 
pheric temperature absorbs heat at about 
the same rate as one 100”F above ambient 
loses heat. 

There are other considerations in ad¬ 
dition. Bare, cold pipes drip or become 
lovered with frost and then drip. This 
promotes corrosion and makes for dirty 
and unsanitary conditions as well as mak¬ 
ing space beneath or adjacent to the pipes 
unsuitable for use. On the economic side 
it IB generally concedcil that it costs more 
to remove heat than it does to supply it; 
consequently, greater thicknesses of 
insulation are used on refrigerated lint*s 
than on heated ones for equal temperature 
diffcrpnces. 

In addition to minimizing heal entry 


as soon as possible since impinging steam 


Table 11-13. Data on Freezing el Water 
in Pipes* 


steel 

pijip 

111. 

Hair foil, 
No of 
layers 
each 1 111 
thick 

Btu/ 

(deg 

temii 

diff)/air) 
/(Im ft) 

Hr to 
cool from 
42 to 
32“F, 
no flow 

Lb water 
flow/(hr) 

/(linft)to 

prevent 

freezing 


2 

0 0895 

0 417 

0 637 


a 

0 0747 

0 500 

0 448 


4 

0 06f)0 

0 665 

0 396 

1 

2 

0 1125 

0 825 

0 675 


3 

0 0911 

1 020 

0 548 


4 

0 0798 

1 160 

0 480 

I'a 

2 

0 1400 

1 400 

0 840 


3 

0 1126 

1 740 

0 676 


4 

0 0972 

2 020 

0 583 

2 

2 

0 1586 

1 940 

0 052 


3 

0 1244 

2 480 

0 747 


4 

0 1063 

2 900 

0 638 

3 

2 

0 2062 

3 250 

1 237 


3 

0 1572 

4 270 

0 943 


4 

0 1322 

6 080 

0 793 

4 

2 

0 2450 

4 560 

1 470 


3 

0 1850 

6 020 

1 110 


4 

0 1548 

7 200 

0 929 

5 

2 

0 2887 

6 920 

1 733 


3 

0 2146 

7 960 

1 289 


4 

0 1761 

9 690 

1 069 

6 

2 

0 3302 

7 360 

1 981 


3 

0 2434 

9 860 

1 460 


4 

0 1984 

12 200 

1 I9l 

9 

2 

0 4100 

10 050 

2 460 


3 

0 2960 

13 900 

1 776 


4 

0 2390 

17 250 

1 434 

10 

2 

0 4930 

13 000 

2 960 


3 

0 3636 

18 100 

2 122 


4 

0 2830 

22 700 

1 698 

12 

2 

0 5720 

15 600 

3 432 


3 

0 4090 

22 200 

2 464 


4 

0 3222 

28 100 

1 933 


* I ifsuros are baaed on an air temperature of 
—^20"r Thia IB an approximate 60° temperature 
diflertiif p If air is to be taken at 0°r, the time 
tn cool 10° Mrill be approximately 45 per oent 
grealer 1 he Uat eoluiun ahutn a iiummum amount 


into cold piping, there is oft«»ii the prob- 
' ‘m of preventing the freezuig of w atcr in 
pipes exposed to winter wenthcr. No 
insulation, regardless of thickness or low 
t onduetivity, will prevent the frcH'zing of 
''till water in pipes exposed to below-frt'ci 
flow; it does not eliminate it. If there is r 


«1 ^alei at 12°FtoureveiitfT6UzinK 

These ratefi of now include no aafety lartor to 
provide for tenmorary reductions due to lower 
pressure, etr WeiKbts of water are per foot, so 
the minimum flow in a Ime 100 ft long must be at 
least 100 times the tabular value. 

ig temperatures Insulation retards heat 
movement of water in a pipe, it is merely 


a matter of time until the pipe and its contents reach the same temperature as the sur¬ 
rounding air. Table 1 ]-13 can be used to determine the number of hours to cool water 
to the freezing point and the rniiiimum flow noecssary to prevent freezuig in the pipe. 
It was developed for hair felt luit can be used for any blanket-type insulation having 
a similar conductivity, t c., 0.30 Btu/(hr)/tBq ft)/(deg F per in ). 
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Conductivities of hair-felt and mineral-wool blankets are usually stated to be 
below 0.30. However, an appreciable degree of compression results from the wrapping 
and securing on a pipe, so a less than nominal thickness or a higher unit heat transfer 
must be assununi. 

T^o 11-14 is similar and can hi- used for any scctkmal-lypc pipe* insulation made 


in the conventional three thicknesses and 

Table 11*14. Data on Freezing of Water 
in Pipes* 


Steel 

pipe 

■iee, 

in. 

Inaulntion 

thickness 

Btu 
/(deg 
temp 
diff) 
/(hr) 
/(lin ft) 

Hr to 
cool from 
42 to 
32*F, 
no flow 

Lb water 
flow/(hr) 
/(Un ft) 
to 

prevent 

freering 


Toe water 

0.110 

0 43 

0 63 


Brine 

0 098 

0 52 

0 66 


Heavy brine 

0 087 

0 73 

0 50 

X 

Ice water 

0 130 

0 78 

0 79 


Brine 

0 124 

0 90 

0 71 


Heavy brine 

0 104 

1.20 

0 69 


loe water 

0 174 

1 27 

0 98 


Brine 

0.134 

1 72 

0 76 


Heavy brine 

0 118 

2 04 

0 67 

2 

loe water 

0 200 

1 69 

1 14 


Brine 

0 151 

2 31 

0 86 


Heavy brine 

0.134 

2 71 

0 76 

3 

loe water 

0 269 

2 73 

1 63 


Brine 

0 186 

4 02 

1 00 


Heavy brine 

0,162 

4 68 

0 03 

4 

Ire water 

0 204 

4 08 

i 68 


Brine 

0 209 

5 84 

1 19 


Heavy brine 

0 182 

6 77 

1 04 

6 

Ice water 

0 404 

6 45 

2 30 


Brine 

0 259 

10 01 

1 48 


Heavy bnne 

0 228 

11 61 

1 30 

8 

loe water 

0 456 

9 75 

2 60 


Brine 

0 318 

14 00 

I 82 


Heavy brine 

0 263 

17 00 

i 60 

ID 

loe water 

0 559 

12 22 

3 20 


Brine 

0 383 

17 95 

2 20 


Heavy bnne 

0 309 

22 32 

1 76 

12 

loe water 

0 648 

14 80 

3 70 


Brine 

0 438 

22 12 

2 50 


llea\y brine 

0 364 

26 80 

2 08 


* FiOTTeii are baaed on an air trmiierature of 
-20“F. Thia ia an anprnximaie 60* teiimcra- 
tm« difference. If air is to lie taken at 0*F, the 
time to cool 10* will be aijproximately 4 A ])ei cent 
aieater. The last column alinwn minimum 
amount of water at 42*F to pre\ ent IreeainK. 

Tfaoae rates of flow include no aafetv factor to 
provide for tenyporary redurlinna due to lower 
prenure, etc. Weiahta of water are per foot, 
■D the minimum flow in a line 100 ft long miut be 
at leaat 100 timee the tabular value. 


having a conductivity k of approximately 
0.30 Btu/(hr)/(sq ft)/(deg F per in.). 

Table 11-15 gives rates of heat trans¬ 
fer into cold pipes through sectional insu¬ 
lation of the type just described having 
a conductivity of approximately 0.30. 
This table is useful when it is desired to 
know how much heat w'ill be absorbed by 
a fluid in traversing a given length of 
pipe, but it docs not allow for the differ¬ 
ences in rate of heat transfer into the fluid 
due to film effect on the inside of the pipe. 
It is assumed the fluid flow will be fast 
enough to produce turbulence which 
mmimizcB film resistance and that all the 
heat which can traverse the insulation 
will bo absorbed by the fluid in the pipe. 

Effective insulating of pipes to pre¬ 
vent sweating or frosting is based on using 
a thickness of insulation that wUl keep the 
outer surface of the insulation at a tem¬ 
perature above the dew point of the sur¬ 
rounding air. This cannot be done for 
all conditions. As the air nears satura¬ 
tion, the dew-point temperatuie ap¬ 
proaches the dry-bulb or ordinary 
therinometer reading, the two becoming 
eijual at complete saturation, Bometirncs 
called 100 per rent relative humidity. 
To prevent condensation under such a 
condition would require an infinite thick¬ 
ness of insulation. Figures 11-31, 11-32, 
and 11-33 illustrate this. To use these 
charts, find out what the climatic condi¬ 
tions arc likely to be, and then from a 
psychromctric chart or tabic find the 
dew-point depression or difference be¬ 
tween the air temperature (dry bulb) and 
the dew point. Start from that figure in 
the column at the left edge of chart, and 
draw a line horizontally until it inierserts 
the curve representing the over-all tem¬ 
perature difference expected. From the 
intersection drop vertically to the bottoni 


of the chart, and read the insulation thickness required. If the climatic data arc not 


thought to be very accurate, tlic column of relative humidities at the right will be 


accurate enough for most cases. Choose the highest that is likely to obtain for any 
considerable period, and intersect the over-all temperature difference curve as bi^fore. 
It may be noted that it is rarely worth while to des'gn against humidities over 85 per 
cent, as there arc few areas where higher humidiiies last for any length of time, and 
the thicknesses required are tmduly expensive. 

There are only two typ<*B of pipe insulation generally used for low temperatures. 
One consists of flexible blankets which arc wrapped around the pipe, tiod on, and a 
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sealing membrane applied to exclude moisture. On tliis type, hair felt has by far 
the longest history. Certain naineral-wool blankets are also offered for the same 
purpose. Blanket-type insulation has the advantage of versatility. Given enough 
material on the job, any size of pipe and any combination of fittings may be covert. 
It has the disadvantage of requiring exceptionally good and careful workmanship, 
particularly in applying the sowing membrane which protects it. No insulation job 
can be better than the workmanship of the applicator, but there is more inhmnt 
difficulty in sealing over a relatively soft and yielding surface. Also, the chance of 
the seal being l^roken by a blow or rough treatment is greater. This type of insulation 
is the only one that can be employed on hangers that are affixed directly to the pipe. 



Fig. 11-31. 


l^he second major type of pipe insulation consists of molded or formed sectional 
iveriiig. Comparatively solid, it is furnished in either half sections 36 in. long or in 
l*df sections joined by an outer wrapper providing both a seal and a hinge joining 
Ihc half sections. Fittings arc insulated either with molded jackets or by use of a 
XV rap-on-type insulation as in the type previously described. The sectional-type 
msulation is easier and quicker to apply. It is also decidedly easier to seal effectively 
against moisture. 

Sealing of low-temperature insulation is of major importance as there is always a 
pres^irc, resulting from temperature differences, tending to force water vapor into 
Iho insulation, where it will condense. If the temperature is low enough, freezing 
follows, not only seriously impairing the insulating efficiency but frequently destroying 
the insulation and corroding the pipe. 
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Table 11*16. Rates of Heat Transmission Sectional Insulation 
The rates of heat transmission given belov are expressed in Bin per square foot (and also per linear 
foot), per hour, per degree temperature difference between fluki in the pipe and air surrounding the pipe. 
In tb« ease of screwed fittlngB, where the proportion of ftttJngs to pipe is not unusually high, no great 
error will be introduced by ffguring small ffttings, such as ells and tees, os 1 linear ft of pipe; and larger 
fittings, valves, crosses, etc., as lin ft. Refer to Table 11-7, Areas of I'langed Fittings, which 
appears on page 749. 


Ice-watcr thickness Brine thickness lleavy-brine thickness 
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1*10. 11-33 

Tables 11-lG to 11-17 show proper ««pa(ing of paiallel pipes and hanger sparing 
It should be noted that ^Mdtr spacing of parallel pipes is required if blanket-type 
insulation is speeified Tlie niechanie must bi able to get his hands between the 
finished msuhitioii on paiallel pipes when he applies the seahng membrane. Table 
Il-IG IS based on sectional, molded m^vulation 


Table 11-16 


■ ■■ " ■ “ "" ■' . 

Iiimila'Iiiin tbickiiLss 

‘^pice required | 
l)rt w etn 
paialld pipes 
in 

Space re<*uircd 
bet wet n pipe 
and adiaeent 
burfaeesi in 

» wat« r Ihicknf esh 



Ijp to 6-in —screwed 

7 

6 

Lareer than 6-in jjipe—screwed littinRs 

11 

6 

All pipe niee—’flan^Eed fittings 

12 

8 

nne thiokncae 



1 p to 6-in pipe—screwed fittings 

9 

7 

Larger than ft-m pipe—sere.wed fittingN 

15 

9 

All pipo 8 i 2 oa—flanged fil tingh 

16 

10 

ipav> hnne thickness 



Up to 3-in pipe—screwed flttinKP 

11 

9 

'•<argiQr than 3-m pipe—scrc‘wed fit tings 

19 

13 

411 pipe sizes—flanged fittings 

20 

14 


Hanger Details for Pipe Insulation. Steel saddles or shields on the outside of tho 
uisulation must be provided m all eabes where the pipe hanger or support is not 
‘tflfixed to the pipe Fig 11-34) 

In most eases, the saddle and outside strap hanger is preferable to fastening the 
stiap or rod support to the pipe, as it does not involve the msulatmg and the sealing 
off of a througli-metal connoetion between the cold pipe and warm air 

Where extra-heavy loads, difheult to calculate, may throw excessive weight on one 
or several hangers, it may be advisable to attach supports directly to the pipe as shown 
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in Fig. U-35. An example of sueh a condition might be a horisontal line with several 
risers or branches near together and, possibly, the inclusion of a cluster of valves, etc,, 
within a short length. ^ ^ 

The third type of support, the trapeze style shown in Fig. 11-36, is not desirable 
because of the poor distribution of load on the pipe insulation. 

Size of Shtdde or SaddUts. Length » outside diameter of insulation; circumfer¬ 
ence « approximately 270 deg or of a circle; gauge of metal * 12 gauge where outside 
diameter of insulation is less than 8 in. and 10 gauge where outside diameter of insulation 
is 8 in. or greater. 

SfrepAanger 


Fio. 11-34, Outride hanger and riueid. Fio. 11-35. Ineude hanger. 

SpOicinQ of Hangers. Based on use of ^4 round metal shields and on considera¬ 
tion of structural properties of high-pressure pipe as well as indeuLation of insulation 
Where low-pressure pipe is involved, hanger spacing may need to be reduced 
Table 11-17 is baaed on straphangers as shown in Fig 11-34: Where unusual hanger 
loads are involved, the loads jkt shield should not be excewleil (see Tabic 11-18' 


Table 11-17. Hanger Spacing Based on Pipe Size 



Pipe sizes and maxinium hangrr sparing, ft 

Insulation thickne^* 


— 


— 

- 


1W in. 

^^2 m 

4 in 

0 in t 

8 in-t 

loe water or light duty 

13 

17 

25 

26 

34 

Bnne or standard duty 

12 

IG 

23 

24 

32 

Special bnne or hea\> dut> 

11 

14 

22 

23 

28 


* lee water or hsht duty, 1.5 to 2 in.; hnne or etandard dut}, 1 B to 3.2 in ; special brino or heavy 
duty, 2.8 to 4 0 in. 

1 Ileduoe spacing one-third for trapese-type hangers. 


Table 11-18. Loads per Shield 


Insulation tbicknese 

Pifie sizes and loads, lb 

iti. 

500 

600 

BOO 

2^ in. 1 4 in. 

6 in 

8 in. 

Ice water or Ught duty .. 

Brine or standard duty. 

Bpeeial bnne or liea\ y duty 



1,000 

1,100 

1,200 

1,500 

i.eoo 

1,800 


Sealing and Insulation. Scaling on hanger should be carefully done to keep moi<^' 
ture from running down into insulation. The following steps summarize operatioub 
shown in Figs. 11-35 and 11-37: (1) Insulation should be applied not closer tlw 2 to 
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3 in. from the hanger on either side. (3) The exp<»ed of the pipe insulation 
should be eoated with the scaling agent and the pipe and hanger with protective 
paint. (3) Two or three (3 for heavy brine) built-up layers pi hair felt or equal 
should be applied with a double wrap of tape per layer sealed to insulation and hanger 
as ^own, and scaling agent should be appl^d to each layer and all eods. (4) A 
supplementary built-up layer of hair felt about 3 in. thick should be carried up the 
hanger at least 12 in. (6) A double wrap of tape should be sealed to the hanger 
at the upper end and to the membrane over the insulation at the lower end. 



Coat af seating agont 

Fio. Trapeze hanger and ahieldB. Fia. 11 >37. Insulation and sealing of in¬ 

side hanger, 





Mathematical calculations for heat entry into refrigerated pipes and vessels are 
made in accordance with the same equations detailfid for heat losses. There is not^ 
liowcver, a suitable equation fur economic thickness of sectional-cold pipe insulation 
since the list prices of the commonly used materials do not follow any regular law. 
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RUBBER-LINED PIPE AND PROCESS EQUIPMENT 

BY 0. S. Thuk 

Managerj Tank Lining iC' Roll Covering Sales, 

Vriiled States Rubber Company 

Rubber-lined pipe, storage, and process equipment is partirularly valuable to 
industry as it incorporates the corrosion and abrasion resistance of the rubber with 
the structural properties of steel. Furthermore, as the requirements of the process 
with regard to installation and cure both in the factory and in the held are very 
flexible and as the limits with regard to size and detail of design arc very broad, 
practically all types of industrial equipment are suitable for rubber lining or covering. 
In the combination, the rubber provides the necessary corrosion and abrasion resist¬ 
ance, and the steel provides the structural strength, whether the requirement be pres¬ 
sure, vacuum, or mechanical. 

NATURAL-RUBBER AND GR-S LININGS 

Chemical Resistance. With few exceptions, lubber linings aie suitable for use 
with most industrial solutions. W hile it is not possible in a brief review of the subject 
to enumerate all possible materials, a statoment of general classiheations will suffice 
to give a reasonable general knowledge of iwaaiblc applications. In any event, in the 
absence of specific experience it is best to refer detailed service conditions to the 
rubber manufacturer for his recommendation. 

Rubber linings are suiiablt Jot list with the folloiiHng: 

1. Most inorganic acids, including hydrochloric, phosphoric, dilute sulfuric, 
hydrofluosilici(‘, etc. 

2. Many organic acids, such as acetic acid, tannic acid, gallic acid, etc, 

3. Inorganic salt solutions, such as ferric chloride, zinc chloude, tm chloride, 
sodium cyanide, ierrous sulfate, etc. 

4. Inorganic bases, such as sodium hydroxide, calcium hydroxide, etc. 

5. Plating solutions, with the exception of ehromiinn, including iui‘kcl, brass, tin, 
zinc, silver, cadmium, etc. 

6. Bleach solutions, sodium liypocldorite and chlorine solutions 

Rubber linings are not suitable Jor list with th( following: 

1. Strong oxidizing agents, such a** nitric acid, chromic acid, sulfuric acid abovr* 
50 per cent concentrations 

2. Aromatic hydrocarbons, such as benzol, toluol, etc, 

3. Aliphatic hydrocarbons, such as gasoline, petroleum, derivatives, etc. 

4. (''hlorinated hydrocarbons 

Temperature Resistance, rndci most conditions unprotected rubber Mnings are 
suitable for temperatures up to 180°F. With protective inner linings of wood or 
brick higher temperatures are possible. It is rather difficult to define ♦he extre’oe 
upper temperature limits as in many eases the combined eftcet of corrosive solution 
and temperature must lie considered. Under particularly severe conditions the 
maximum allowable temperature might be 130 to 140®F. Under other eonditions 
200 to 210^ might be pcrmisbible. Here again, in the absimce of sperific experience, 
the detailed sorviee conditions should be referred to the rubber manufacturer for his 
recommendations. 

Physical Properties of Rubber Linings. Rubber linings are supplied in a wide 
variety of compounds varying in hardness from soft rubber to ebonite and in type anil 
degree of compounding as service conditions may require. Semihard and hard lining'^ 
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gse usually inetalled ‘with soft-rubber cushion next to the metal to compensate for 
differential expansion and contraction between rubber and metal. The usual thick¬ 
ness of rubber lining for pipe and fittings up to 5 in. nominal sifse, inclusive, is in., 
and for piping of 6 in. nominal size and over and for tankd and process equipment 
^ 6 hi. For severe services thicker linings are used. In addition to corrosion, abra¬ 
sion, and temperature resistance, the principal requirement of a satisfactory lining 
compound is low water absorption. This latter requirement is very important if 
penetration through the lining to the metal is to be avoided and if permanent protec¬ 
tion of the metal is to be provided. 

Tensile stremgth and elongation, vrhich are properties commonly considered in 
making comparisons of rubber stocks, are not in themselves of particular importance 
when considering the relative suitability of lining materials. It is possible that a 
compound with relatively low initial tensile strength and elongation may be more 
suitable than a compound with relatively high Initial tensile strength and elongation. 
Itelativc percentage loss of tensile strength and elongation upon exposure to corrosive 
solutions and temperature is imiiortant in that it is an indication of relative rate of 
deterioration in service, and good aging properties arc essential. All the above 
factors are taken into consideration when the rubber manufacturer makes stock 
recommendations for any particular Service. 

Abrasion Resistance. Rubber linings can be rompounded to provide remarkable 
abrasion resistance, with the result that they find wide application in the handling of 
abrasive slurries and in the hydraulic or pneumatic transportation of various abrasive 
materials. Sucli installations may involve abrasion only or a combination of abrasion 
and corrosion. 

Dielectric Properties. Rubber lining.^ are noncoiiduetive and hence are exten¬ 
sively used in clcetroehemioal proeesscs such a.s electroplating where absence of current 
loss is essential to eeonomy and qualit 3 '. The u.sii.'il test procedure is to ground the 
metal and expose the rubber surface to a potential of 15,000 volts. This potential 
will expose defects in material and workmanship but will be repelled by a lining of 
proper quality. 

Other Properties. Rubber lining also has the virtue of non contamination of 
product. In other words, a product in contact with rubber docs not extract from the 
rubber mater als that ’^>ill discolor or otherwise contaminates Rubber linings are 
frequently ust 1 primarily to prevent metaUie contamination of product during proc- 

storage, and transportation, 

SPECIAL SYNTHETIC LININGS 

Th(*re are certain sj'ntbetic elastomers such as neoprene, perlmnan, hycar, etc., 
which will handle service conditions for which natural rubber and Glt-S are not suit¬ 
able. These materials are reshstant to i>ctrolcum and its derivatives and have superior 
resistance to certain other hydrocarbons and chlorinated hydrocarbons. They lend 
themselves to installation in most typi»s of equipment. Rubber manufacturers will 
1)0 in position to make proper recommendations with regard to the use of these 
materials. 


METAL PARTS 

Metal parts of proper quality and finish are essential to first-quality rubber lining. 
IN;ito thicknesses ami reinforcements should be adequate to prevent damage to rubber 
linings due to excessive distortion. Flange thickne^sses should b(! such as to prevent 
distortion during assembly. Plates should be free from pitting and castings from 
iKprosity. Full welding is required at all points to be rubber-covered, and wehls must 
be chipped and ground smooth and be frc‘e from porosity. More detailtMl spwifica- 
tions follow. These specifications are typical of the general requirements in the 
industry and will be readily met by any competent fabricator familiar with prepara¬ 
tion of metal parts for rubber lining. 

Specifications for Welded-steel Tanks or Other Welded Parts. Material. 
Alaterial shall be new full-weight American steel, free from laminations or other 
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{khysical imperfeciionB. All plates flhall be flat, with no appreciable buckle or wai|H 
age. All sharp edges of sheared plates must be removed, especially on the inside of 
ttfnks. The thickness gauge and weight per square foot sliall be no leas than the 
jBIguree listed in Table 11-19. 

DiiMnsuma, All dimensions shall be detailed on drawing. Unless otherwise 
speciflod, the dimensions for steel tanks are to Ijc considered inside dimensions. A 
tolerance of plus or minus H bi. is permissible on lengths, width, or height on dimen¬ 
sions 24 in. or less, unless otherwise specifled. On dimensions over 24 in., a tolerance 

of ]ilus or minus 3 4 in. is permissible. The 
same tolerance applies to over-all dimensions 
when parts arc made up in sections. 

Construction. 1. Tanks or welded parts 
shall be fabricated in accordance with stand¬ 
ardised commercial practice to obtain a prac¬ 
tical product and uniform quality. 

2. All tanks shall be constructed with a 
miiiiinum number of pieces, lloctangular 
properly reinforced in accordance with accepted 
practice in order to provide adequate structural strength and to prevent bulging. 

3. The companion angles of sectional tanks which arc bolted together must be 
square, plumb, and smooth, and sections must fit exactly when bolted together. The 
open ends of sectional tanks shall be provided with suitable bracing so they will not 
become distorted in transit. Sectional tanks shall be permanently match-marked on 
spots that are not to be rublier-covered accurately to indicate their position when 
assembled. Parts must be lined up properly when correctly assembled and marked. 

4. Fabricator shall supply necessaiy bolts, nuts, and washers to complete any 
assembly shown on the drawings as such. 

5. On tanks with dished heads, the dished lieads are to be flanged in su('h a inaiiner 
as to eliminate wrinkles at the knuckle radius. 

Welding, 1. All joints over which rubbc*r is to be applied must be continuous 
solid welded. 

2. All welds must be smooth with no jK>rosity, holes, high spots, lumps, or poekets. 
Peening is required to eliminate porosity, and grinding is necessary to remove sharp 
edges and high spots. 

3. All comers are to be ground to a minimum radius of in. 

4. Partitions, braces, supports, or other attachments on the inside of the tank must 
be fitted flush again.st tlie adjacent surface and full-welded from all sides, Sjiot 
welding is not permissible, tWelds are to be ground per 3 aliove.) 

5. All body seams must be butt-welded, with continuous solid welding throughout, 
unless tap weld is necessary to meet special requirenieiits, 

6 . Vendor shall assume all responsibility for strength of welds. 

7. Misalignment of plates and butt^wvld seams not to exceed 25 per cent of plate 
thickness and in no case to exceed in. 

OuiUis. Tlie size, construction, and location of outlets shall be in aeeordanee v. m 
the instructions on the drawing. All flanges inu.st >»e parallel with the tank, or in otho 
words, he so applied that the pipe line wdll leave the tank at right angles to the Mirfaci 
of the tank, unless otherwise ordered. P'or all closed vessels, suitable for riiblier 
lining, all manholes shall be not loss than 18 in inside diameter. Orifices to be ground 
to a minimum radius of M in. 

Domes and Fittings. \\Ticn eastr-iron or stc*el domes and fittings are sporifiod, the} 
shall be free from porosity and sand holes. 

Tests, 1. Either test or working pressure, or Iwith, of closed tanks wdll be speeifie-i 
on the spceifjeatioii print. If no pressure requirements are spocihed, all closeil cylin¬ 
drical storage tanks shall be thoroughly tested foi leaks at 5 lb hydn^static pressure 

2. Vacuum tanks must be t<>sted to the vacuum shown on the drawing. 

3. If required, the vendor will furnish affidavit of tests. 

Metal Specifications for Pipe and Fittings. Stnndard Pipe — Svrevmi-’mi Flange*''- 
1. Rpe shall be standard weight and grade of steel pipe. Pipe Mow 3' a-in. noniiiiHl 
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tm. 

Weight per «g /I, Ih 


4 375 

Hs 

5 625 


7 50 


10 2 


12 6 

H 

16 0 

H 

20 0 


tanks of the open-top type shall be 
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diameter may be butt-wedded, all ether pipe shall be lap-weldcd and free from deep 
seamB, tidges, or other imperfpctioaa on rubber-covered Hurfaccs. The heavier 
standard weight for sizes 10 in. and above shall be furnished ui)}ess otherwise stated. 

2. Briggs Standard pipe thread shall he used, and lengths ahall be fitted with 
ASME 125-lb Standard Cl flangoH, unless otherwise stated. 

3. Flanges sliall be made up to a perfectly tight truly aligned fit by machine. No 
lubricant or oil sliall be used or left on thread in making the assembly^ but a rubber 
cement approved by the purchaser may be used. Pipe muEft be finished flush with 
face of flange after assembly (see 4 under Alignment, Tolerances, Finishing below). 

Fabricated Steel Pipe—Welded-on Flanges. 1. Fabricated pipe shall be of a 
good weldable quality steel, free from laminations and other harmful ingredients or 
defects including those of 1 under Metal Specifications on page 777. 

2. Flanges on welded sections shall be ASME 150-lb St^dard steel slip-on flanges 
with plain faces unless otherwise specified. 

3. Flanges shall be fiUet-weldod by shielded-arc process in accordiinee with dimen¬ 
sions set forth in American Tentative Btandards foi IVessure Piping, except that 
fillet on end of pipe shall be built up to allow for finishing to a clean metal surface in 
accordance with 4 under Alignment, Tolcranrea, Finishing. 

4. Butt welds of single-butt type may be used on butted sections. All welds on 
surfaces to be nil)her-covered must be ground down to a smooth metal surface, using 
a No. 24 grain grade Q wheel or finer and shall be free from pits or other imperfections. 

5. All nozzles in headers and other fabricated branch connections shall be extruded 
w'here possible. Wndor shall notify the purchaser when extrusion is impossible. 
Notification in. writing of the limitations of this process as to sizes, dimeninon, etc., 
shall be considerr^d as notification that other fabrication methods will be used for all 
units not included within these limitations. 

Alignment, Tolerances, Finishing. 1. A tolerance of >^4 in. in alignment of all 
flanges shall bo allowed. 

2. Boltholes on flanges on each end shall line up with each other within in. (the 
standard clearance h<'tween licit tiiid drilled flange holes). 

3. Toleraneo from face to face or center to face shall be + 0-H in. 

4. The inside edge of pipe shall be turned to a railius of 34 in. by tool or grinding 
wheel 24-graii grade Q or finer. In rase where rubber covering is to go over and 
around pipe 11 d, the end of pipe shall Ik* turned to half circle or approximation of a 
half circle. 

5. Pipe shall be washed free of all oil, grease, or other viscous coating. 

Fittings. 1. Flanged fittings unless otherwise sperified shall be ASME Standard, 

125.1b C^I. 

2. Fittings shall be free of oil, grease, or olher viscous roating and excessive rust. 

3. F"ittings shall be smooth, nonjxirouH, and free from high or ragged projections 
as well as large, deep, or irregular pits. 

4. Alignment of l>oltbolcs shall be as in 2 under Alignment, Toleraiices, Finishing, 
except that, when offset boltholes are specified, tolerance shall be from offset as given 
on print. 

5. Inside edge of fittings shall be finished as set forth in 4 under Alignment, 
Tolerances, Finishing. 

General Standards. The.se specifications rover details pertinent only to rubber 
*'''iiig. Such details as are standard commercial practice have been omitted. The 
vindor shall be governed by latest modification of ASME and API concerning such 
details. Departure from such detaUs shall be made only upon written permission of 
purchaser. 

SCOPE OF THE RUBBER-UNING PROCESS 

The rubber-lining process is sufficiently flexible to permit application to a wids 
\anety of equipment under a wide variety of eireiimstanees. Tf equipment is suitable 
nr rail traiisporlation, the usual procedure is to ship the metal parts to the rubber 
uc^ry. Si2e is the controlling faetor, and as a general statement, the limitation is 
t ft extreme width by 11 ft extreme height, although in certain cases it is possible to 
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exceed these Umitations. In case of doubt, definite clearance limitations should be 
obtained frotn the railroad. 

If equipment is too large for shipment or if it can be more advantageously installed 
prior to rubber lining, materials and operators can be sent to the job site and the 
rubber lining installed in the field. In such cases, the purchaser has to defray the 
traveling and living expenses of the operators and has to provide at his own expense 
certain services and facilities which are given in detail below: 

Common lAbor, Purchaser shall provide such common labor as may be necessary 
for unloading, storage, and handling of materials, etc. 

Storage of Materials. Purchaser shall provide suitable storage space for all 
materials required for the lining operations. This storage space should be provided 
as close as possible to equipment which is to be rubber-lined. Temperature of storage 
space should be maintained at 65'’F minimum in order to ensure proper workability 
of materials. 

Workroom and Gutting Table. Purchaser shall provide suitable workroom 
equipped with proper light, heat, and ventilation and a cutting tabic for handling of 
stock, which should be approximately 4 ft wide by 34 in. high by 20 ft long. (For 
specif stocks it is somelimes necessary to have pipe coils installed under the worktable 
to maintain a temperature on the top of the table of approximately 125®F.) The 
workroom shall be located as close as possible to the equipment to be rubber-lined. 
The workroom temperature shaJl be inaiiitaiuod at 65“F minimum. Room for storage 
of materials and workroom shall be combined if possible in order to facilitate handling 
of materials. 

Protection of Tanks. If equipment to be rubber-lined is located out of doors in 
certain latitudes and seasons, it will be iieeessary to protect the equipment from the 
weather and to provide heat necessary to maintain a minimum temperature of 65°F. 
Jn any event, the equipment imisl be properly protected against rain and in warm 
weather from direct exposure to the sun. A satisfactory installation cannot bo made 
if conditions are such as to induce condensation on surfaces prior to cementing and 
lining. Neither ran lining be properly cured unh'ss equipment is protected against 
excessive heat loss during nire. Reasonable comfort conditions are necessary to 
ensure proper eflicicncy of operators and proper quality of the work. The purchaser 
shall provide such protection and heat as may ])c necessary depending upon local 
conditions. 

Ladders and Staging. Purchaser shall provide ladders and suitable staging which 
are to be rrcctc^d to conform to proper working and safety requirements. Purchaser 
is also to supply sucli common labrir as may be necessary for dismantling and nunoval 
of staging, etc. 

Sandblasting. Purchaser shall provide for sandblasting of all surfaces to be rubber- 
lined to remove all scale, rust, grease, etc., prior to rubber-lining. Sandblasting should 
be done immediately prior to tlie start of rubber-lining work. 

Ventilating Equipment, l^irchaser shall provide a suitable suc^tion blower with 
nonsparking motor and necessary exhaust duet to discharge solvent fumes a safe 
distance from the tank. 

Electrical Connections. Purchaser shall provide necessary electrical outlets 
adjacent to equipment to be lined and necessary electricity for lights, ventilating 
equipment, and testing apparatus. 

Steam for Vulcanization. Purchaser sliall provide necessary steam for vulcaniza¬ 
tion and necessary piping for same. 

Compressed Air. Purchaser shall provide compressed air with necessary piping 
if required. 

Steel-tank Specifications. Ricci tank or other equipment furnished by purchaser 
for lining shall conform to standard specifications of design and finish required for 
proper installation of rubber lining. 

Safety Regulations. Purchaser shall be lesponsible that all safety precautions 
consistent with best safely practice are maintained. The equipment to be rubber- 
lined must be kept clear of any fire hazards such os sparking motors, open flames, etc. 
No welding or burning operations are to be permitted in the area adjacent to the job 
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during the installation of the rubber lining. Proper precaution must be taken to 
prevent any hazardous operation within the area adjacent to the job site. Manholes 
for access to closed tanka must have an inside diameter of 18 im In some tanks it is 
also necessary to provide extra openings for installation of venfilating equipment. 

Brick Linings. Rubber-lined equipment is also adaptable to the installation of 
inner brick linings of acidproof brick and cement to handle conditions involving exces¬ 
sive temperature or exposure to mechanical abuse. Brick linings arc installed in the 
field subsequent to erection or installation of rubber-lined equipment. Thickness and 
Bpi^cification will vary with the service requirements. 

REPAIRS 

C)f considerable importance to the extensive use of rubber linings is the fact that 
repairs may be readily made. Minor repairs arc usually made by regular maintenance 
personnel. Extensive repairs are best handled by experienced operators furnished by 
the rubber manufacturer. Repair materials of reasonable stability are available and 
may be stored for considerable periods if protected from extremes of temperature and 
will keep indefinitely if refrigeration is available. 

The repair procedure is essentially as follows: 

Surface Preparation. If metal is not exposed or damaged, the surface of existing 
rubber lining should be buffed so as to cxjxise a fresh rubber surface over the entire 
area to be patched. If the metal is exposed or damaged or if the existing lining is 
blistered, the damaged rubber in the area to be repaired must be removed. Enough 
rubber should be removed to be certain that the lining remaining is securely bonded 
to the metal. The metal must be thoroughly cleaned and roughened, and the existing 
rubber lining should be beveled and roughened back for a distance of about three 
inches around the exposed metal. Sandpaper, power buffer, wire brush, file, etc., 
should be used as necessary. If a repair is necessary where the metal has been eaten 
through, the rubber must be cut back sufficiently to allow welding of a repair in the 
metal. If the welding is carefully done and the area not heated too much, it is usually 
necp.ssary to cut the rubber back about six inches from the weld. After this has been 
nccomplishcd, it will then be necessary to cut back the rubber all around the repam»d 
aica until a good bond is reached. Adjacent rubber surfaces should be buffed so as to 
(‘xpose a fresh rubber .surface for a distance of 2 in. back from the exposed metal. 

Cementing. Cements shovild be applied to the surfaces to be patched by brushing 
on evenly, allowing sufficient time between coats to allow complete drying. Drying 
lime may be accelerated by exposing surfaces to a jet of compressed air. h'Vom three 
to four coats of cement will be necessary, depending upon manufacturer’s specification 
and instruction. 

Freshening. The cemented surface should be freshened lightly with high-test 
gastiline. The freshenetl surfaces should be allowed to dry until tacky, but not wet 
or slippery. 

Application of Rubber Stock. 1. The edges of the stock should be skived to 
obtain correct construction of the finished job. The type of skiving will, of course, 
depend on w^hether the sheet is adjacent to a comer, has an overlapping adjacent sheet, 
or is a small repair to an existing lining. 

2. The rubber should be rolled and stitched carefully to remove all air and to 
“btain contact wdlh the cement throughout, working from the center of the sheet out- 
''^ard to the edges. 

3. After the lining has been completely installed, or patches rolled in place, it 
should he looked over carefully for separated scams, “pulls,” etc. 

Cure. Exhaust steam should be introduced with perforated pipes, jets, etc., as 
oeeesBary to get contact wdth all surfaces If only a small repair is being cured, the 
hi earn can be confined to the repaired area by means of a tarpaulin, box, or other 
enclosure. At least 24 hr in exhaust steam will bo required to cure the lining, and 
lucre time may be necessary in a large tank or if the heat losses are la^ge. 

The above outlines the general repair procedure. Detail will vary with materials 
and instructions of various manufacturers. 
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COMMON TYPES OF RUBBER-LINED EQUIPMENT 

Storaso TaalcB (Fig. 11-38). Kubber-linod storage tanks of all types arc in general 
iuduatrial use. The most usual types are the horizontal cylindrical closed type and 
the vertical cylindrical type, either open top or with cover. Horizontal cylindrical 
tanks may be provided with dished heads or flat heads and will be suitable for pressure 
or gravity dii^harge, dependmg upon detail of construction. Access is inovided 
through a manhole (18 in. minimum), and flanged openings for various piping con¬ 
nections are provided as necessary. The usual capacities vary from 2,000 to ^,000 
gal, although size is not a limiting factor. 

This type of tank has many advantages. It is applicable to pressure discharge; it 
is totally enclosed, thereby affording complete protection from mechanical damage 
to the rubber lining. It is easy to transport and to install. It is easy to support, 



and all exterior surfaces arc readily accessible for msp<H‘tion and maintenance. Stand¬ 
ard dished heads are readily available, and fabricators arc equipped to roll the required 
longitudinal sections. 

The vertical cyhiidrical type is usually supplied with a flat bottom, and the cover, 
if any, is usually of the flat removable type. This type of construction is not suitable 
for pressure discharge. It is, however, of simple construction, and for smaller sizc^' 
up to 10,000 gal is very common. It is readily handled, transported, and installed, 
although, unless supported on a flat slab, the problem of support may be somcwliat 
complicated In the larger sizes, this type of tank lends itst*lf to field erection, the 
principal problem being to provide a self-supporting cover for the large diameters 
Tanks 20 by 20, 30 by 30, and 40 by 40 ft erected and rubber-lined in the field are not 
uncommon. 

Process Tanks. For numerous types of process tanks rubber lining is recognized 
as standard equipment. While it is not possible to describe each instance in detail, 
some of the principal uses are as follows: 

Plating Tanks (Fig. 11-39). For plating-tank service rubber has several importain/ 
characteristics. In the first place, most plating is done from an acid solution, and 
rubber providos the necessary resistance to eheriijeal corrosion. In the second ^ace, 
rubber being a nonconductor, prevents current leakage. In the third place, rubber 
prevents metallic contamination, such as might readily occur if metallic linmgs were 
used. It is of course important that the rubber contain no materials which can be 
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leached out by the aolutkui and which woukl poieon the bath and brittle, discolor, or 
otherwise affect the quality of the plate. The rubber must also be of proper and 
uniform density and composition to prevent plating through, with resultant deposition 
of the metal on the surface of the rubber. Plating tanks may be of any size or design, 
and the design detail may include rubber-covered anode supports, overffow troughs, 
piping connections, etc. 

Piling Tatika (Fig. 11^). Pickling is usually accomplished by immersion of 
metal in a holhacid bath (235‘*F maximum) and is severe service not only on account of 
high temperature but also on account of the possibility of mochanical abuse. Rubber^ 
lined sled tanks protected with inner linings of aeidproof brick and cement are com*- 
monly used in this service. The steel tank provides a shell of adequate strength and 
rigidity. The rubber lining protects the steel against tlie corrosive action of the hot 



ji'iu. 11-39. Plating tank. 


and, and the brick lining protects the rubber from the excessive temperature and 
nfiechanical abuse. If high temperature and possibility of mechanical abuse are not 
present, inner brick linings are not requirtnl. Various sizes and tyjies of rubber-lined 
pickling tanks are in service, varj^ing from small batch tanks to largo multiple tanka 
placed in scries for continuous jiickling ojicrations. 

Bleach Tanks. Rubber linings have excellent resistance to chlorine and to blench 
^ 'lutions, and rubber-lined tanks are usc'd extensively in batch and continuous bleach 
^'Perations. These tanks will vary in size and design in accordance with requirements. 
Vn outstanding application is the use of vertical cylindrical tanks, approximately 
ft diameter by ^ ft high, in use in connection with the continuous bleaching of 
paper pulp. 

loQ-interchange Tanks. Many ion-interchange tanks are rubber-lined owing to 
the fact that either the solution being treatcnl is corrosive, or acid backwash is necessary 
to revivify the interchange agent. Conspicuous examples are in the treatment of 
solutions, formaldehyde, and water purification. 

Bvapwators and Cryatallizera, In recent years there has been a very considerable 
^^(‘rease in the use of rubber linings for evaporators and eiystallizers, particularly for 
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the recovery of salts from waste solutions. Kubber linings are admirably suited for 
this service, having adhesion adequate to withstand full vacuum and the oorrosive 
effect of the solution and further providing excellent abrasion resistance at the point 
of discharge. 

Crystallizing Tanks. Rubber-lined crystallizing tanks are in common use for the 
separation of crystalline materials from corrosive mother liquors. 

Mixing Tanks. Rubber-lined mixing tanks arc used for the addition of acids to 
various solutions. In such cases, if commercial 66 Baum6 sulfuric acid is used, it 
should be borne in mind that this material has a high specific gravity and tends to 
stratify and settle to the bottom of the tank. Strong sulfuric acid has a destructive 
effect on rubber. Hence in all cases stratification must be prevented by air or mechan¬ 
ical agitation. Also, the addition of strong sulfuric acid results in liberation of con- 



Fiq. 11-40. Batch pickling tank. 


slderable heat, and steps should be taken to keep the maximum temperature withiii 
reasonable limits. 

Scrubbing Towers (Fig. 11-41). Rubber-lined scrubbing towers are frequently 
used for the absorption of soluble gases. Berforated grid plates can be furnished for 
support of coke, tile, etc. As the rubber Immg is constantly wetted with a film of 
solution, the rubber is protected from direct contact with gast'ous constituents which 
might ordinarily be destructive U) rubber, with the result that rubber linings can fr^ 
quently be used for 8<*rvice in scrubbing towers under conditions for which rubbci 
would not normally be considered suitable. 

Pipe and Fittings (J<^g. 11-42). Rubber linings can be installed in piping of ail 
sizes from 1 in up. Standard wrought pipe is ordinarily used, but rubber lining can 
be installed in fabricated or spiral welded pipe. In the majority of cases, flanced 
assemblies are used, although special assemblies such as vietaulic joints can be sup¬ 
plied. Ordinarily, ASME Standard 125-lb east-iron flanges are furnished, although 
any of the various types of steel flanges can be supplied. Welded-ou Bt<»pl flanges sti' 
preferable for vacuum service. Rubber lining can also be installed in special btnt 
sections, fabricated manifolds or headers, and other special fabricated sections. No' 
all such fabricated si^etions can be handled as there are certain limitations to degree 
and extent of bends, length, and location of side outlets, etc., which will bt- discussed 
below under Engineering Considerations. Several types of rubber-lined valves are 
available, including gate valves, diaphragm valves, check valves, etc. 
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Special Equipment (Fig. IMS)" Rubber linings and coverinpi are adaptable to 
many types of proposs equipment, inrluding fans, pumps, continuous filters, filter 
plates and frames, agitators, scTew conveyors, centrifugals, etc,. It is good praotice 
to purchase special equipment complete from the equipment manufacturer. He is in 



Fill. 11-41. ScnibbuLg lowers and proress tankn. 


better position to make reeonimendaiions as to the design, size, etc., required for a 
given performanee. Ue is better able to modify design for incorporation of rubber if 
sueh modification is nec<*asary. If special machining is required, he would have the 
nceessaiy equipment to provide such niachiriing II dynamic balance were necessary, 
he would be able to provide it. The rubber iiiaimfacturer’s 
liability is limited to workmanship and material and does 
not uielude resiionsibility for meidiaiiical performance sub- \ 

sequent to rubber covering. The rubber manufacturer \ 

should, of course, confer with the equipment manufacturer Iv 

ns to the proper type of stock for the given service condi- ^ 

Hons. Rubber-covered equipment of each of the types 7 ^ 

iiimerated above is operating with entire satisfaction / 

under a wide variety of service conditions. jFwiJ Sfnk. 

Transportation Equipment Rubber-lined equipment 
extensively used for the bulk transportation of corrosive 
luiuids. Rubber-lined tank ears are standard for many 
hcmcea. In all cases, the rubber lining must conform to « r 

ICC- Sperifioation loiu for rivolrd r»™ and to ICC 
bjMM'ification lOS-BW for welded cars, and in each case the 

lubber manufacturer is required to give the owner a certificate stating that the rublier 
lining pmperly exinforiris to the ICC specificaiion, RublK^r-Uued truck tanks and 
rubber-lined barge tanks are also in common use, and if these arc engaged in inter- 
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state eommerce, the rubber manufacturer must also certify that the robber linings 
conform to the ICC requirements. 

Auxiliary Equipment (Fig. 11-44). In connection with many of the it ems described 
above, auxiliary equipment such as covers, hoods, ventilating duets, grid plates, 



Fio 11-43 Centrifugal pump 


baffles, stacks, etc , are required. It is common practice to ni])ber-line and rubber- 
cover these various items 

Thickness of Rubber Lining for Most General Requirements. Standard ibickm ss 
of rubber lining is o hi< For severe service conditions or inhere abrasion is present, 



1 X0. 11-44. Exhaust duct. 


,^^-in. thickness is recommended, and m certain cases additional thieknesses have been 
provided. For pipe and fittings up to and including 5-in. diameter, ^-in thickness i^ 
standard For larger sizes, C-m and above, ^ j e-m thickness is recommended. Foi 
particularly severe conditions, J 4 -in. hnings should lie used, 
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EHOINBBRIKG CONSlDBltATlONS 

(hily special considerations as applying to rubber-linod equipment will be con¬ 
sidered , It is undonstood that, in so far as nsetal parts and cons^ciion are concerned, 
all details of standard engmeering practice will apply and will be provided for. 

Tanks. Pressure Tariks, In so far as rubber lining is concern^, installation is 
not ordinarily complicated by pressure consideration. 

Vacuum Tanks, If vacuum vessels are to be rubber-lined, it is essential that the 
steel vessels be airtight. If the vessel is airtight, no difficulty will be experienced with 
rubber lining. If the metal is not airtight, the rubber lining will blister and pull away 
from the metal. All vacuum vessels should be vacuum-tested by the fabricator prior 
to installation of the rubber lining and should be certified. Vacuum test may be 
applied subsequent to rubber lining, but this is not ordmarily considered necessary if 
tlie vessel itself has been pretested. Furthermore, if hard-rubber linings are usc^d, a 
tost of considerable duration is necessary to demonstrate ])Ohitive]y any weakness in 
Llie cxinstruction. 

Brickkiln ed Tanks. If rubber-lined 
banks are to bo brick-lincd, it is essential 
that adequate provision be made in the 
hnek lining to comiieiisate for expansion 
and coiiira(‘tion of the brickwork. It is 
also essential that the steel tank bo so de¬ 
signed as to have adequate strength to 
withstand the stresses S€»t up by expan¬ 
sion of the brick wall. If long tanks are 
involved, it is preferable that sections be 
wddod together, subsequent to erection 
if necessary, rather than to rely on bolted 
flanged joints. Extreme care in design 
of 8t<*el and brickwork is particularly 
('Ssential if tanks are subjected to low 
external temperatui e during operation. 

Temperatu'* Gradient. If temperature 
of liquid in tank is 212"F and room tem- 
fieraturo is 70‘'F, the temperature drop through a 4-in. brick lining will be approxi¬ 
mately f)0°F and through an &-in. bnck lining approximately 85°F. 

Pipe and Fittings. Pipe Sections. For pipe sizes l)i in. and up, rubber lining 
can be installed in 20-ft sections. For l-in.-diamcter pipe, maximum length of sec- 
lion is 10 ft, and for ®i-in. pipe maximum length of section is 6 ft. 

Bent Sedions. Within limits, rubber linmgs can l>e installed in bent sections. 
From a manufacturing standpoint, the essential feature is that it must be possible to 
M'e and to reach all surfaces to be rubber-covered in order to assure uniform bond, 
sbsenee of blisters, etc, W^hile it is not no *o establish any hard and fast rules, 
d is iK>ssible to indicate the approximate J ^ T.ures 11-45 to 11-47 indicate the 

safe minimums. If doubt exists as to the jK)BSi>A' ’ of rubber-lining bent sections, 
liie problem should be referred to the rubber manuiw 

Pcd>ricated Headers. Space considerations, reduciitin in the number of Hanged 

fits, ease of installation, or other factors often make the use of fabricated headers, 
Oiniiifolds, or othcT special fittings with side outlets desirable. It is possible to rubber- 
iiue many such constructions. Hero again, it is not possible to establish any hard and 
f.ist rules. The comments given above with regard to visibility and accessibility of 
areas to be rubber-covered apply. Also, it is possible to give some indication as to 
inaxinium limits, an Inch are detailed in Figs. 11-48, 11-49, and 11-50. Again, con- 
Ntructious involving doubt as to the possibility for rubber lining should be referred to 
^he rubber manufacturer. 

flange Comtr action. Details of handling rubber lining over flange faces will vary 
^mewhat with different manufacturers. With soft-rubber linmgs, rubber may be 
'^ught out over full face of fiange or may be brought out to the inside of boltholes 
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Fio. 11-46. Minimum bund, siaes ^ in. and Titj. 11-47. Minimum bend, bar leiiKth, 
over. bizM 3 in. and over. 


only. With the laiter (“oiistruotion, nonrnmprpHRible ring gaskots are used. This 
construction has the advantage that niaxiniiini compression virhich can be applied to 

the rubber lining is detinitely limited. 
Figure 11-51 illustrates this construc¬ 
tion. With hard-rubber lining, the rub¬ 
ber is brought out over the full face of 
the flange, and assembly is made with 
pure-gum soft-rubber gasket. It is im¬ 
portant that soft gaskets be used m 
order to prevent damage to the lubber 
lining. It is also important that the 
gaskets be cut to propw^r size. Figure 
11-52 details hard-rubber-liiu'd flange 
assembly and proper gasket spc'cifiea- 
tioiis and dirneiisions. 

(raskeU. Necessary assembly gas¬ 
kets for either soft- or hard-rubber 
hnings are normally supplii'd by the 
manufacturer and are ineluded in the 
purchase price. It is imfiortant that 
these gaskets be used for installation. 

Pressure Limitations. Hard-riibbei- 
lined flanged assemblies can be recom¬ 
mended for 200 lb maximum pressure*. 
Soft-rubber-lined flanged assemblies are 
suitable for pressures up to 600 lb maxi¬ 
mum. Sperial joints such as vietaulir 
are also suitable for proHsuros up to 606 
lb maximum and }) 0 Bsib]y for high* i 
pressures under certain cireumstanees 
It is reeommended that manufaetuiers 
be consulted for recommendation if 
of rubber-lined piping under high pressures is contemplatt'd. 

Vacuum. Rubber-lined piping for vacuum service is satisfactory provided metal 
parts arc airtight. It is recommended that wclded-on steel flanges be used if service 
under vacuum is required. 


eo'o" tdet to fact motot - 

I 

.»l;l’tojf met 


4 moM 
_1 _ 


Nominal diamotmr • £“mm 

Fuj. 11-48. Header, sizes 2 to 8^2 b' i 
inclusive. 



Fio. 11-49. Header, sizes 4 to 12 in., 
inrlusivc. 
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Prtsiure Drop. No comparative tost figureB are available for pressure dropped 
through rubber-lined piping as compared to piping of other materials. Experlenco 
shows, however, that, if calculations arc based on coefficient for new steel pipe, cal¬ 
culations will be sufficiently aci^uratc for installation requirements. 

Spetificaiion of Setiim Lengths. As nil)l)Cr lining is brought out over flange faces, 
allowance for it must be made in prodetennining the lengths of Uio individual pipe 
sections. Allowance must, of course, be made for each joint whether of pipe sections 
or of fittings. In ordering rubber-lined piping, it is usuaUy better to specify the 
desired over-all length of each section, leaving it to the rubber manufacturer to make 
proper allowance for lining and gasket. l*urchaser can, of course, predetermine exact 



1 1 (’.. 11-50. flt'adei, Mzes 14 In 24 in,, iuplu'«.ivc. 


5pff rubber WT 
figngms flnitbad to 
^ttneknoss 


Finishmd ffangt 



Jbiu. 1t-51. I'lange roiiHtructioii, M>ft-iubl»er liiiiug. 


iiiptal length should he so desire, but m such cases, proper joint allowance should be 
obtained from the selected rubber inanufacturtT as sperifleations of different manu- 
f * ■turers vary slightly, and it is im}X)rtant that proper allowance be used. 

AUoimnee for Expansion an4 ConirarUon, II is important, particularly w^ith large- 
'Immeter piping or hero long runs arc involved, that provision he made in installation 
bi compensate for expansion and coiiirnidion. Stress is, of course, transmitted to the 
MibW over the flange faces, and it is imiN>rtant that this stress be held below the 
uiaximum allowalilc for the material. ltc<iuirements will vary depending upon 
whether soft- or hard-nibbcr linings arc used, 

Stress in Soft-rubber Linings. If it is desired to use spring in the line to compensate 
for temperature changen^, the line may lie computeil as a square comer unit, (The 
Mitchel method is sufficiently accurate for the temperature changes encountered.) 
I^e consideration must lx* given to the weight of the pipe and resistance to bending 
afforded by the supports. In the case of soft-rubber linings, steel stn»8se8 should not 
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exceed those specified in Code for Pressure Piping, American Tentative Standard. 
If construction described above employing nonoompressible gaskets is used, it should 
be remembered that centroid of eccentiio thrust under bending movement is moved 
outward on to noncomprcssiblo gasket. 

Stress in Hard^rubher Innings, With hard-nibber linings, the limiting value of 
pressure to ensure absence of shear on inner face of flange due to plastic flow and tight* 
ness after permanent sot of soft-rubber gasket should be 300 psi on periphery of flange. 
This corresponds to stress in steel, flgurod as continuous tube, of 5,000 psi. This 
stress limitation will ensure that the original bolting pn^ssure will not be exceeded and 
will eliminate loosening of joint and xK>ssibility of eraeking of nibber at inner fare. 

Relief of Strain. Strain due to expansion and contraction must l>e relieved. In 
the smaller sizes for two- or three-dimonsional layouts, no great strain may be present 


Wefd confous 
on forgod 
flange-rubber 
bandage an 
CL vacuum 



because of springing in the line, ))ut straight runs between fixed dimensions must allow 
for thermal changes. This may be done by moans of expansion joints, several types 
of which aro available, ^here relief is ri'quirod in two- or three-dimensional lines, 
this may be obtained by the use of a section of flanged wire-reinforced hose. The 
bend in the hose should be unlplanar. The hose manufacturer should be consulted 
as to proper length and specification. Each length is a separate layout problem, 
depending upon amount of movement in the line, angle of intercept, and other service 
conditions. 

Installation. It is important that reasonable care be exercised in the handling 
and installation of rubber-lined piping. Piping should be protected from oils and 
rubber solvents and from extreme rapid changes in temperature. Rubber-liner* 
piping should first be brought to proper elevation and alignment so that flange n 
parallel to companion flange. Gaskets as recommended and supplied by the rublier 
manufacturer should be used. Bolts should be inserted and brought up evenly oV 
around, using standard-length spud wreneh-'S for the size of bolt Installed without 
extension arm or hammer. After assembly, tests should be made with noncorrosivo 
liquid at working pressure and the line inspected for tightness. If any particular 
joint requires excessiye tightening, it should be opened and examined for the cause of 
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the difhculty. Lines should be n^atched closdy for leaks during the first week of 
scrvioe and bolts tightened where necessary. Inspections should be made at regular 
intervals thereafter. 

SupporU and Anchors, Supports should be designed to elimiiuite torque and 
excessive bending and to allow for deformation under temperature change. Tension 
due to bending is eliminated by proper anchorage and bends. Compression due to 
thrust should be minimized by expansion joints. Torque can be eliminated by 
proper blocking along line of thrust. Each piece of pipe shoidd have an adjustable 
support, and any piece over 12 ft long should have two supports. Hangers should be 
long enough to allow for movement without imdue restraint when spring in line is 
relied upon for temperature correction. Roller supports or roller hangers are pref¬ 
erable; where vibration is present and hard rubber is to be used, especially at low 
temperatures, spring hangers should be used vrith lock washers under the flange bolts. 
Spring hangers should also be used on large-size line where there is danger of buckling 
due to uneven temperature at top and bottom of line. This may occur especially in 
lines subjected to intermittent service at partial capacity with high temperature 
differential between the liquid and the outer atmosphere. 

Special Equipment. If machining of special parts is required subsequent to rubber 
covering, this is usually best aceomplishcd by the equipment manufacturer. Hard- 
rubber and semihard-rubber stocks are available which have proper machining 
qualities. 

High-speed equipment, such as fans, centrifugals, etc., should be checked for 
dynamir balance subsequent to rubber covering. This is best accomplished by the 
equipment mimufacturer on the same equipment used by them for initial dynamic 
balance. Small balancing pads are commonly vulcanized integral with the main 
rubber covering, and dynamic balance can be adjusted by cutting away a portion of 
this ruliber pad. The equipment manufacturer should also be responsible that the 
design is sueh as properly to accommodate the rubber and that the construction is 
adequate to handle the extra weight introduced by the addition of the rubber covering. 

CARE OF RUBBER-LINED EQUIPMENT 

Users of rubl>er-lined equipment should observe the following simple rules for care 
and maintenance: 

1. All rubber-lined equipment should be inspected at regular intervals. 

2. Rubber linings should be jirotcried from oils, greases, and rubber solvents. 

3. Rubber linings should also be protected against merhanical abuse. Hard- 
rubber linings, jiarticularly at low teinp«'ratures, should be protected against hammer 
or other external shock. If necessary to enter a tank by means of a ladder, the feet 
of the ladder should be proterted with burlap or similar material. Inspectors should 
preferably wear rubber shoes. Measuring sticks should have blunt ends to prevent 
damage to rubber. Care should be taken not to drop sample b<»ttlpa into rubber- 
lined tanks. 

4 Inspection lamps should have proper guards. Under no circumstances should 
a bare light bulb be allowed to remain in contact with the rubber. 

5. Hard-rubber linings should be protected against thermal shock. Steps should 
bo taken to ensure gradual heating or cooling. 

6. If it is necessary to keep rubber-lined tanks or piping out of service for con- 
>’dprable periods, it is better to fill them with dilute hydrochloric acid solution, care 
being taken to protect solution against fri»ezing. 

7. Rubber-lined equipment should not be transferred from one service to another 
nithnut checking with rubber manufacturer os to the suitability of material to pro- 
imsed change. 

8. Certain solutions such as ferric chloride t<*nd to coagulate in cold weather. 
Wienever necessary to warm solution to permit its removal, such inarming should be 
gradual and should be continued only to mininnuu point required for liquefaction. 

9. Exposed metal surfaces should be carefully protected against corrosion. 

10. Necessary repairs should be made immediately to prevent extension of damage 
tn rubber or metal. 
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ELECTRIC WELDING IN PLANT DESIGN, OPERATION, 
AND MAINTENANCE 

BY ChaELES G. HEEBRUrK 

Assistant Secretary^ The Jairm F. Ldncoln Arc Welding Fourulationj Clewlandy Ohio 

Electric welding is a process of fusing metal tlirougl;i the application of heat that is 
produced by electricity. Since its first practical applications during the First World 
War, developments and refinements in techniques and equipment for welding have 
produced a process that is basically simple, yet highly versatile. In every industry 
that uses metal, welding has become an imiiortant tool of plant management. Weld¬ 
ing is one of the basic tools in such work as building new structures or repairing or 
enlarging existing structures, installing or maintaming piping systems of all kinds, the 
fabrication of sheet metal into contaim^rs, tanks, ventilating ducts, and other conven¬ 
iences, repairing broken machinery parts, restoring worn parts by building up the 
wearing surfaces, making replacement parts for broken castings, and the building of 
spceial machinery and equipment. 

There are two general elassifirations of electric welding procobses: electric arc 
welding and resistance welding, fjlcctric arc welding is the process most useful in 
plant operation and maintenance. Resistance welding is chiefly employed in pniduc- 
tion operations. Its use is hmitcd by the nature of the process and the equipment 
required. The data in this section, therefore, will deal largely with the techniques and 
applications of arc welding. 

RESISTANCE WELDING 

Resistance welding is the process of joining two or more metallic parts to form an 
assembly, the heat for the formation of the weld being created by the electrical 
resistance of the pieces being welded when electric current is supplied by the welding 
machine. Simply stated, it is a heat and squeeze process The part s to be welded are 
heated to point of fusion by the passage of electric cuirent through them. When the 
welding heat has been readied, pressure is apjilied mrchanically and the clectnc 
current is broken. This mechanical pressure and heat, generated by the electric 
current passing through the resistance of the materials being welded, melts and fuses 
the faying surfaces of the two parts. As the metal cools, the weld is formed. 

The heat being generated in the weld is exjircssed by the formula 

W - Ml 

where W is heat in watt-seconds, 7 is amperes flowing tlirough the w^eld, R is the 
resistance in ohms, and t is the time in seconds. Thus, resistance factors affecting the 
amount of heat being produced by a given welding euiTcnt for a unit of time are 

1. The electrical resistance of the materials being weld(*d 

2. The pontact resistance between weldments as determined by surface condition, 
scale, welding pressure, etc. 

A great many types of metals have been satisfactorily welded with this process 
Weldability is determined by the electrical resistance of the metal. Low-carbon ste < 
is easily welded, while copj'ier and aluminum presfmt somr* difhoulties. 

The most important typers of applications in the field of resistance welding are spe 
welding, butt welding, flash welding, and beam welding. The spot wold is mad» 
by overlapping the parts and gripping the overlapped sections between two electrodi* 
points through which the current is passed and jireBSiire applied to make the weld in i* 
single spot. The butt weld places the parts to be welded end to end, to be electrically 
heated and squeezed together, The flash weld is an adaptation of the butt weld. 
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The seam weld is similar to the spot weld except that a circular rolling electrode in used 
to produce the effect of a continuous seam. A special spot welding operation known 
as ^'shot welding/' employing carefully controlled short time intervals and high 
currents, is often used for special alloys such as the “stainless" group. 

Because of the requirements of special equipment and the critical control that must 
be maintained, resistance welding is best suited to mass-production operations in 
sheet metal less than K in- in thickness. Its limited use in plant op^ation does not 
generally warrant the purchase of equipment for that purpose only. 

ELECTRIC ARC WELDING 

Arc welding is the process of fusing metal through the heat generated by an electric 
arc. The process has been developed and refined extensively, and today there are a 
number of methods of employing the arc in welding. The metallic arc process is the 
one which has the widest general use in plant operation and will, therefore, receive 
major treatment here. Before discussing the metallic arc, some of tlie other methods 
should be given brief consideration: 

Atomic-hydrogen Arc Welding. In the atomic-hydrogen welding process an arc is 
established and maintained between two tungsten electrodes, while a stream of 
hydrogen gas is passed through the arc. As this hydrogen reverts to molecular form 
in the arc, an intense heat is given off w^hich is used to fuse the metal being welded. 
The process is much the same as welding with a gas torch, and while it is more costly 
than other processes, it has some advantages in wielding thin sheets where a high finish 
is required. A filler rod is used when extra weld metal is needed. 

Inert-gas Arc Welding (Helium, Argon). This process is similar to atomic- 
hydrogen welding. It differs in that a single tungsten electrode is used to form the arc 
directly between the cUictrode and the base metal, and the inert gas is used only for 
protection, not heat. A filler rod is used, and the inert gas supplied through an 
annular opening in the insulated tube surrounding the electrode protects the metal 
during the welding. 

Carbon Arc Welding. In this process the arc is formed between the work and 
carbon electrode. It is a puddling operation and cannot be used in vertical or overhead 
welding. The heat of the arc between the carbon and the work melts a small pool 
which is kept molten by playing the are aeross it. A filler rod is used to add e.xtra 
metal. The C'irbou arc is used successfully in welding aluminum and copper, and 
ran be used ecimomically as a cutting tool where a smooth cut is unnecessary. 

Metallic Arc Welding. In the metallic arc process the current, either alternating 
or dirc'ot, which is generated in the welding set, is used to create an arc between a 
metallic w’ire and the work to be welded. The intense heal of the arc itself, which is 
said to be the hottest known commercial source of heat, brings the work to the melting 
point almost instantly. The end of the wire is also melted, and the tiny globules of 
metal formed on the tip of the wire are forced across the ar(;. These globules and the 
molten base metal combine and, when cool, solidify into a homogeneous mass. The 
globules of metal are actually forced across the arc stream and not merely dropped by 
gravity. It is this arc force which makes overhead welding possible with the metallic 
arc process. 

Practically all welding with the metalUc arc is done witli what is called the shielded 
In shielded arc welding the metal wire, or electrode as it is called, is covered with 
^ hemical coating. In the heat of the arc, this coating bums and melts and forms a 
< lnud of protective gas, eorapletcly enveloping the arc and molten pool in the base 
metd. The coating also creates a slag which protects the weld during cooling. The 
coating and the cloud and the slag which are formed by it have several functions which 
improve the quality of the welds made. The coating controls the chemical analysis of 
Ihp weld by preventing the vaporization or oxidation of essential elements, such as 
manganese; in some cases additional elements not present in the core wire can be added 
hy means of the coating. The primary purpose of the coating, how’cver, is to form the 
protective atmosphere, and the slag, wdiich aets as a fluxing agent, controls cooling 
rates and the shape of the bead and protects the w'eld from hannfnl oxides and nitrides 
present in the ambient atmosphere. The coating also provides better arc char- 
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acterifitics such as ease in striking and maintaining the arc, increased speeds, and 
bettef penetration (see Fig. 12'-1). 

Welds made wilh a shielded arc on mild steel have a tensile strength of 60,000 to 
75,000 psi, which is 20 to 50 per cent higher tensile strength than possessed by welds 
made with an uncoated electrode. The diietility of welds made with a shielded arc 
averages 100 to 200 per cent greater than those made with a bare electrode. The 
resistance to corrosion of shielded arc welds is greater than mild steel itself. 

Equipment. I’ho chief quality desired in welding equipment for general plant use 
is flexibility. A welding set that generates d-c welding current will be found to have 
the widest range of applications. These motor-generator sets are available powered 
either by ah ernating or direct current or internal-combustion engines. ITie set should 

be easily portable. A unit with a NEMA 
rating of 200 amp will provide adequate 
capacity for all general plant work. Sus¬ 
tained welding in heavy plate, such as 
might be met in structural work or pro¬ 
duction work, would demand a 300-amp 
unit. There is a very limited amount 
of this type of welding in maintenance 
operations. 

Material to be welded generally must 
be formed and cut to the proper shape. 
A certain amount of other basic ma¬ 
chinery therefore is necessary for weld¬ 
ing operations. C’uttmg torches, saws, 
shears, brakes, and a drill press may 
be needed, as well as the other small tools generally found in the millwTight section of 
every plant. 

Protective clothing should be provid(‘d to prot(‘ct the operator from heat and flying 
sparks. lx>ather gloves, apron, sleeves, and shoe covers are suggested where a con¬ 
siderable aniouiit of welding is to be done. Elertiode holders, face shields, cable, and a 
variety of electrodes must be all available wherever the process is used. The arc 
should not be looked at with the naked eye at any distance closer than 40 ft The 
infrared and ultraviolet ravs from the are can cause temporary discomfort. The c>c 
burn from the arc rays 'will not cause permanent injury. In case of biirn, the eyes 
should be washed every few hours With sweet oil. Some shield should be provided, 
cither a portable screen or a permanent enclosure, in rooms where the welding opera¬ 
tions are performed. 

Welding operators for general plant work shouhl be good gener;d all-around 
welders. The}'’ should be tniined in fundamentals of welding as well as a wide variety 
of tcchmques. It is well for operators to be familiar with blueiirint reading, basic 
welding metallurgy, use of welding symbols, and other allied siibj’eets. A mechanic 
who is used to working with tools generally requires only a few hours of training to be 
able to hold an arc and deposit a satisfactory weld for simple applications. Exiicriencc 
and imagination gradually build an operator to the point where he can perform 
difficult applications and develop the full possibilities of using welding. 

Welding is a basically simpli* process and easy to understand. Its constantly 
expanded use over the past 25 years has accumulated a fund of information that 
appears to be complex and confusing to the person first approaching the subject. The 
process, however, n^quires only a minimum of equipment and training to be fiist 
applied, and the fuller understanding of its uses comes as its use is extended. 

TECHNIQUES OF WELDING 

In the case of woldi'd joints in mild steel, which comprise roughly 95 per cent of all 
welding, the weld is actually stronger and has a much higher elastic limit than the 
plates joined. Therefore, a weld correctly made will never fail in actual service, as the 
failure will first oeeur in the structure itself, lliis can only be said, however, of welds 
that have been correctly designed and properly made. 
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The various technical and engineering societies have established codes that 
prescribe proper welding techniques for making good welds in the varioue classes of 
work such as structural, pressure vessels, piping, ships, etc. The following material 
will undertake a consideration of the geiieml factors that are the basis for the various 
codes. The codes should be followed where the requirements of the work warrant it- 
An understanding of Uk^hc basic factors 

is essential to interpreting the codes. ,rMxfxntot 

Good welds are the result of the ^ 

proper selection of -i- 

1. Type of joint mmam 

2. Type and size of electrode r 9 w 

3. Welding procedure 

4. Base metal of good weldability 
Types of Welded Joints. The selec- 

tion of the type of welded joint to be ouft J 4japm^\ pfuffw 9 ta / '^DaMtvn 

used in a particular application is gov- ^-0¥9rtmaa'~' 

cined by three factors: P,q. 12.2. Composite riew of types of 

1. The load and its characteristicsj welded joints and their location, 
j r., whether the load is in tension or com- 

prcRsion, and whether bending, fatigue, or impact stressos in any combination are 
present 

2. The manner in which the load is applied, i.c., whether load a])plicatiou is steady, 
\ariable, or sudden 

3. I'lic cost of the joint preparation and 'welding 

The selection of the proper joint for economical welding is important in designing 
structures, machinery, or equipment Maintenance welding on the other hand fre- 


Baft/ / '-OauUttmt 

W9ld* -0¥9rfmad’~ 

Fiq. 12-2. Composite riew of types of 
welded joints and their location. 
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J Kj. 12-3. Types of welded joints and variations. {A) Square butt joint,* {B) 

'mtt joint,* (O douliIe-V butt joint,* (D) smule-U butt joint, {E) doublo-U butt joint, 
i*’) square T joint,* (G) aingle-bcvel T joint,* (ff) double-bevel T joint,* (/) single-J T 
K*int, (7) double-J T joint, {K) single-fillet lap joint,* (L) double-fillet lap joint,* (M) 
liuhh roinei joint, (A’^) ha1f-op<.m corner joint, (0) full-open corner joini, (P) edge j'oint.* 


quenlly allows no choice of joints. Understanding the principles of good joint selec¬ 
tion is inqiortant, however, to safe and economical welding praetices in all applications. 

The clusbification of joints and their common names are shown by Fig, 12-2. A 
brief discussion of the joints most commonly used in mainttmance welding and their 
application to given service conditions follows: 

The square hutt joint (Fig. 12-3.1) is suitable for all usual loads and requires full and 
complete fusion, particularly when load is of fatigue or intermittent nature. The base 

* Joints most commonly iwcl in maintonaucp uplding. 
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mctftl for this type of joint must be good weldable steel since a largo portion of tbe base 
metal is melted during the welding. The thickness of plate on which the square butt 
joint is used is generally ^ in. or lighter although this type of joint has been used on 
other plate sises. Preparation for welding this joint is simple, requiring only a match¬ 
ing of the edges of the plate, separated by a distance dependent upon the plate thick¬ 
ness. Because of the simple preparation, the square butt joint is low in cost. 

The Bingle-V butt joint (Fig. 12-3B) is suitable for all usual load conditions. It is 
generally used with plate thickiK^sR considerably greater than the square butt joint— 

in. or heavier—although its use on thinner plate is not unusual. Preparation is 
more costly than the square butt joint, and more electrode is used in welding. 

The dmhle^V butt joint (Fig. \2-3C) is suitable for all usual load conditions. It is 
used for plates of greater thickness than the single V and for work which can be 
welded from both sides. Ckist of preparation for welding is higher than for single-V 
butt joint, but double V requires approximately half as much electrode. ('k)Bt of 
machizung should be weighed against the cost of welding and the joint selection made 
accordingly. Warpage can be reduced by alternating the beads, welding on one side 
and then the other to keep joint symmetrical during welding. 

The square T joint (Fig. 12-3F) corres|)onds to the square butt joint in that no 
machining of plates is required. The square T is used for all ordinary plate thick¬ 
nesses, principally for loads that place the wolds in longitudinal shear. For severe 
impact or heavy transverse loads, the nonuniforni stress distribution of the joint 
should be kept in mind and the stress intensity of the application duly considered. 
ITie square T requires considerable weld metal, and therefore the welding cost may be 
higher than other types of T joints. 

The single-bevel T joint (Fig. 12-3<j) is suitable for much more severe loads than the 
square T, owing to its better distribution of stress. It is employed in most instanees 
for welding plates 14 in. or thinner in work that can hv welded from one side oulv. 
While more costly to machine than the plain T, the single-bevel T joint is lowtT in 
electrode costs. 

The double^bevel T joint (Fig. \2-ZH) is suitable for heavy loads in longitudinal or 
transverse shear in joining heavy plate where welding can hv done from both sides. 
Double bevel is somewhat higher than single-bevel T joint in maehming rost but has 
lower electrode cost than some other types such as plain T. 

The single-fillet lap joint (Fig. 12-3/C) is frequently used and has the advantage of 
requiring practically no machining to fit the edges of the plate. When fatigue or 
impact loads are encountered, stress distribution should be carefully studied. Where 
loading IS not too severe, the single-fillet lap joint is suitable for welding plate of all 
thicknesses. 

The douhle-fiUei lap joint (Fig. 12-3L) is suitable for load conditions much moie 
severe than can be met by the single-fillet lap joint. In general, the two fillets should 
be full size, although one fillet may be smaller than the other in some instances. 
Because of its lower cost, the double-fillet lap joint is widely used. For extremely 
severe loads, the butt joint should be used. 

The edge joint (P^g. 12-3P) is used in joining plates K iu. or thinner for light load . 
Careful consideration must be given to the load conditions, especially impact and 
fatigue, as this type of joint is not suitable for severe loads. 

Selection of Electrodes. There are two aspects of the question to consider in 
deciding which electrode to use: the general type of wire and the proper size diainetci 
of wire. The selection of the correct size of wire will be considered imder Are Speed 
The following material indicates information that must be known for selecting the 
proper type. 

To tabulate a guide for correct selection of electrode for all the iiinumerabl' 
combinations of various conditions is impraciif^l. Each job must be analyzed and 
the following factors weighed in relation to each other for their relative important 

1. The position in w-hieh the work must be welded 

2. The type and thickness of the base metal being used 

3. The preparation of the work, which affects fil-iip 

4. The type of available welding current 
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UCX^ATION OF WELDS 


Other (or far) 
side of joint 


K~-inc/u^9a angle - 1 

^90 - 40**^ 

1 vl7/ ^f*'*^* .0. , 


Both sides 
of joint 


^ / 5ti9 —V ^ . d » V a lOv 

V ^ V ' 


thotopanfng > 


openings ''See note 5' 



J'lO. 12-4. LeRend for use ou drawings of symbulH to indicate type of weld as specified by 
American Welding Society. 



Lop Joint 


Bull joint 


1^'iG. 12-4A. Location of line of joint in the various fundaniental types of joints. 


5. The class of work, t,e., whether deep penetration or surface quality is the chief 
f'sBcntial 

The American Welding Society has esiablishod specificationB for the manufacture 
electrodes which have betttmc the standard in the industry. Manufacturers 
publish complete information on the composition of their electrodes and the correct 
procedure for their use in compliance with AWS specifications. All this infonnatim 
>^hould be readily available for reference, and every plant should be familiar with it. 
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The American Welding Society published in 1948 new specifications for steel and 
copper dectrodes. These are available in }K>oklet form for mild-steel arc-welding 
electrodes^ low-alloy-stcel electrodes, copper and copper-alloy electrodes, corrosion- 
resisting chromium and chromium-nickel steel welding electrodes. This information 
is available for reference. 

Additional information can also be secured from the various electrode manu¬ 
facturers on cast-iron, hard-surfacing, and iionferrous elccirodcs. 

Welding Procedures. The varying combinations of welding conditions will 
influence the determination of the correct welding procedure just as they influence 
the selection of electrodes. The following mati^rial considers the general factors 
that enter into the development of procedures for all applications. They are 

1. Type of welding current 

2. Polarity 

3. Arc characteristics 

4. Arc speed 

5. Location of welds in relation to strength requirements 

6. Distortion 

Direct Current and Alternating Current. Welding can be accomplished efficiently 
with either alt ernating or direct welding current. ( Vrtaiii fact ors may necessitate using 

one to the exclusion of the other, or in some cases certain advantages may be gaineil. 

The type of work being welded should be carefully studied to determine whether 
alternating current or direct current i.s better suited to the job. Many stainless steels, 
low-alloy high-tensile steels, and iionferrous metals cannot he readily weldcMl with alter¬ 
nating current. For certain types of welding an elcc'trode for use with alternating cur¬ 
rent will cost 1 to 1 ^ 2 CM'nla per lb more than a comparable electrode for use with direct 
current. In sheet-inelal \\ ork or when smaller diameter eliM’trodes are used, the speed 
of welding is generally higher with direet current. When larger electrodes, over 
^l6 in., are used with higher i-urrenta, alternating current will sometimes inereasc the 
speed of welding. Power cost and maintenance costs are gen(*rally lower with an a-c 
machine, but these two factors constitute a small item in anything except production 
welding. 

Polarity. Polarity is of importance only to welding w'ith direct current. The polar¬ 
ity of the welding current is the noirunal direction of the flow of current in the circuit 
and establishes whethiT the electrode is a po'^itive or negative terminal. The jKilarity 
to Iw used with any particular electrode is established by the manufacturer to control 
heat balance, t.c., to control whether more heat is produced on the electrode or the 
work side of the circuit. Manufacturers’ recommendations should be followed in 
all cases. The use of the wj-ong polarity wdll result in a substandard performance of 
the electrode. 

With alternating current, since polarity changes very rapidly, the electrode must 
be suitable for use w ith either polarity. This does not mean, howi'ver, that a negative 
or positive electrode will not bo satisfactory wdth alternating current. A high-quality 
electrode may prove satisfactfiry on both alternating and direct current. 

The Arc. Proper control of current and voltage and arc length will ri'sult in th<* 
proper “heat'^ for depositing the weld. 

The manufacturers of electrodc.s specify the amperage range of all electrodes for 
any given size. These recoinm<'ndatioiis should be follow^cd. In general terms, the 
amount of current used def ermines the heat of the arc and the depth to which the base 
metal wdll be melted. The thicker the plate being welded, the more heat will be 
required to secure suificient depth for the weld, and hence the larger electrodes are 
necessary. 

The arc voltage, which can he controlled in the machine settings, controls the 
**force” of the arc and should be vari<‘d according to the needs of the job. On thin 
metal, a high voltage is desired, but a low current so that the arc will not burn through 
the metal. On an overhead job, the essenUal requirements are high current for 
penetration yet sufficient arc force to help push the metal up. In welding a easting, 
the need is for a high rurrent, but the voltage may be low. The best welding machines 
will, therefore, provide for iudependejit control of voltage and current. 
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The length of the arc also infltieneeB the quality of the weld. An arc that is too 
long will los<' Bomr of its force. The tiny globules of elect rode metal tend to form mto 
balls on the end of the electrode and then spatter. The are stream ib not (concentrated. 
The correct length mil vai\ according to the w^e and type of electrode, the material 
being sv elded, and the ainouiLt of heat In general, to control the amount of effective 
arc force, the electrode should be kept as tlobc to the \\ork as possible, even dragging 




, Se/tdified 
^ plat9 and 
^ aiacfrodt mata! 
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^Gaod fus on ' 
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7/////////7??Z' 
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J 1(1 12-5 The efr(»rt r»i slow ti i\el hpecd (tojf) and fabt travel speed {bottom) on penetra- 
I on in a bO-deg V-groove weld 


tf c electrode along ahead of the molten pool, just keeping th(‘ eoatmg lightly touching 
trie plate. 

Arc iSppcri. The arc should be moved along the jomt to be made with the gieatest 
speed at which the surface appearance of the weld still remains satisfactory Keepmg 
I he tip of ele( trode moving ahead of the molten pool at high speeds gives the force of 
the are full opportunity to dig into the root of the joint If the travel speed is too 
slow, the force is dibsipatod m the molten pool as it runs under the arc (see Fig 12-5). 

Proper spei^d thus resulth in deepei penetration mto the root of the joint ^hicb in 
turn pi'rmits strong welds to be made with the deposition of less metal A weld can be 
made either by piling up metal on the outside of tho joint or penetrating deeply into 
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the parent metal. Both welds will be equally strong, but the one made by penetrating 
deeply will be of much lower cost. 

This essential arc speed can be obtained by giving proper attention to several 
factors. 

1. ITic use of the proper type of electrode is necessary. Table 12-1 gives re<*oiii- 
mended applications for the main t^q^es of electrode for welding plain-carhou steel as 
classified by the AWS: 


Table 12-1. Types of Electrodes 


AWS 

oUMsifi- 

oatioD 

Foi deep 
l»eneii atinn 

1 

1 

For ixwr 
fit-up 

For finish 
]iasfi on 
ilpop-Ri oore 
«eldina 

For ease of 
operation 

111 all 
poBitionn 

For ateols n ith tendency for 

Weld 

tiacka 

Internal 

IHjroBity 

Suifa.rB 

holes 

E6010 

X 





V 


£6011 

X 





X 


£6012 


X 



X 


X 

£6013 


X 



X 


X 

£6013 


T 


T 




£6030 

X 





X 


£6020 

X 


\ 



X 



The largest electrode possible consistent with noriiuil ease of o|MTation should be 
used. This permits the use of higher cui rents. 

2. Proper attention should be given to securing good fit-up in the parts being 
welded. Poor fit-up reqiures extra care and time to secure a satisfactory weld. The 
slower spieeds also mean thiit more heat is being concentrated on the work w’hich tcnrls 
to increase problems of rhntoitioii. 

3. The operator should alivays try to weld in the dow ii-hand position with the joint 
level wherever possible. Spt'ods can be increased by as iniieh as 400 per cent by 
changing from vertical to down-hand welding. Furthermore, considerably less skill 
IS required to put doitm a good weld tliuii is required to put uy a good w'eld. 

4. Excessive corrosion, paint, or other foreign matter should be removed from thr* 
edges to be joined. 

5. Excessive build-up of weld metal should be avoided as wasteful. Only the 
specified amount of metal nei'ded for strength should be deposited. 

While all the above recommendations are for welding on mild steel, they should 
become the basis for the further develojimciit of all welding jwocedun'S. They arc the 
fundamentals of good welding. 

Illustrated in Fig. 12-6 arc welds as they appear wdien made tjndcr various con¬ 
trolled conditions. 

Location of The location of the welds in relation to the parts joined, in 

many cases, has an elTwt on t he si reiigth of the welded joint. As an example, repeated 
tests reveal that, when other factors are equal, welds having their linear dimension 
transverse to the lines of stress are stronger per average unit lengtl) than welds with 
linear dimension parallel to lines of stress. ITiis is due to the stress rlistribiition along 
the bead (Fig. 1^7A). 

If the load on the weld is to be properly distributed, the wields should be located so 
as to take account of the shape of the sections joined. I’he ratio of the lengths of the 
wehls at heel and toe of the angle (I'ig. 12-7if) is such that there will be no tendency 
for the angle to turn and thus cause eccentric loads on the joint. 

Resistance to a turning ciToet of one member at a joint is best obtained by welds 
well separated rather than by a single weld or welds close together, (Fig. J2-^7C. A 
single weld at A is not so effective as welds at both A and H.) 

If possible, welded joints should be designed so that bending or prying action irf 
minimized. Symmetrical joints are most desirable as they are very much stronger 
than nonsymmetrical joints, the stress in symmetrical joints being more eveiih 
distributed. 
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In Bome desigiifl it may be deeirable to take into account the diatribution of atreas 
through the welds in a joint. It is known that any abrupt change in surface (e,g., a 
notch or saw cut in a square bar under tension) increases th^ local stress or causes 
stress concentration. In many cases such concentration of stress might be small and 
of minor consequence. However, in heavy or repeated loadings, this matto should 
have the attention of the designer (Figs. 12-7D, E, and F), 

Stress in a weld having its linear dimension approximately parallel to the line of 
force is not evenly distributed. Under many load conditions, not at aU unusual, the 
stress is greater at the ends of the weld than in the middle. It is therefore advisable in 
certain conditions to hook the bead around the joint. When this is done, far greater 
resistance to a tearing action on the weld is obtained (Fig. 12-7(7). 


ABC 0 e r 0 



('iG. 12-6. Specimen showing welds made with various proc^ures. From left to right, 
(.4) Weld made hy proper procedure. (1^) Uo»ult of using too low amperage, (r) 
F.xccssively high amperage causes spatter and undercutting. {D) Weld made with too low 
voltage. (£) Weld made with an exocasively high voltage. (fO Speed of travel too low. 
<0) Speed of travel too liigh. 

CorUt ol of Distortion, Distortion from the heat of welding is potentially present 
c'V{‘ry time a weld is made. The principles for its prevention and control are, there- 
fori', basic knowledge for the undertaking of welding operations. There are three 
simple rules, which can bo applied singly or in any combination, that can be used to 
prevent and control distortion; 

1. Reduce the effective shrinkage force. This can be accomplished in a number of 

nvivh; 

ft. Avoid overweld’uig. Addition of excess weld metal—not needed to meet the 
' vice Toquirements of the joint—^is known as overwelding. This causes distortion 
contributes nothing to the strength and performance of the joint. Weld metal 
Mi'ouid be kept at a niiuiiTium. 

Another way of stating this principle is as follows: Use as little weld metal as 
possible, and make an intelligent use of the weld metal that is needed. For a con- 
'^uitional fillet weld for a T joint, it is known that the strength is determined by the 
''lT(M‘tive throat (see Fig. 12-8). There is an excess of weld metal above the line AA, 
y'OJch does not increase the strength but obviously increases the effective shrinkage 
''*•■^‘ 0 . Lesa shrinkage force may be obtained wnth no loss of strength by uaii^ the 
* ^*cp-fillet technique. In contrast to the conventional weld, the deep penetration at 
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Fio* 12-7. Effect of location and tvpc of weld on strength of joint: (-4) Transverse welds 
are stronger than welds paiollel to lines of stress. (B) Example of correct lengths of m elds 
for equal load distribution (O Example of proper placement of welds to resist turning 
effect of one member at joint. (Z)) Example of lap weld having poor distribution of stress 
through weld. (E) Example of lap ^eld having a more oven distribution of stress through 
weld. (F) Example of lap weld in which there is fairly uniform transfer of stres.s through 
w'eld. (G) Example of welds hookod around the corners to obtain resistance to tearing 
action under eccentric loads. 


the root of the fillet, using the dcop-fillct method, gives 15 per cruit more strength with 
the use of 30 per cent less deposited metnl. Less weld metal means less distortion 
(sec Fig 12-9h 

__ h. Use proper edg(‘ preparation and fit-up. It also is 

possilile to reduce the effective shrinkage foree through 
I y proper edge preparation. To olitain th(‘ proper fusion a’ 

the root of the weld with a minimum of weld metal, the 
f bevel should not e\<*eed 30 deg. Proper fit-up also is im- 


Fig. 12-8. roiivpii- 
tional fillet weld for T 
joint. 


lie in. apart. A minimum amount of weld metal then wil' 
be needed to produee a strong joint. 


joint. t"- few’ passes, which is another way to make a.i 

intelligent use of weld metal. Distortion in the Lateral direi - 
lion always is a major problem. Fsc of one or tw^o passes with large electrodes 
reduces distortion in this direction. In general, lateral distortion is approximately 
1 deg pei pass. 

In some eases, however, distortion in the longitudinal "n I I 

direction is a problem, and then, ow’ing to the greater I I I 

ability of a small bead to stretch longitudinally (compared -.J—I Q 

to a large bead), the number of passes should be inereased |_J | J 

rather than decreased, T’his apparently paradoxical rela- Conventionot Omp fillil 
tionship is a function of the thickness of the plate and its Ueduction »* 

natural resistance to distortion. There is inherent rigidity j througii 

against the longitudinal bending of a plate provided the technique, 

plate is thick enough. T..igh1-gauge sheets have little 

rigidity in this direction and therefore wdll buckle easily. Ibiloss the two plates to b(‘ 
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welded are restrained, there is no lateral rigidity whatsoever, since each of the two 
plates is free to move angularly with relation to one another, so lateral distortion is 
mcH'e common. ^ 

d. Place welds near the neutral axis. Another means of reducing the effective 
shrinkage force is to place the weld as close as possible to the neutral axis. In a con¬ 
ventional fillet weld, for example, the weld is so far from the neutral axis that it has 
sufficient leverage to pull the plates out of alignment. Use of the deep-fillet method 
places the weld close to the neutral axis w-hich reduces th(‘ leverage (Fig. 32-10). 

e. Use intermittent welds. To further reduce effective shrinkage force by mini¬ 
mizing the amount of weld metal, intermittent welds may be used in many cases 
instead of continuous wolds. Oflen, it is possible to use up to two-thirds less weld 
metal and still obtain the strength required Example; Stiffeners for bulkheads and 
plates of all kinds. The use of intermittent welds also distributes the heat more widely 
throughout the structure. 

/. Use “backstop welding method If the job requires a continuous weld, it still 
is }>os8ible to reduce the effective shrinkage force bv the backstep technique. With 
this technique, the general direction of welding progression is, say, from left to right, 
but eaeh bead is deposited from right to left (see Fig. 12-11). 



1 1(1 12-10. Hcdurtion of 

h•^ ei ago by placing vteld closo 
to neutral axis with deep- 
fillet uiethod. 



Fi(» 12-11. “Backstep” 
tochiLiriue of elding. 


Fill. 12-12. Prehending be¬ 
fore ^eldma to exert count¬ 
erforce againat shrinkage 
force. 



As each hea<l is .applied, the heat from the welrl along the edges eauses expansion 
there which temporanlv separates the plates at end If, but as the heat moves out 
across the phte to t\ the expansion along the outer edges CD brings the plate back 
together. This occurs when the first head is laid. The same will be true with each 
successive bead as it is hud, the plates expanding to a less and less degree w'ith each 
bead because of the locking effect of each weld. 

Where a continuous bead is laid in one direction, in many cases there is a tendeney 
for the plates to spread and become locked in the spread position as the welding 
progresses. However, W’eldiiig sjieed is the determining factor here. As a general 
rule, the gi'ester the speed, the more the amount of apreadmg. In some cases a speed 
can be found at w hich the plates w ill not separate nt all, and a slow' speed may close the 
plates. This action is independent of current values for a given joint, being solely a 
function of the speed of travel of the arc. 

2. Make shrinkage forces work to minimize distortion. 

a. Locate parts out of position, A simple way to use the shrinkage force of weld 
" letal to advantage is to obtain jiroper location of parts before W'elding For example, 
1 T weld mav be made with the vertical plates out of alignment before the W'old is 
» posited. \Mien the W(*Id shrinks, it will pull the vertical plate to its correct 90-deg 
p^'aition. 

b. Space parts to allow for shrinkage. Another method is to space parts before 
welding. Experience indicates just how much space should be allowed for any given 
Ji^b, so that the parts will be in correct alignment after welding is completed. 

c. Prebend. Shrinkage force ran be put to work in many cases bv prebending or 
prespringing the parts to be welded. example, when the plates in Fig. 12-12 are 
sprung away from the weld side, the eounterforce everted by the damps overcomes 
most of the shrinkage tendency of the w«*ld metal, causing it to yield. But when the 
clamps are removed, there still is a slight tendency for the w’eld to contract, and this 
contraction of shrinkage force pulls the plates into exact alignment. 
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3. Balaiioe shrinkage forces with other forcefl. Often the structural nature of pa^ 
to be welded in such as to provide sufficient rigid balancing forces to offset welding 
shrinkage forces. This is particularly true in heavy sections where there is inherent 
rigidity because of the arrangement of the parts. If, however, those natural balancing 
forces are not present, it is necessary to balance the shrinkage forces in the weld metal 
in order to prevent distortion. 

a. Balance one shrinkage force with another. This can be accomplished by the use 
of proper welding sequence which places weld metal at different points about the 
structure so that, as one section of weld metal shrinks, it will counteract the shrinkage 
forces of previous welds already made. A simple example of this is welding alternately 
on both sides of the neutral axis in making a simple butt 
weld (sec Fig. 12-13). 

Another application of this principle is the staggering of 
intermittent welds applied in a sequence. Here the shrink¬ 
age force of weld 1 is balanced by that of weld 2; the 
shrinkage force of weld 2 is balanced by that of weld 3, 
etc. 

b. Peeiiing. By peening the bead, it actually is 
Biretched, counteracting its tendency to contract and 
shrink as it cools. Peening should be used with great care, fur too much peening may 
damage the weld metal. 

c. Use jigs and fixtures. The most important method of avoiding distortion, and 
one in which rule 3 is applied to the fullest extent, is the use of clamps, jigs, or fixtures 
to hold the work in a rigid position during welding. In this way, the shrinkage forces 
of the weld are balanced with sufficient counterforces to prevent distortion. What 
actually happens is that the balancing forces of the jig or fixture cause the weld metal 
itself to stretch, thus preventing the distortion. 



Fig. 12-13, Welding 
quencp to balance 
shrinkage force with 
other. 


one 

an- 


WELDABILITY OF METALS 

This discussion has been confined largely to the welding of mild steel. The 
fundamentals for welding mild steel arc the basis for the development of procedures 
for the welding of special alloys and the other nonfcrroiis metals. By applying 
certain cautions and special techniques, practically all mentals have been successfully 
arc-welded. 

Following is a brief description of the general principles involved in determining the 
weldabJlify of metals and in c^stabiishing procedures. Space does not permit a 
complete detailed description of the majiy varied techniques, Klectrode manufac¬ 
turers provide complete procedure information for all their special electrodes. 

Obviously some metals will weld more readily than others. The economy and 
quality of the welding on various metals may be affected by any one of the following 
factors: 

1. Ozidation. (n) Oxidation producing a gaseous oxide of some one of the 
elements causing gas holes in the weld metal; (ft) oxidation producing solid oxides 
which have a melting temperature higher than the metal, thus causing slag inclusions. 
(e) oxidation producing oxides which are soluble or which are heavier and sink in the 
molten metal and which render the weld metal brittle or of low strength. 

2. Vaporization, Vaporization of some element in the metal which vaporizes at a 
temperature lower than the melting point of the metal. 

8. Nonmetallic Inclusions. Some metals may contain finely divided nonmetallic 
inclusions which have a melting point higher than that of the metal and therefore did 
not coalesce when the metal w^as refined but do melt and coalesce under the high tem¬ 
perature of the arc and then form visible slag inclusions. 

4. Change of Structure. Change of structure or arrangement of elements within 
the metal may take place during arc welding, causing change of physical properties or 
change of resistance to corrosion, etc. 

6. Gas Solubility of Metal, (n) Different elements may affect the solubility of 
various gases at different temperatures, and a decrease in solubility of a gas with a 
decrease in temperature at the fretizing point may cause porosity in weld metal, (ft) 
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The fluxiiig out or elimination of an dement during welding may cause Uic capacity of 
the metal for a given gas to decrease and thus cause the gas to be given up produciug 
porosity in the weld metal (c) Absorption of gases during weldihg which form stable 
compounds with elements in the met^ and thus alter the eomposition and physical 
properties of the weld metal. 

6. High Coefficient of Thermal Expansion, or high contraction of weld meial upon 
cooling. 

7. “Hot ShortnesB,” or low' strength of the metal at high temperatures, 

8. Thermal Conductivity, or rate of transfer of heat from fusion zone. 

The above outline indicates why some metals arc more satisfactory than others. 

A careful study of these factors indicates that most of the possible undesirable 
rharacieristicB can be corrected by one or miire of the following methods: 

1. Selection of metal within the permissible class most suitable for arc welding 

2. Use of a properly shielded arc 

3. Use of proper fluxing material 

4. Use of proper electrode or filler metal 

5. Proper welding procedure 

6. Subsequent heat-treatment which may he required in some cases 

In considering the weldability of any metal it should be realized that the weld 
largely depends upon the characteristics of the weld metal which may come from two 
sources, viz , base metal and electrode of filler metal. 

If little or no electrode or filler metal is used, the proper selection of the base metal 
becomes of prime importance. If the w'eld metal eomos mostly from the electrode or 
filler metal, the selection of the proper electrode or filler metal becomes of prime 
importance. However, both electrode and base metal arc subjected to similar 
requirements during arc welding, and both should be of best are-welding quality, 
although in many casi's the electrode or filler metal serves as a corrective for the base 
metal. 

The carbon content of steel is the most important factor in determining heat- 
treatment procedures. When the carbon content is low, the weldment will require no 
special consideration. When it is liigh, prehealmg is generally necessary at a tempera* 
lure usually from 450 to 650°F in order to control the rate of cooling. 

Failure to preheat high-carbon steel before welding on it will usually result in the 
hardening of the steel adjacent to the weld. Since this will reduce the ductility of the 
steel, rrackmg in the metal next to the fusion zone is likely to result. This steel should 
be welded while it is hot and then allow’ed to cool slowly, increasing the cooling time 
proportionately as the carbon content of the steel is greater. For steed above 40 per 
((‘lit carbon, overnight cooling in a furnace is sometimes neef‘ssary to avoid a hardened 
/one. Typo E6015, K6016, E7015, and E701C electrodes an* recommended for weld¬ 
ing high-carbon steels, although the normal mild-steel electrodes can he used. 

Definite limitations and specifications for preheating should be established only 
lifter experience. Uescarch is discovering that preheating is unni'cessarj' in many 
applications where it is generally thought to be desirable. The sersdee requirements 
of the weldment must be oonsidered as w'ell as the use of welding procedures to 
control the forces created by the heat (see (\mtrol of Distortion). 

SUllFACIWG BY ARC WELDING 

The use of are welding to deposit a surface of metal of a desired characteristic has 
n iiny applications in plant operation: building up worn shafts, lining carbon-steel 
A ( ssels with stainless steel, and the application of wear-resisting surfaces to machinery 
of all kinds. 

The success of the application of surfacing metal by welding depends largely on the 
(linice of the proper surfacing material which in turn is dependent on the following 
Victors: 

1. Material to be surfaced 

a. Its composition 

b. Its physical condition, such as hardness, previous heat-treatment, etc. 
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2. Dimensions 

а. Size and shape of parts 

б. Size and location of the an^a to be surfaced 

c. Thickness of weld deposit 

3. Finish required 

a. As welded 

6. Macliined 

c. Rough grind 

d. Fine grind 

4. Service conditions 

0. Hardness required 

b. Corrosion, the corrosive medium 

c. Abrasion, its extent and nature 

d. Impact, its extent and nature 

Materials to Be Surfaced. The hundreds of metal alloys can be grouped for 
consideration of their suitability to weld surfacing into two general groups: 

In group A are metals or alloys whose physical characteristics are not greatly 
changed as a result of heating and cooling and which will withstand sudden localized 
temperature changes without cracking. This group includes plain-carbon steel with 
0.30 carbon maximum, loAV-carbon alloy steels, austenitic steels such as the stainless 
chrome-nickel, and the high-manganesc steels. Chopper and most of its alloys would 
also be included. 

In group B are thos(‘ material or alloys whose physical characteristics are changed 
considerably (particularly as to hardnessj as a result of the appli(*ation of welding heat 
and subsequent eooling or which w'ill crack w^th the sudden application of localized 
heat. This group mchid(*s medium- to high-carbon steels, tool steels, medium- to 
high-carbon low-alloy ferritic steels, cast irons, and, in geiicrnl, all hard metals and 
alloys. 

The metals in group A can be w-cld-surfaced w ithout any partieular precautions 
such as preheating since the thermal cycle incident to the welding will not eauBc 
harmful cracking or hardening. 

Special precautions must be exercised in weld surfacing metals of group B to avoid 
cracking due to thermal shock, Hither the hardness of the metal must be reduced 
through aimeallng or the thermal shock reduced by jireheating. In some cases lioth 
may be necessary. 

Further precaution is necessary in group B to minimize weld hardening. Metal 
adjacent to the w^eld will harden wdien cooled quickly follow^ing heating to tempera¬ 
ture's high enough to cause solution of free carbides. This may result in subseeiueiit 
cracking, failure of the part, or spalling of the weld deposit. To reduce the ti*ndcnry 
to weld-lumleii, preheating, slow cooling, and post heating, or a combination of these, 
may b*‘ emjiloyed. 

Dimensions. The size and shape of parts determine largely the heat eapacitv of 
parts to be surfaced and therefore determine to some extent the thermal cycle to whiiV 
the part and the w'elrl deposit are subjected. A large mass and largf* heat eapacitv 
will heat up slowly, reach a relatively low temperature, and clrnw the hc'nt a’" ny from 
the w'eld area rapidly. A small mass wnll heat up rajjjdly. reiicli a high tempoTatur'', 
and draw the heat away from the weld area slowly. If local welding heat is applied to 
a large mass of metal, which is capable of being quencli-hardeneil, the hardening will 
be drastic and cracking is likely to result due to th(*rmal stresses. If the mass is small, 
the degree of hardening will be less because of its low heat capacity and cotding will be 
more uniform throughout, resulting in less sevtTe tliermal stresses. If the weld metal 
being deposited is of the type whose iiardneas is affected by the thermal cycle, the 
hardness of the deposit will be greater on a la-ge maas owing to the quench 
effect. 

Heat input will also be determined bv the size and location of the area to bo bu*"* 
faced. The size of the area will, therefore, inriuencr' the ihormal cycle as the size and 
shape of the part itself does. 
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Finish Required and Service Conditions. Electrodes for hard surfacing arc not 
well adapted for vertical or overhead welding. Work should be placed in as nearly 
flat a position as possible. Thick deposits should be generally^ avoided. If thick 
deposits are desired, electrodes designed for such applications must be used. If 
machining is to be done on the deposit, it must bo necessary to anneal. In some cases 
grinding is the only way to work the deposits. 

In all cases, for the* best results in hard surfacing, manufacturers" recommendations 
for the use of tluMr eleetrodes should be studied and followed. 

The various service ('Oiiditions to which a weld-faced deposit may be subjected can 
be classified as follows; 

1. Abrasion, (a) Abrasion is a grinding action due to nibbing against an abrasive 
material such as rock, sand, clay, or soil or due to (b) sliding, rolling, or nibbing action 



f T(. 12-14. Paris rcclaimod throuiih liard 
ojifHciiig with aic welding. Badl.i worn 
l>iiurjTi geai'' ran be built up luid ground to 
hluipr and inado as good ab newr. Gear at 
loft IS ready for use. 



Fig. 12-15. Grinding-machino journal 
hhaft rebuilt by electric welding. Shafts 
were first marhiiied, hi- being taken off 
the radius to remove worn spots, then built 
with application of abrasion-resistant weld 
inotal. The entire job required 5 hr. 


nf on»‘ metal part against another, leather <i or 5 may take place under high or low 
pressure. 

2. /»i pact. Impact takers place in various degrees from light to heavy. It tends to 
^tf'forni the surface or caust' cracking or chipping. 

3. Corrosion. Corrosion includes the aetion of various chemicals, ordinary water, 
and also oxidation or scaling at elevated temperatures. 

H is obvious that, before the proper choice of weld-surfacing material can be made 
loi ii given application, the serv-iec conditions must be analyzed. In cases where 
than one of the wearing factors are at work, their relative importance must be 
1*1 mined. 

Kor d(‘lermini]ig the economy of w'eld surfacing, see Table 12-2. Surfacing metal 
expensive, and liy depositing only a limited quantity of it on a low-cost bas<» metal, 
lead of making the part completely of the expensive metal, great savings can be 
iMiulp in l)()ih reelaiming worn equipment and building new machinery or tools (see 
J igH. 12-14 and 12-16). 

I'abh» 12-2 indicates that, for a surface material as high in cost as $5 per lb against 
fui urigiiml cost of 20 cents per lb, 3 per cent may be surfaced by welding and the 
J**‘iffijial cost not exe*^de(l. More usuallv it will be found that 20 per cent or more may 
‘‘airface metal without exceeding the original cost. 
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Table 12-2 

Feroentage of total weight whirh may be auifaoe material without 
exceeding coat of ueing one metal throughout 

COnt ____ _ 

cente/lb. 

urilig Bingie Coflt of Hurface materiivls 

metal__ 



$l/lb 1 

1 62/U> 

1 *3/U) 

64/lb 

1 $5/lh 

20 j 

1 

IS s 

7 7 

1 

, ^ 1 

3 8 I 

1 3 0 

40 

37 0 1 

1 18 0 

n 0 1 

1 8 0 

7 1 

60 

58 0 , 

1 28 2 

18 6 1 

1 13 9 

11 1 

80 

79 0 

38 5 

25 4 

10 0 

15 1 

100 

100 0 1 

\ 48 7 

32 2 

24 0 

19 2 

120 

, 1 

' 59 0 

ag 0 

29 1 

23 2 

140 


69 2 

45 7 

34 2 

27 3 


SHEET-METAL WELDING 

The wcldinj; of aheoi metal has frequent apjdication in plant operation (Figs. 
12-16 to 12-19). The same principlea of good welding practice as previously outlined 
apply in welding sheet metal, but the nature of tho work places special emphasis on 



Fro. 12-16. Welded fabrication sinipUhes mak- Fio. 12-17. Section of an air duct beieg 

ing of angles for piping in ventilating systems. welded out of IH-gauge galv^ meed iron 

Filing or grinding of tlie iiiotal may l>e necessary Corner joints are tacked ©very 2 in., then 

to secure a fit-iip that will result in airtight welded with a electrode at a 45- 

jc^ts and tho required angle. The angle illu- deg au|^e. 

stratod is made of 11-gauge galvanized sted, 

several aspects. The problem of distortion requires special consideration in welding 
thin-gauge metals as well as the problems of burning through the metal. 

Special atlejition should therefore >k* given to all the factors involved in controlling 
distortion: the speed of welding^ the choice of p.'oper joints, good fit-up, position, 
selection of jiropi'r current, use of clamping devices and fixtures, number of passes, and 
sequemv of beails. 

Within the limits of gocnl welding appearance, the high(*st arc speeds and tin* 
highest currents should be used. In sheet-metal work, however, there is always the 
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1 1(1 12-18 Exhaust stark made of 14-gauge lS-8 stainless steel All joints are hutt- 
welded with a ^g-in -diameter electrode 


Table 12-3. Sizei of Electrodes for Sheet Metal 



*1 flat position \—^oilical O—uNcrhcad 



Table 12-6. Minimum Arc Volts for Weldmg Sheet Metal 
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llmitatioa imposed by the threat of bum-through. As the gap in the work increases in 
size, the current must be deercaaed to prevent burn-through which of course will 
reduce welding sixH'ds. A clamping fixture will improve the fit-up of joints and thus 
make possible Iho lughcr sim'lmIs. If equipped with a copper backing strip, the clamp¬ 
ing fixture \m 1I make for ciisicr welding by decreasing the tendency to burn through, 
and will also remove some of the beat which eaiises warpage. Sheet-metal joints, 
W'here possible, should hi* welded downhill at about a 45-deg angle ivith the same or 
slightly higher currents as are used in the fiat position. 



Fig. 12-19. Technique of welded elfiows. Sections are butt-weldod into miffs, and odffea 
are drawn with hammer and dolly. 

Tables 12-3, 12-4, and 12-5 offer u guide the aeleetion of the proper size elect roih*, 
current, and voltage for the various tjqies of joints as used with sheet metal ranging 
from 20 to 8 gauge. 

STRUCTURAL WELDING 

Extreme .simplicity is a fundamental advantage of arc-wrelded design in .stnietiires. 
Arc welding joins two nieriiber.s directly to each other without the use of a third or 


Fig. 12-20. Simplicity of welded desiffii. 

connecting member (Fig. 12-20), While this simplicity is r(\sponsiblr for savings in 
designing, detailing, and erecting, nevertheless stresses at all eonnections must be 
calculated and the required weld specified. 




Table 12-6. Length of Fillet Weld to Replace Rivets 

(Larger value in earh rase for emciffrnry allnwahle) 


Rivet 
diam, in. 

Rivot shear _ 
value 

15,000 ijw* 

H 

2,950 

H 

4,600 

H 

6 630 

H 

9,020 

1 

11,780 



* A18C value for livet in abear u 15,000 pai, for weld in sliear it u 13,000 pai (Amaiiean Inatitute uf 
Steel Conatrurtion). 

Note: >4 in. is added to rnlculated length oF fillet. 
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] IG. 12>21. Node of riveted and welded tiiisHiM bliowing how welded deeign ruts dead 
weight and ieduces secondary btressett for greater factor of safety. 





Fii 12-22. Examples of facilities provided in steel erection by use of welding are the 
Vi.'-ious clip angle seabb, split l-beain segments, tie-rod clips, etc , winch are shown. 
['i »j Ufi) Junction of roof l>enin and eaves strut at front, (fop itffhi) typical connection of 
Ruder and beam to column, {cerUei /c/0 Junction of roof beam and eaves strut at rear; 
Confer rit/ht) junction of roof beam and girder; (bottom left) junction of lower roof beam at 
Kiidor; (bottom right) intersection of lower roof lx>ain and girder. 

The chief eeonoiny ia loss matcrinl. Trusses properly designed for arc welding 
Acquire practically no gusset plates (Fig. 12-21). An entire structure fabricated by 
*^ 1 * welding acts as a single menilier, and tbert»fore lighter members usually can be used, 
^vmgs in material on struclures have run genenUly between 15 and 25 per cent, 
^yelding also reduces the handling of material in fabrication. Welded connections 
J'equire only two operations and only a weldmg machine for equipment. Much of the 
lumdling of the main members is therefore completely eliminated. 
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Welding permits the designer to place material in the stnicture where it is needed to 
meet the load demands without being restrioted by considerations for the fabricating 
process. This simplification makes practical the construction of rigid frame structures 
with their freeing of internal space from supporting columns. 

A detailed discussion of the design considerations in we]d<*d columns, beams, 
gilders, trusses, breuring, bar joists, and ngid frame construction is not iioBSible here 



Fw. 12-23. Erecting roof members for a rudd frame building. (2'he Aunhn i'onumny.) 



X'lo. 12-24, Looking up al an Austin “tree-form*’ column in the sa\v-tooth sort on of a 
rigid frame building {Thp Auatm (^ompnny ) 

but should be iiivostigatod before uiulcrtakuig wc^lclod btiuetiiral woik. of any kind 
Figures 12-22, 12-23, and 12-24 indicate boine of the possibilities (see Table 12-0 lor 
tlie necessary length of fallet weld to replace rivets). 

PIPING 

Piping systems welded in shop and fiehl have been installed in buildings, plants, 
offices, powerhouses, and ships. The advantages of arc-welded piping include 
permanently tight conuociions of greater sticiigth and ligidity, less resistance to flow 
owing to elimination of projectionB inside the pipe, more pleasing appearance, easier 
and cheaper application of insulation, simplification of design, and the elimination 
of many fittings. 
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Table 12-7 and Figs. A, B, and C contain procedure data, Bpeeds, and amount of 
electrode required for welding butt joints in standard-weight pipe in horizontal 
position. 

Pipe above 12 in. in diameter may be obtnined in a great many different wall 
thicknesses. Innsmueh as pip(‘ is being used in these larger diameters for h-p and 
high-temperaturt* service, the data in Table 12-8 are suggested for use in determining 
the number of passes to be used for the various pipe thicknesses: 

Tlie eleetrode size will be and in., de¬ 
pending upon the partieular (lesign, the load eon- 
ditioiLs, and the specifieations. For example, on 
14-in. pipe, 3|g-iii. electrode is normally used for 
pasae.s; whereas in ease of very li-p work, a ^3 2 "iii. 
eleetrode is used for the first pass, and in. for 
the following passes. 

Piping for h-p and high-teiiiperature systems has been increased in efficiency by 
the use* of welded design. Welded joints permit high operating stresses and thinner 
sections. However, these systems must be designed according to rode, giving due 
consideration to stress distribution, and for all unusual conditions of loading. 

In the field work of installing a welded piping system, a method must be worked out 
for the inexpensive and quick laying out of the various types of joints. There are 
several methods whieli may be used. One that is simple and can be used in almost all 
cases is the u.se of fixture with movable fingers which will give the desired contour 
merely by holding it against the pipe in the necessary position. Another method is to 
use templates, giving the operator the exact curve, which can be fitted arounrl the 


Fig. 12-25. Welded repair of a dioMel-engine 
electrode of the mild-btoel type. 

pipe’s circumf«‘rencc to indieiite the precise cutting cur\e ’Vhv third nu'thod i.s the 
use of 8pt‘cial curves on a master drawing. The only equipment needed is the master 
drawing, a string, a piece of chalk, and a scale. 

TANKS AND PRESSURE VESSELS 

Arc welding can be used to fulfill all the requirements imposed by the operating 
conditions of all types of tanks. Pressure, temperature, and chemical reaction are 
withstood without leakage under all load eonditioriH. 

A properly designed and welded joint is 20 to 80 per rent stronger than the plate 
itself. Plate thickness, therefore, need not be so great, and all punching and caulking 
operations are unnecessary. Maintenance costs are practically negligible as the joints 
are permanently tight and have greater resistance to corrosion. 

Pressure vessels should be built in accordance with the ASMK Boiler Code which 
requires definite procedure of welding and stress relu*ving. Butt joints arc used 
entirely in this class of woik. nate thickues.ses geiK'rally range from I to 3 in., and 
practically all the wxlding is done by the shieldt-d arc process. 

MISCELLANEOUS REPAIRS 

In addition to the various types of work that have bei*n classified in the foregoing 
sections, the repair or rephtceiiieiit of broken parts of all types of machinery is greatly 
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Table 12-8 

Pipe thickneea Number of paw 

3-4 

M 4-5 

Vi 6-8 

n 11-14 

JH 16 
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Fig. 12-26, Restoring rusted smokestacks by welding on ^-in. plate rolled to circumscribe 
the stack. Plates were beveled to 60 deg and welded in two passes. 



Fig, 12-27, Welded steel parts (right) to replace broken castings (left) from a 20-yoar-old 
dragsaw, 

facilitated through the use of arc welding. The procedures used will vary with the 
nature of the job, and no attempt can be made to outline the many possibilities, 
^hen the repair is made without dismantling the machine, naturally compromises in 
procedure have to be made to meet the conditions. Sound welding practi(;e should be 
the guide in all cases. 

Figures 12-25, 12-26, and 12-27 are typical examples of repairs or replacements 
that were effected through the use of arc welding. 
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SILVER-ALLOY BRAZING 

BY C. H. Chatfield 

Senior Metallurgist, Handy and Harman, Bridgeport, Connecticut 
AND J. L. Christie 

Metallurgical Manager, Handy and Harman, Bridgeport, Connecticut 

INTRODUCTION 

Brazing is a proress of joining metals by means of heat, wherein a iionferrous filler 
metal having a melting point lower than those of the metals or alloys being joined is 
used* To differentiate brazing from soft soldering, an arbitrary minimum temper¬ 
ature of 800“!’ for the melting point of a brazing alloy has been quite generally 
accepted. The present trend is to classify brazing as a welding process, although the 
(‘ommon concept of a weld has been that of a joint made by actual fusion of the base 
metals being joined. Distinguishing features of a braze are that a filler metal is 
always used and that this filler metal always melts below the melting point of the base 
metals. The metals being joined are never heated to the point of fusion. Another 
feature of a braze is that the surfaces of the joint are fitted closely enough to permit the 
flow of the brazing alloy through the joint by capillarity. 

Brazing is an extremely old process of joining metals. It is probable that it was 
originally railed brassing because of the fact that the first brazing alloys were brass. 
These brass alloys contained copper and zme in about equal parts and melted at 
approximately 1600 to 1650®F. Because of their high zinc eontent, they were also 
called spelter solders. Many years ago it was discovered that the addition of silver to 
the brass alloys lowered the melting points of the brass and produced alloys having 
increased ductility which could bo fabricated into sheet and wire—forms which were 
more convenient to use than the usual granidati‘fl form of the spelter solders. These 
new alloys were called ^‘silver solders” or “hard solders.” In recent years the silver 
alloys have been quite generally called “silver brazing alloys” in order to avoid any 
confusion with the tin-lead alloys and similar soft solders, as the propeitics of joints 
made with the silver brazing aUoys bear closer resemblance to joints made with the 
brass alloys than to joints made with soft solders. 

The silver brazing alloys are composed chiefiy of silver, copper, and zinc, but other 
metals, such as cadmium, tin, manganese*, and nickel may be added to impart specific 
properties. ITie melting points of the ^loys will vary from approximately 1150 to 
1600°F depending upon the composition. Other silver alloys arc available with 
melting points both above and below this temperature, but they have not been used to 
any great extent commercially. It is these relatively low molting points of the silver 
alloys as compared to brass alloys, combined with high joint strengths obtainable with 
a corresponding minimum loss in strength or other desirable properties of the base 
metals being joined, which has been an important factor in their wide acceptance for 
industrial applications. 

Because of their malleability, silver brazing alloys can be obtained in variou^ 
shapes and sizes. Sheet can be obtained in all gauges down to 0.003 in. and can be 
used for inserts in joints when making lap or scarf joints. Washers can be made from 
riieet and used as inserts for joining flanges or spuds to tanks. Strips of various 
widths are used for hand feeding or can be formed into rings for use as inserts. 

Wire is also available and is eonvemeiil and economical for use in hand feeding or 
forming into rings for preplacing. 
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Silvor bracing alloys in the form of filings or powder in suses from 20 to 150 mesh 
can also be obtained. This form is useful when it is more oonvenient to sprinkle tlm 
alloy on the [oint before heating. Because of the large surface aifea of the alloy in this 
fonui particular care must be taken to protect the alloy with flux to prevent oxidation. 

USES 

The current shortages of metals have given a strong impetus to the trend in 
industry to lighten, without loss of strength, equipment of all sorts. This has led to 
the building up of equipment from simple basic components which are readily fabri'* 
eaied by mass-production methods, thus eliminating the use of heavy, complicated 
castings or costly machining from a single piece with the production of excessive scrap. 
A natural consequence of this is the displacement of all types of mechanical joints 
wherever possible by the use of various welding processes. 

As silver brazing alloys can be used for joining practically all ferrous and non- 
ferrous metals and alloys except such low-melting materials as aluminum and zinc- 
base alloys, the use of silver brazing has expanded rapidly. The fact that silver 
brazing alloys are free flowing, corrosion resistant, and will produce strong joints 
makes them particularly suitable materials for accomplishing this objective. 

A complete list of the uses of silver brazing alloys would cover practically every 
industry. They are used extensively in making air])lane equipment for such things as 
cable tubes, gas and oil lines, instrument connections, radio shields, propeller connec- 
f ions, carburetor parts, and landing-gear parts. In the automotive industry they are 
used on flexible couplings, horns, gas and oil lines, spark plugs, steering wheels, 
vacuum gear-shift lines, and many other items. The dairy industry, where rorrosion 
resistance and sanitary joints are important factors, uses silver brazing alloys. A 
recent development is the joining of pipe lines in radiant-heating systems where 
permanent leakproof joints are essential. 

During the Second World War many vital parts of our fighting ships were joined 
with silver brazing alloys. Such things as deck fittings, electrical lines and switch 
boxes, oil linos, and pipe lines were brazed and successfully stood the test of battle 
conditions. In addition, brazed joints were used in most of the instruments aboard 
th(‘ ships. 

Manufacturers of chemical equipment, tools, beverage dispensers, cooking utensils, 
sporting equipment, firearms, lawn mowers, bicycles, hardware, railroad equipment, 
.'inil silverware all have applications where they use silver brazing. This list of users 
could be greatly expanded, but this will serve to show the wide field of commercial use 
of silver brazing. 

The applications cited above deal with the fabrication of various types of equip¬ 
ment, but an important use of brazing which should not be overlooked is the repair and 
salvaging of broken parts. Examples arc the repair of broken high-speed tools, such 
as broaches and milling cutters, without destroying the temper, retipping carbide tools, 
and the repair of broken shafts. Expensive equipment can frequently be reclaiineil at 
ii fraction of the replacement cost, 

FUNDAMENTALS OF BRAZING 

While silver brazing operations are relatively simple and unskilled workmen may 
< btain a high proficiency in a short training period, there are certain fundamentals 
hich must be followed if the full advantages of the process are to be obtained. 

The essential requirements for obtaining good joints may be divided into six 
general clasaifioations, as follows: 

1. Design 

2. Preparation of joint surfaces 

3. Fluxing 

4. Assembling and jigging 

5. Heating 

6. Final cleaning 

These requirements will be discussed individually, 
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Detign. The thrw principal types of joints used in silver-alloy brazing are butt, 
scarf I and lap or shear, and each of them may be used with flat, round, or tubular 
members. Examples of these types, showing both good and poor design, ore illus¬ 
trated by Fig. 12-28. 

Although not commonly used, except in those cases where lap- or shear-type joints 
cannot be accommodated by the shape of the parts to be joined, butt joints can be 
made which have remarkably high strengths. With the softer metals, such as copper 
or low-carbon stwls, the strength of butt jbints will often exceed the strength of the 
base metals; and even with many of the harder alloys the strength will customarily be 
higher than the elastic limit of the base metal. An excellent example of their strength 
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Fig. X2-2S. Good and poor design of joints for silver-alloy brazing. 


is the use of butt brazes for the repair of broken broaches. The life of the repaired 
brooch often is as long as that of a new tool. Another example would be hollow 
handles, where the two halves are stamped out of sheet and the edges of the stampings 
ground to give a close fit. 

A scarf joint is a modified form of butt joint in which a larger bonded area is 
obtainable for the same thickness of metal. The strength of a scarf joint, however, 
does not increase proportionately to the increase in area when tested in tension. This 
is accounted for by the fact that such a joint fails by shear, and as the shear strength of 
a joint is lower than the tensile strength, the increase in area is to a great extent offset by 
the lower strength per square inch. A scarf joint does have an advantage in certain 
cases where it results in a different distribution of stresses than would be obtained in a 
butt joint. Typical uses for scarf joints are in joining band saws or heavy rod which is 
subsequently drawn to a smaller size. 
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Lap or shear joints are the most eiiriiinonly used. They have the advantage that 
the bonding area can be varied to provide any desired factor of safety against breakage 
or leakage. The use of lap or shear joints frequently simplifies the problems of 
assembling and jigging, which is a distinct advantage where automatic brazing methods 
are used. Also, they lend themselves readily to the use of preplaced brazing alloy. 

Where pressure can be apphed to a lap joint, as in brazing sheet, tests have shown 
that, with such metals as copper, brass, or Everdur, strengths greater than that of the 
metal joined can be obtained with laps equal to the thickness of the sheet. With 
higher strength materials, such as monel or steel, this amount of lap is not sufficient. 
Also, with tubular members where pressure cannot be applied, as a rule, the strength of 
joint Will not be so high as on sheet laps. In this case, a lap of about throe times the 
thickness of the thinner member is recommended. 

In order to obtain the maximum strength of joint, clearances of 0.001 to 0.003 in. 
;ue usually required. With less than 0.001 in. clearance, slight irregularities on the 
surface from file or machine marks may cause blocks where there are actual metal-to- 
mctal contacts which will prevent flow of the brazing alloy. Too large clearances may 
break the capillarity through the jomt and stop the flow of the brazing alloy. 

The recommended clearances arc made on the assumption that similar metals are 
being brazed and that fhe same clearance wrill be maintamed when the jomt is heated 
to brazing temperature. It is sometimes necessary w'ith dissimilar metals to make 
allowances for diflerences in thermal expansion so that the desired clearances are 
obtained at the lirazing temperature. For mstance, in the case of a brass sleeve on a 
steel tube, the brass will cxjiand more than the steel so that, to maintain a suitable 
clearance at brazing temperature, the clearance should be held on the minimum side or 
(wen to a drive fit w hen the parts are at room temperature. Conversely, if the brass 
fits inside the steel, the fit at room temperature should be looser, or else, when the 
])arls are heated, the expansion may result in so tight a fit the brazing alloy cannot 
flow through. 

The method of heating may also affect the clearance even though metals of similar 
thermal expansion are being joined. For example, in induction heating, the greatest 
heat is developed at the surface. If the heating coil is placed on the outside, the 
outer mendier will expand more than the inner member, and interference fits of as 
great as 0 005 in. are d(\sirable. On the other hand, if the coil was placed inside the 
iibsembly, the reverse is tnic, and a cleaiance larger than normal would be necessary. 

Preparation of Joint Surfaces. An important factor in getting good joints is to 
have the surfaces free from gri^asc, oxide, scale, and dirt of any kind. Either chemical 
or mechamcal methods may be employed. 

Oil or grease is preferably removed by chemical means. There are many reliable 
(leaning eoiiipounds such as trichlorethylene, sodium phosphate, and others available 
fur this purpose. Where only a few parts are to be cleaned, brushing the compound on 
will serve. If production warrants it, automatic machines for this purpose may be 
desirable. Emerying or other mechanical methods are not suitable means of removing 
oil or grease as tliey do not completely remove the film. 

Oxides may be removed by a suitable pickle, the composition of the pickle depend¬ 
ing upon the base metal. For copper or eopper-base alloys a hot 10 per cent sulfuric 
acid pi(>k1e is usually satisfactory. Either dilute sulfuric or liydrochloric acid will 
work well on most steels. In some cases, such as nickel-base alloys or stainless steels, 
‘>P(' Jid pickles may be required. Directions for making and using such pickles can be 
nb* iinod from the suppliers of the alloys. 

Oxides or scale may also be readily removed by mechanical means. Filing, grind¬ 
ing, emerying, or sandblasting are commonly used. With sandblasting, care must be 
lakeii to wipe off any particles adhering to the surface as they will result in inclusions 
which will impair the strength of the joint. When filing is used, it should be a fine cut 
0*^ deep scratches may cause trouble* 

Dwp scratches are to bo avoided, for when the edges coincide on the two surfaces 
'“"iug joined, the fit may be too close to permit the free flow of the brazing alloy. Also, 
Ibey may form channels through which the alloy will flow in preference to wetting the 
(‘ntire surface leaving excessive unbonded areas in the joint. On the other hand, a 
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hili^ly polubed BUiface is also undesirablo as the adherence of the brasing alloy is nut 
so as with a slii^tly roughened surface. 

Parts should not be allowed to stand for extended periods of lime after cleaning 
before brazing. Some metals build up oxide films on standing sufficient to interfere 
with the proper flow of the brazing alloy. In any case, dirt and other films may form 
on the joint surfaces, 

fluxing. With few exceptions, flux is required for silver brazing. Fluxes are used 
to prevent the oxidation of the brazing alloy and of the surfaces of the metals being 
joined during tho heating. The flux will also dissolve oxides that may form during the 
heating operation. 

The flux should be fluid, chemically active, and free from excessive fuming at the 
brazing temperature. 

Borax and mixtures of borax and boric acid have been used as fluxes for silver 
brazing for many years. Borax does not have a definite melting point, but it is 
suflioiently fluid at 1400®F to make a good brazing flux. As the temperature drops 
below HOO^’F, it gradually becomes more and more viscous. As the viscosity increases, 
the danger of entrapping flux in the joint also increases. The addition of boric acid 
increases the viscosity of the flux so that a 50 per cent borax and 50 per cent boric 
mixture is not fluid until a temperature of 1600°F is reached. Such a flux should be 
used only with the liiglior melting brazing alloys. 

Borax is an excellent solvent for oxides. Boric acid is a poor solvent for oxides but 
because of its viscosity and imperviousness to air or other gases is a good flux for 
preventing oxidation. Fused borax left on the joint after brazing is relatively 
insoluble and therefore hard to remove. Fused boric acid is readily soluble in hoi 
water, and mixtures of borax and boric acid arc much more easily removed from the 
joint than borax alnuc. 

With the development and extended use of brazing alloys melting below 1300"F, 
fluxes melting lower than borax were required in order to take full advantage of the 
lower brazing temperatures. Fluxes with a borate base but containing alkali fluorides 
have been df'velopod wliieh are fluid at temperatures above llOO^F, and they have 
largely displaced the older borax fluxes. The fluxes (xmtaining fluorid«*B are partic¬ 
ularly effective in dissolving refractory oxides, such as ehromiuiri oxides, and this has 
greatly broadened the use of silver brazing with stainless steel and alloy steels. 

Special fluxes coiilniiiing other halides arc also available for difficult applications 
where the above fluxes jvre not satisfactory. A special flux is required, for instance, in 
brazing aluminum to steel. 

Flux is usually used in a paste form thin enough so that it may be brushed over the 
surface. Brushing is preferable to other methods of application as the brushing lends 
to break down any films left on the surface Irom tho cleaning operation to leave a thin, 
uniform coating over the entire surface. If the flux docs not adhere readily to the 
surface during brushing, it is an indication that the previous cleaning was not complete. 

Dipping ill hot flux solutions is sometimes used but is not so satisfactory, as even 
clean pieces will usually show bare spots after dipping. These bare spots oxidize 
during heating and, as the brazing alloy will not flow on oxidized metal, are frequently 
the cause of unsound joints. 

Dry flux is occasionally used. To get better adherence of the flux, the joint should 
be warmed before applying tho flux. Complete coverage of the surface by this method 
is diffieult, and it is not recommended. 

Flux pastes are customarily made with water. The evaporation of the water 
during heating results in some bubbling and pufllng of the flux. Whore this is objec¬ 
tionable, the fluxes may be made of fused or water-free salts made into a paste with 
alcohol or some other organic vehicle that does not carbonize readily. 

Assembling and Jigging. After Iluxing, the parts to be brazed must be assembled. 
Where it is possible, it is advantageous to replace the brazing alloy. Between flat 
surfaces, thin sheet or wabhers may bo used. On tubular members, rings made 
rectsiigular strip or round wire arc used. These rings may be inserted in grooves cut 
in the tubes or laid on projecting shoulders. It is preferable to place the alloy inside 
the joint away from the direct source of heat and in intimate contact with the parts- 
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OthfitrwiBei as the brazing alloy is usnally of lighter goAige than the parts^ H beats more 
rapidly than the assembly and may melt and fall off before the assembly is heated to 
the brazing temperature. 

The brazing alloy is distributed through the joint chiefly by papillary action. 
However, gravity does help, particularly in the initial flow, and this should be con¬ 
sidered in the placement of the alloy in the joint. 

Many joints are so designed as to be self-supporting, but on some joints external 
jigging is required, lliis is an individual problem with each assembly and sometimieB 
requires considerable ingenuity. The jig should be as simple and as light as possible. 
The C/Oiitaet area between the jig and the portion of the assembly adjacent to the joint 
should be kept to a minimum. A heavy jig in close contact with the joint will conduct 
sufficient heat away to make the heating of the joint to the brazing temperature 
difficult. 

Heating. Several different methods of heating ore used in silver brazing. The 
choice Oi the method depends on such factors as the size and shape of the pieces and 
the quantities to be brazed. Regardless of the source of licat, it is important that both 
members of the joint are heated uniformly and reach the brazing temperature at about 
the same time. In general, the shorter the heating tune, the better, for with a long 
heating cycle the parts become oxidized excessively, and the flux becomes saturated 
with oxide so that it is no longer effective. 

When a heavy section is being joined to a light section, most of the heat should be 
applied to the heavy part to avoid overheating and oxidizing the light section. The 
brazing alloy tends to flow towards the hotter section, and if one seetion is heated to 
the blazing temperature too soon, the brazing alloy may flow over the heated area 
rather than into the joint. Another consideration, in the case of joining dissimilar 
metals, is differences in heat conduetivil y. In brazing copper to steel, for instance, the 
steel with a low heat conductivity will heat rapidly, while the copper will tend to draw 
the heat a\^ay from the joint, lliis difference in heat conductivity may more than 
offbct (*ffe<‘ts caiisetl by differpncr.s in innss. 

Totch Heat mg. The common types of torches used for silver brazing arc air-gas, 
air-acetylene, oxygen-gas, and oxyacetylene. As a rule the air-gas torches give the 
least heat, and the oxyacelylone torches give the most heat. Air-gas torches are 
available not only for city gas but also for natural gas, butane, and propane. 

In brazing, i he size of the torch should be sufficient so that the required heat can be 
obtained -while lisiiig a neutral or sliglitly lediieing flame. The torch should be kept 
in motion to distribute the heat uniformly over the joint area. Preheating slightly 
away from the joint until the flux partially fuses and adheres firmly to the metal is 
advisable as a heavy blast of the flame in the initial stages may blow the flux off and 
leave bare, oxidized areas. 

If the brazing alloy is fed by hand from the outside, the parts to be brazed should he 
heated slightly above the melting point of the brazing alloy before the alloy is applied. 
When this temperature is attained, the brazing alloy, previously coated with flux, is 
brought in contact W'ith the joint and, by momentarily applying the torch to the 
iiTMzing wire or strip, sufficient alloy is melted to fill the joint. The size of the wire or 
stiip selected should b«* large enough so that not more than an inch or twm of alloy 
needs to be melted. If the joint is uniformly hcaUnl, the alloy wdll flow over the entire 
siirj'ace from one point. Where long joints are being brazed, it may not be possible to 
hcvf‘ the entire joint at the brazing temperature at one time, and it will then be 
n<‘iM*ssary to heat the joint in sections applying the brazing alloy at several points. 

bonding of the alloy with the base metals is practically instantaneous Rt tho 
brazing temperature, and prolonged heating after flowing of the alloy should be 
«\oidpd as the molten alloy will alisorb gases from the flame. Absorbed gases are 
^'leased when the alloy soliilifies and niav be trapped in the joint eausing unsoiindness. 

Another eomraon cause of poor lirazes is the application of the brazing alloy before 
Hie w'ork is at the proper temperature. When the work is too cold, the brazing alloy 
''ill “ball up“ on the surfac'c. The balling up tends to raise the brazing alloy above 
th(' protective film of flux exposing it to direct oxidation. Tlie tendency is then to 
erheat in an attempt to flow the oxidized alloy, but instead of eorreetiiig the trouble, 



Bac. 12 ] 


WELDING 


tluB exaggerates it. The proper method consists of cooling the joint sufficiently to 
permit applying more flux and then reheat carefully to the brazing temperature. 

Torch heating can he adapted readily to automatic, high-production jobs by 
passing the work through a series of stationary burners on rotating tables or endless 
chains, l^oduction of several hundred small parts per hour con be attained in this 
way with a relatively small capital investment. 

Furnace Heating. Brazing is frequently done in standard types of heat-treating 
or annealing furnaces. Both batch-type and continuous-type furnaces, with or with¬ 
out protective atmospheres, are used. In general, the furnace is preheated to a 
temperature several hundred degrees above the melting point of the brazing alloy so 
that the parts are heated rapidly, and the time in the furnace is regulated so that the 
assembly is only heated sufficiently to properly flow the brazing alloy. Preplaced 
brazing alloy must be used and the parts jigged to hold them securely in place. 

Reducing atmospheres are helpful in keeping the parts clean and in reducing the 
amount of subsequejit cleaning. Flux is usually essential even in a reducing atmos¬ 
phere, but the life of the flux is greatly increased. This is of material benefit when 
large pieces requiring prolonged heating to attain the brazing temperature are being 
brazed. 

Induction Heating. Because of the rapid and highly localized heating that can be 
obtained with induction heating this method is being extensively used. Suct'cssful 
use of this method depends largely on the proper design and placement of the heating 
coils. The makers of the equipment arc prepared to supply such coils and should be 
consulted for advice. This method merits consideration where there are large 
numbers of an item to be brazed. 

With induction heating the heat is developed mainly at the surface and reaches th(* 
joint surfaces by conduction. As the heating cycle is very short, there is necessarily 
a steep thermal gradient between the surface and the joint area except in case of very 
thin sections. This results in a greater variation in the expansion of the parts than 
occurs with slower healing methods w’hich must be considered in determining clear¬ 
ances. Contrary to the usual silver brazing practice, press fits are frequently used on 
assemblies where the coil is placed externally. The intimate contact between the 
parts also assists in the heating of the inner parts by conduction. CJonversely, if the 
heating is done from the inside, larger clearances are required, or the expansion of the 
inner part will produce a ht at the brazing temperature too close to allow the brazing 
alloy to flow into the joint. 

Sali-haih Heating. Molten salt baths arc also used for heating. They have been 
particularly useful when a large number of closely spaced joints are to be brazed, as in 
radiators or heat exchangers. The best results have been obtained when the brazing 
alloy can be inserted in the joint and not directly exposed to the salt bath. While thr 
salts used are chemically active in nnlucmg oxides, it is customary to coat the joint 
surfaces with silver brazing flux to get more po.sitive fluxing in the joint. When this is 
done, care must be taken to dry the flux thoroughly before dipping the assembly in the 
bath as any moisture present will react with the molten salts with explosive violenec. 

When the brazing alloy cannot be in-sertecl in the joint but is placed in the form of 
rings on the outside, the assembly may be dipped into the salt up to the joint and the 
joint heated by conduction rather than dirertly from the salt. Another method con¬ 
sists of preheating by partial immersion and then total immersion an instant before the 
assembly is at the brazing temperature. If these methods are not followed, the light, 
externally placed ring will melt before the assembly reaches the brazing tempera tun* 
and will fall off the joint. 

One application of salt-bath brazing has been the combination of the case harden* 
ing and brazing in one operation in cyanide baths. 

AUoy Baths. Molten alloy baths have been used for joining small parts when 'be 
control of the temperature and Ihe localization of the heat is difficult by other methods 
The brazing alloy is melted in a thennosiatically controlled crucible and covereil with m 
suitable flux. The parts to l>e brazed are dipped through the flux into the bath aiio 
held there until the alloy flows onto the joint. Ixirge quantities of fine enameled wire 
for electrical devices are brazed in this manner. 
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The eompoeition of alloy batha will vary either by volathsation of low-meltiiSig 
conatituents, aueh as zinc, during prolonged heating or by aolution of metal from the 
parts being joined* As this wiU change the melting point of the alloy, the com¬ 
position of the bath must be controlled either by suitable additions or by occasional 
replacement. 

Electncal-resi&tance Heating. Tongs have been developed in which the work to be 
brazed can be clamped between two carbon blocks. Current is passed through this 
circuit and the carbon blocks are heated to a red heat by resistance. This heat is trans¬ 
ferred to the work primarily by conduction. The equipment may be either portable 
or stationary. It has the advantage of heating and cooling the joints under pressure, 
thus obtaining strong joints with the minimum amount of alloy. Jigging is usually 
unnecessary as the pressure clamps will hold the work in position. Heating is 
localized at the joint area and may be readily controlled. 

Spot welders may also be adapted to this typ>c of heating. With spot welders 
either copper or carbon electrodes may be used. Copper electrodes are usuaUy used on 
parts having low electrical conductivity, and the resistance of the work itself is used to 
develop the heat. Carbon electrodes are URed on high-conductivity materials where 
the resistance of the work is too low to generate the required heat. By judicious 
combination of copper and carbon electrodes, dissimilar materials of widely varying 
conductivity can be brazed. Tungsten tips may be substituted for the carbon elec¬ 
trodes when long life of the electrodes is desirable. 

Flux must be used with this as with other silver brazing processes. As the work is 
ill the electrical circuit and as dry flux is a poor conductor of electricity, the flux should 
be used as a thin paste and should not be allowed to dry out before the current is 
passed through the circuit. Otherwise, a heavy^ surge of current is necessary to break 
through the resistance offered by the flux, and this may even melt the parts being 
brazed. 

Final Cleaning. Final cleaning consists of the removal of residual flux from the 
joint urea and piijkling to remove oxides formed on the part^. The flux is likely to 
corrode thr* parts if it is not removed. The corrosive effect is seldom sufficient to 
dniiiage the assembly seriously, but it is unsightly. 

Hot wafer is generally sufficient to remove the low-melting fluoride containing 
fluxes. Quenching the assembly after brazing below a red heat but while it is still 
warm will materially assist in cracking and flaking the fused flux off the work. 

Flux that has beeonio saturated with oxides during brazing is only difficultly 
soluble in water. A warm dilute sulfuric arid or hydrochloric acid pickle will assist in 
the removal when this occurs. However, such a condition is indicative of faulty 
brazing practice. It is the result of cither too long a heating period, too high a brazing 
temperature, or the use of too little flux. More libc'ral use of flux on the outside of the 
joint will, as a rule, k(‘ep the concentration of oxide in the flux low enough to correct 
this condition. 

Proper control of the amount of brazing alloy used will avoid the necessity of the 
removal of excess brazing alloy. This is one t>f the advantages of silver brazing in 
contrast to other processes where large quantities of excess metal arc* generally use<l, 
the removal of which makes the final defining cost a significant portion of the coat of 
making the joint. 

CHARACTERISTICS OF SILVER BRAZING ALLOYS 

Table 12-9 gives the composition and properties of a representative group of 
J-'iver brazing alloj'S. Many other compositions are possible and have been used 
commercially, but with one or another of these alloys praetieally any silver brazing job 
can be done. The selection of a particular brazing alloy depends upon different 
factors, such as composition and melting points of the metals to be joined, require¬ 
ments as to color, temperatures, and stresses and eoirosion renditions that the joints 
will be subjected to in use. The cost of the alloy will vary with the silver content, but 
^ the amount of alloy used in a joint is generally small, other considerations, such as 
the shorter heating time and less damage to the parts by the lower temperature, will 
often more than offset the greater cost of the alloys with higher silver content. 
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Pure metals will melt at a single temperature, but most alloys melt over a tempera¬ 
ture range. The limits of this range are defined in Table 12-9 by the iemperatunss 
given in the columns headed Meltihg Point and Plow Point. The melting point is the 
temperature at which, on hentiiig, a part of the alloy starts to become liquid, Tho 
flow point is the temperature at which the alloy flows freely. In between these two 
temperatures the alloy contmns both solid and hquid and Is in a slushy condition. 
The part of the alloy tliat is liquid is of different composition from the part that is 
solid. 

The melting point is akin to what is technically known as the solidus, and the flow 
point is similar to the liquidus of the i^oiistitutional diagram of the particular alloy 
system. Actually, however, certain brazing alloys flow ln‘ely and are regularly used 
below the true liquidus. 

In making a brazed joint the members joined should be heated above the flow' 
point, and this is the temperature of main interest to brazing. 


Table 12-9. Typical Silver Brazing Alloys 




L'liemical romposilion 

Melting 

Flow 

Number 
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Ag 

Cm 
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CM 

r 

Nv 

deg V 

deg K 

1* 

10 

52 

38 




1450 

1565 

2* 

20 

45 

30 

5 



1140 

1500 

3 

30 

.18 

32 




1370 

1410 

4*1 

45 

30 

25 




12.50 

1370 

6* 

50 

34 

16 




1275 

U25 

6 

60 

25 

15 




1260 

1335 

7* 

70 

20 

10 




1335 

1390 

8 

72 

28 





14.35 

1135 

9* 

80 

16 

4 
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lOtt 

15 

80 



5 


1185 
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50 

15 5 

in 5 

18 



1160 

1175 

121 t 

50 

15 5 

1j 5 

16 


3 0 

11')5 

1270 


* ASTM blanclaid alloy ■ ^ihm mratiun 

J Meet Frrleral K^vernmont BpPiihi itiou QQ-!^*lj616. 
Fiopriebaiy alloys. 


The length of the melting range varies widely with the alloy, in some cases being as 
much as several hundred degrees and in others only a few degrees. In torch brazing, 
when the alloy is hand-fed and almost iiistantlv melted, the length of the melting 
range is of little consequence and has no material elh^ct on the flow of the alloy. On 
the other hand, tv hen other methods of heating are used and when the alloy is pre- 
piaced and is heated slowly through its melliiig range, along with the work, the length 
of the melting range is of importaiiee. The part of the alloy to melt first is likely to 
flow into the joint leaving a lump of a higlier nieUing alloy behind. As the tempera¬ 
ture is raised, this process continues Trith the composition of the residue constantly 
changing. The composition of the residue may change to sucli a degree, and its flow 
point be raised to such an extent, even above the original flow' point of the ailoy, that 
the residue will not melt even at several hundred degrees superheat. The final result 
is that the lump is left on the joint after the brazing is completed, only part of the alloy 
is actually used, and a smooth fillet is not obtained. 

With shnrt-rnelting-range alloys the change from solid to liquid is almost iiistan- 
taneouB, even on slow heating, and the alloy flows more freely without tho sluggishness 
of the long-rang(‘-meltmg alloys. 

Both types of alloys have advantages. The short-melting-range alloys are 
preferable for slow healing, as in furnace brazing, because they are not so sensitive to 
changes in the rate of heating, and they will flow readily into very narrow spares. 
They tend not to fillet wvll, how'cver, and tend to run through the joint without filling 
gaps which the long-melting-rangc, more sluggish, alloys, will completely filL There- 
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for«, when rloso fits are not poeaiblq, the long-^zneltmg-range aJInya usually give better 
results. 

The melting point of the brazing alloy is sometimes of importance because of its 
effect on the strength of the joint just below the brazing temperature. A joint is 
during the period when any part of the alloy is molten. Tlisrcforej on cooling from 
the brazing temperature or on any subsequent heating, eare must be used not to strain 
the joint while above the melting point of the alloy. 

Information is frequently sought regarding the tensile strength and other physical 
properties of silver brazing alloys in the forms in which they are supplied to the trade. 
Such information is of little or no value in determining the suitabiUty of an alloy for 
brazing or for predicting the strength of a brazed joint. The strength of the 'com¬ 
pleted joint is dependent on so many factors that initial physical properties of the alloy 
are of minor importance. A good joint depends in a large degree on design and brazing 
technique. The properties of the metals being joined are of major importance, as with 
the same brazing-alloy joint strengths varymg from about 30,000 psi on copper to 
130,000 psi on high-iensile-strengih steels can be obtained. In general, the strength 
will vary almost directly wuth the strength of the metals being brazed. 

Shear strengths of brazed-steel joints will be roughly 20,000 to 50,000 psi, again 
depending upon the design and the properties of the material being joined. The 
maximum load which can be applied to a jomt m shear is limited by the load required to 
start stretching any member of the jomt. As soon as streteliing occurs, liigh stresses 
o(‘cur at the edge of the joint, and the joint will fail by tearing rather than by true 
shear. Increasing the shear length beyond that required to withstand this load will 
not inercasc the total load the joint will carry before failure. 

The strength of joints will also varv with the tempierature. 8hort-time tests on 
steel brazed with silver alloys indicate that at 600°F the joint strength is about 50 per 
rent of that at room temperature. At SOO^F the strength is roughly 25 per cent of 
room strength, and at 1000**F only about 10 per cent of the original strength remains. 

EFFECT OF BRAZING TEMPERATURE ON METALS JOINED 

An important consideration in brazing is the effect of the brazing temperature on 
the properties of the metals being joined. The temperatures required are above the 
annealing temperatures of practically all nonferrous alloys, and these alloys will lose 
anv hardness which has been produced by cold working. However, the annealing 
efferts can be minimized by localized and rapid heating, and in any case the relatively 
low temperature required as eompared to other welding pracesses decreases the danger 
of niatenal impairment of the properties of the base metals. 

Heat-treated carbon steels, such as the usual carbon tool steels, will also be 
softened at the temperatures required for silver-alloy brazing. It is possible, however, 
to select a brazing alloy from Table 12-9 with a meltmg point sufficiently high to 
permit heat-treating subsequent to the brazing operation. At times the brazing and 
the quenching of the steel from temperatures of 1400®F or above are combined in one 
operation. Tlie success of this procedure depends largely on the stresses introduced 
during the quenching operation. As the joint itself is weak at these temperatures, the 
assemhly should bo designed so that only compressive stresses are applied to the joint. 
Similarly case-haidening low-carbon steels and brazing are occasionally successfully 
rcimbined in one operation. 

The structural alloy steels, such as SAE 4130, may be heat-treated prior to silver 
brazing and if brazed rapidly with one of the lower melting silver brazing alloys will 
(Main practically all the hardness and strength introduced by the heat-treatment. 

Heat-treated and tempered high-speed tool steel may also be brazed w^ithout 
appreciable loss in hardness by means of silver brazing alloys melting below 1200®F. 
Sih’^er brazing is frequently used for repairing broken tools or for brazing high-speed- 
stw»l tips to low-carbon-steel shanks All hough the usual tempering temperature for 
highiSpeed steel is about lOSO^F, the softening of the steel is a tiine-temperatupe 
reaction, and with a short heating cycle i( is entirely practical to braze the steels at 
temperatures in the vicinity of 1260 '’F without adversely affecti^ the hardness. 

Silver-alloy brazing is used extensively for brazing tungsten-carbide tool tips< In 
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joining tungsten earbide to steel stresses of sufficient magnitude to crack the carbide 
are often developed because of the difiercncc in thermal expansion of the carbide and 
the sted* At tl^ low temperature required for silver braaing these stresses are lower 
than when other methods of joining employing higher temperatures are used, and the 
losses resulting from the cracking of the carbide are largely eliminated. 

Amnng the nonferrouB alloys the brazing of the precipitation hardening beryllium- 
copper alloys is interesting. The usual procedure for hardening these alloys is to 
anneal at about 1500°F to form a complete soUd solution, quench, and then reheat at a 
temperature of 500 to 600°F for 1 to 2 hr to precipitatlon-harden. It has been found 
that, after the quench from the high-tcmperaturc, beryllium -copper can be quickly 
brazed with a silver brazing alloy at about 1200°F and that the brazed assembly can 
then be precipitation-hardened by annealing at 500 to 600’’F to the same extent as with 
the usud procedure. 

CORROSION 

Some reference should be made to the corrosion resistance of silver brazing alloys. 
They are, in general, highly resistant to the majority of corrosive conditions for which 
nonferrouB alloys are used. Wherever dissimilar metals are used, galvanic corrosion 
is an important problem. Silver alloys, particularly those of high silver content, arc 
cathodic to many metals and alloys in use under corrosive conditions. As galvanic 
corrosion is generally in proportion to the relative arenas exposed to attack and as the 
surface exposure of the silver alloy in a properly made joint is small, the attack on the 
brazing alloy is normally negligible. In addition, the length of the brazed joint is 
usually long as compared to the surface exposure, and this is a favorable factor in 
increasing the life of a joint even under adverse conditions. 

There arc a few conditions which should bo noted in which certain silver brazing 
alloys are seriously attacked. For Instance, phosphorus-bearing brazing alloys should 
not be used where they are exposed to hot gases containing sulfur-bearing compounds 
as the brazing alloy will gradually disintegrate. Also .stainless steels subjected to 
brines or chlorine compounds, as in marine fittings or dairy equipment, will fail if 
brazed with most grades of silver brazing alloys. Fortunately, in this case, the 
addition of a few percent nickel to the brazing alloy will overcome^ this difficulty and an 
alloy such as No. 12 in Table 12-0 will give excellent corrosion resistance. Finally, 
nitric acid in almost all concentrations is a solvent for silver brazing alloys, and the 
alloys should not be used in solutions containing nitric acid. 

(AcKiTowi.aDQMBNTeT The authors have used freely the teaehinK** and (tubUeationB of Robert H. 
Leach. Vice-President of Handy and Harman, to whom they make lerateful acknowledgment. They 
are indebted also to other members of Handy and Harman’s stalT and the company itself for the use 
of its reowtU.) 
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GAS WELDING AND CUTTING 

BY F. J. King 

Chief Enginetr, 

The Linde Air Prod^icts Company 

Although frequently palled gas welding and rutting, the proress should roirectly 
be called oxyaretylene welding and rutting sinre oxygen and aretylcno are the gaacs 
usually used. Other combinations of gases, such as acetylene and air, natural gas and 
oxygen, or natural gas and air, do not produce flames that arc nearly so hot. Con¬ 
sequently they are not often used for welding or cutting but only for heat-treating, 
brazing, or soldering. 

OXYACETYLENE WELDING 

Basically, oxyacetylene welding is the bringing together of two pieces of metal and 
the melting of the edges in contact by the oxyacetylene flame produced at the tip of the* 
welding blowpipe. The molten metal flows togetluT from the two edges until they are 
completely fused and form one continuous piece after the metal has cooled. 

The oxyacetylene flame is also used for heating in cutting, shaping, and flame 
machining of ferrous metals and as a convenient source of localized heat for a wide 
variety of operations such as hard facing, flame hardening, flame softening, and flame 
descaling. 

Principles of Operation. With suitable equipment, the operator ran produce at 
will an oxyacetylene flame of the proper size and character for the work at hand. By 
changing slightly the proportions of oxygen and acetylene used, the chemical char¬ 
acteristics of the oxyacetylene flame and consequently its action on molten metal can 
be varied over a wide range. 

Types of Flames. When an exactly 1-to-l mixture of oxygen and acetylene is 
lighted at the blowpipe tip, the resulting flame is called a neutral flame because it 
neither oxidizes nor carburizes the weld metal. The neutral flame lias two sharply 
defined zones. The inner portion of the flame consists of a brilliant cone from H 6 

in. long, depending on the size of the opening in the tij). Surrounding this is a 
larger ''envelope flame" only faintly luminous and of a delicate bluish color. 

When there is slightly more acetylene in the mixture, the flame consists of three 
zones. There is still a sharply defined inner cone and the bluish outer envelope, but 
between thcsi* is an intermediate cone of whitish color. This llaiiie is variously called 
an excess ac,etylene, a reducing, or a carburizing flame. 

When there is more oxygen than acetylene in the mixture, the flame has the general 
appearance of the neutral flame, but the inner cone is shorter, has a sharper point, and 
acquires a purplish tint. The three types of flame are shown by Fig. 12-29. 

Flam AdjustmrU, It is usual practice when lighting a blowpipe to open the 
acetylene valve more than the oxygen so that the flame first shows an excess of acety¬ 
lene. As the blowpipe acetylene valve is closed gradually, the excess-acetylene cone gets 
smaller and finally disappears completely. The neutral flame is formed just at the 
point where the excess-acetylene cone disappears. In adjusting for the type of flame 
desired, it is usual to adjust it first to neutral and then to make the necessary adjust¬ 
ment for the excess-acetylene or exceas-oxygt^n flame as requircul. 

The amount of excess acetylene in the flame is determined by comparing the length 
of the acetylene feather with the length of tlie inner cone, measuring both from the 
blowpipe tip as shown by Fig. 12-30. For insi ance, a 2X excess-acetylene flame has an 
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acetylene feather that is twice as long as the inner cone; a SJT exeess-acetylone flame 
has an acetylene feather that is three tiniiNS as long as the inner cone. 

Similarly, the oxidising-flame adjustment is sometimes given as the amount by 
which the length of the neutral inner cone should he reduced, one-tenth. Starting 

again with the neutral flame, the operator increases the oxygen (or decreases the 
acetylene) until the length of the inner cone has been shortened to the desired amount. 
Tn some cases the exact adjustment has to be determined by the action of th^ flame on 
the molten metal. 



Neutral 



0x1 dizing 


Car burlzlng 

Tio. 12-29. The three i^pes of oxy- 
aretyleiie-weldinx flairias. 


innmreonw / Actfyt^nw f90th9r 



2X flame 


tnnor eonw / Ac€tyl99m 



3 X flame 


Fia. 12-30. Determining the amount of 
excess acetylene in a flame. 


For welding mild steels, a neutral flame is desirable. For higher carbon and alloy 
steels, the carburizing flame may be preferable so as to preserve the alloying elements 
from oxidation. An oxidizmg flame is generally used in the fusion welding of bronze 
and brass to assist in the formation of the protective oxide film. Use of a slightly 
oxidizing flame in liraziiig must also take into consideration the possible undesirable 
effect on the tinning action. 

Welding Rods. Because any metal added during welding must have the same 
properties as the base metal, welding rods of various composition have been dcvisiMl for 


Table 12-10. Welding Data—Ferrous Metals 


Metal 

Welding 

method 

Flame 

adjustment 

Ilux 

Welding rod 

Btecl, rast 

Futuon 

Neutral 

No 

Steel 

Steel pipe .. 

Fusion 

Neutral 

No 

Steel 

Steel plate .... 

Fusion 

Neutral 

No 

Steel 

Steel Hheci 

Fusion 

Neutral 

No 

Steel 


Bronze weld 

Rlightly oxidising 

Yes 

Bronae 

Higli-rarbon Htecl . ... 

Fufdon 

Carbii rising 

No 

Steel 

ManBanene ntcol. 

Funion 

Shghtly oxidising 

No 

Baae-nietal composition 

Cromansil Hteel . 

Fuuon 

Neutral 

No 

Steel 

Wrought iron . 

Fuel on 

Neutral 

No 

Steel 

Oalvaniaed irun . . 

Fuaion 

Neutral 

No 

Steel 


Bronae weld 

Slightly oxidiuiig 

Yes 

Bronae 

>'‘lat iron, gra} 

Fumon 

Neutral 

Yea 

Cast iron 


Bronao weld 

JSliffhtly oxidising 

Yob 

Bronae 

< iiHtiron, malleable. 

Bronze weld 

Slightly oxidising 

Yea 

Bronse 

pipe, gray. 

Fusion 

Neutral 

Yea 

Caat iron 


Bronie weld 

Slightly oxidizing 

Yes 

Bronae 

1 Cast-iron pipe 

Fuaion 

Neutral 

Yea 

Cast-iron or boae-metal oompoeitlon 

\ Cliromium-nirhol. 

Bronae wold 

Slightly oxidising 

Yes 

Bronzo 

1 Chroniium-nickal 

Fusion 

Neutral 

Yes 


\ Steel oa^ngB. 





Cbromium-nicjkel sterl 

Fusion 

Neutral 

Yea 


(lB-8) and (25-12) 




1 metal composition 

Chromium ateel . 

Fusion 

Neutral 

Yea 


Chromium iron,. . 

Fusion 

Neutral 

Yes 
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Table 12*11. Welding Data^NonferrouB Metals 


Metal 

Welding 

method 

Flame 

adjustment 

Flux 

Welding rod 

Aluminum. 

Fusion 

Slightly carburizing 

Yes 

Aluminum 

Brass. 

Fusion 

Oxidizing 

Yes 

Bronze 


Bronie weld 

Slightly oxidising 

Yes 


Bronse. 

Fusion 

Neutral 

Yes 

Bronze 


Bronse weld 

Slightly oxidizing 

Yes 


Copper (deoxidized). 

Fusion 

Neutral 

No 

Deoxidized ropjier 


Bronse weld 

Slightly oxidising 

Yes 

Bronze 

Copper (electrolytir). 

Fusion 

Neutral 

No 

Copper 


Bronze weld 

Slightly oxidizing 

Yea 

Bronze 

Gverdur bronze. 

Fusion 

Slightly oxidizing 

Yes 

Base-mntal composition 

Nickel. 

Fusion 

Slightly carburizing 

No 

Base-metal compoailion 

Monel metal. 

Fusion 

Slightly carburizing 

Yes 

Base-metal composition 

Inconel. 

Fusion 

SUghtly carburizing 

Yes 

Base-nietal composition 

Lead. 

Fusion 

Neutral 

No 

Base-metal composition 


all sorts of ferrous and nonferrous welding. Obviously, it is important that the 
correct welding rod be selected for any particular welding problem. Allowances are 
made in the chemistry of good welding rods for the changes that take place in the 
welding process, so that the deposited metal will be of the correct composition. 

Fluxes. No flux is required for the fusion welding of mild and low-alloy steels, but 
with most commercial nonferrous alloys containing suf*h readily oxidizable ingredients 
as copper, zinc, aluminum, chromium, or silicon, a flux must be used (see Table 12-10 
and Table 12-11 for details). Fluxes should not be substituted for proper cleaning in 
the preparation of the base metal. The flux should bo easily removed upon comple¬ 
tion of the work and should have no corrosive action on the finished joint. Fluxes arc 
used to accomplish the following effects: 

1. The flux should form a fusible slag with the oxides formed during welding and 
should float to the top of the molten puddle. 

2. The flux should protect the molten puddle from reaction with the gases of the 
surrounding atmosphere. 

3. The flux should clean and protect the surf aces of the base metal and, in some 
cases, the welding rod during the preheating and welding or brazing. 


rJ0^fo4S* 

'TNi A 



Square Nose Feafher^edgc 


Fig. 12-31. Plate material i^* ^ more 
in thickness is beveled so that a V is 
formed. 



Fio. 12-32. Jig for making butt or 
flange welds in sheet metal. 


Base-metal Preparation. The areas to be welded should be cleaned of scnla and 
dirt of any sort. The edges of abutting plates, which arc in. or more in thickness, 
are beveled so that a V is formed as shown by Fig. 12-31. This is done to ensure 
complete penetration of the fused portion through the base metal. The angle of the 
vee opening varies from 50 to 90 deg, and a square nose is usually left at the bottom of 
the joint, although a feather edge is permissible for some work. In plate more than 
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^ in. thick, a double-vee opening on both eides of the plate is used. Thin sheet is 
often joinetl by flanging the edges, butting the flanges against one another, and fusing 
the flanges, generally without the addition of welding rod. A, jig for holding the 
flanged sheets during welding is shown by Fig. 12-32. 

Other joint designs, such as a U contour, are possible, but more expensive to 
prepare than the simple voe, which can be produced rapidly by flame cutting. 

Bronte Weldir^. Bronze welding is a method of joining iron or steel without 
fusing the base^metal edges. Consequently, the disadvantages that may occur from 
bringing the base-metal edges to fusing temperature do not exist, or they are at least 
minimized. The bronze rod used in the process melts at about IflOO'^F. This 
is considerably below the melting point of many commercial metals. It is this fact 
that makes the process possible. < 

In bronze-welding, the voed edges are first thoroughly cleaned, then raised to a dull- 
red heat. In the presence of a suitable flux, the bronze metal from a rod is flowed on so 
as to form a tinned surface. Successive passes are made as necessary, until the joint is 
completed. 

For joints made of malleable iron and galvanized iron, bronze welding is superior to 
fusion welding because the base metal is little affected. The malleability of cast iron 
therefore is preserved, and the coating of galvanized iron is affected only locally. 

MvUilayer Welding. Miiltilayor welding is a variation in welding technique that is 
recommended for joining heavy plate. It is accomplished by depositing rod metal in 
successive passes along the joint until it is filled. Since the "bite'' taken with each 
pass is small, the weld puddle is reduced in size. The small puddle is more easily 
controlled, and thus the operator can avoid oxides, slag inclusions, cold shuts, and lack 
of fusion with the base metal. The major advantage of this process is, however, the 
increase in ductility of the deposited metal owing to the grain refinement resulting from 
the welding heat of each successive layer. The final layer, of course, will not possess 
Ihis refinement unless the blowpipe is pasHed over the surface again to normalize the 
metal deposited in the last pass. 

Oxyacetylene Welding Equipment There are two general types of oxyacetylcne 
blowpipes: medium and low pressure. Ix)W pressure blowpipes make use of what is 
known as the injector principle. A cross section of this type of blowpipe is shown by 
Fig. 12-33. The oxygen passes through a small opening in the injector and produces a 



Fiu. 12-33. Section diagram of injector-type welding blowpipe. It can operate on low¬ 
er niudium-pressure acetylene. 


suction which draws acetylene into the oxygen stream. In the medium-pressure 
blowpipe, cross-section diagram shown by Fig. 12-34, the oxygen and acetylene are 
regulated by valves in the torch to approximately the same pressures. The mixing 
chamber serves only to blend the gases thoroughly before they enter the tip. 

Selection of Tordies. There are a number of models of oxyaeetylene-welding bldW- 
pil>es. The choice of a blowpipe depends on the nature of the work to l)e done. For 
very small flames necessary on thin sheets or other delicate work, there are tips avail¬ 
able having orifices as small as 0.018 in. The acetylene flow through these tips is 
approximately 1 cu ft per hr, and the blowpipes with which the tips are used are very 
small and light in weight. 

Where large sections arc being welded and a great deal of heat is needed, tips with 
orifices as large as 0.250 in. ran be secured. Also, there are multiple-flame tips that 
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bitve ^oetyleiic cjonsumptions as high aa 250 cu ft per hr. These multiflnjne tips are 
more often used for heating than actual welding operations. 

Mwhim Equipment, For the production of certain welded articles, maelune 
welding has been found to produce welds that are better and more uniform in quality 
and, in most OHSes, more erononiical than hand welding. 

The oyyac’olylcno welding machines are designed for three types td welding: fusion 
welding of steel with welding rod ad<lod, fusion welding of steel without the addition of 
welding rod, and bronze welding. The last type requires the use of a flux, and is more 
expensive than fusion welding, but possesses the virtue of greater speed as weU as other 
advantages which have been discussed. The edges must be sheared correctly and held 
in contact during welding. 




Acefytene 
Mixed Oases 


Fio. 12-34. Sertion diagram of welding blowpipe designed for medium-pressure operation. 


Joint detail is very important in the fusion welding of sheet steel without the 
addition of welding rod. The edges must be sheared correctly and held in contact 
during welding. To do this, aide preasure must be applied to the clamp jaws in order 
to force the edges together. To avoid deformation due to contraction stresses, jigs 
and clamps should be heavy enough to absorb heat from the workpiece quite rapidly. 
When production rates are high, or when items welded are small, water-cooled jigs 
should be used to absorb the heat quickly. This type of operation produces a flush 
weld with a minimum of rein for cement. Pieces with curved sides that caimot be made 
by rolling or bending flat sheets can also be machine welded. The parts may be 



Fig. 12-35. r 3 ''liriders of arptylene poiinerted to a manifold. 


stamped or drawn in two halves. These halves are then placed together in a jig and 
positioned so that the seams are in the same horizontal plane. The joints are then 
welded simultaneously with two weldmg heads moved by a common carriage. This 
method of welding will be somewhat slower because the horizontaJ-vertical position of 
the weld requires a smaller weld puddle. 

Gas Supply, Acetylene is distributed in steel cylinders containing a porous fille/ 
and acetone, in which the acetylene is dissolved. The most common cylinder sizes 
have rated capacities of 100, 275, and 300 cu ft. 

The gaseous acetylene should not be allowed to discharge too rapidly from the 
cylinder because a fine mist of acetone may be carried along with the gas. To avoid 
such an occurrence, the rate of discharge i>er cylinder in cubic feet per hour should not 
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exceed one-eeventh the roM gas content caimeity of the eylinder in cubic feet. Where 
the apparetue ooneiunes aeetylene faster than the recommended discharge rate for a 
single cylinder, the acetylene should be supplied by two or more cylinders discharging 
simultaneously through a suitable manif^ding ^ 

device as shown by F^. 12<^. 

Acetylene can also be made as it is used. 

Acetylene generators produce the gas by reaction i W 

between calmum carbide and water. There are flT” * jllff 

two general types: the medium-pressure type |N| jjlH 

produces acetylene at from 1 to 15 psi; the 1-p I ^ Jill 

type generates acetylene at less than 1 psi. Both jA O kM I 

types are available in a wide range of sizes for c ^ ^ 9* IH ■ 

both stationary and portable service. A typical N* l|| I 

generator for stationary service is shown by Fig. [ J ^' 111 

The small portable generators liave carbirlo 
capacities of about fifteen pounds, with generating 
rapacities of approximately 30 cu ft per hr. In 

contrast, some of the large stationary industrial ImHQ 

generators have carbide capacities of 1 ton per hr I 

with generating capacities of thousands of cubic 
feet of acetylene per hour. 

Oxygen for commercial purposes is supplied in ^ 
seamless steel cylinders. The gas is compressed ^ || Jl 

io 2,200 psi, at 70°F. IVo sizes of cylinders are ^ V ^ 

available: the larger and more common holding I 

oxygen equivalent to 244 cu ft at 1 atmosphere j I : HH| 

and 70"F, the smaller cylinder containing half this 

In order to supply the large quantities of ,, * x • t ^ t 

. j . • j X ■ xi. 1 lu. 12-36. A typical acetylene 

oxygen required in some mduatriea, the com- generator 

lircBsed gas may be obtained from an appropriate 

number of cylinders connected to a manifold as shov n by Fig. 12-37 or frojn truck- 
trailer storage UTiits, either of which can be connected to the shop piping distribution 
.system. Oxygen in liquid form may be delivered to the plant in a tank truck or rail- 
load tank car. The liquid oxygen may then be gasified and pumped by the truck’s 


Fio. 12-37. Oxygen cylinders connected to a manifold. 

'Apparatus into the plant’s storage facilities, or discharged as'liquid into a converter 
'V hi(»h automatically furnishes gaseous oxygen to the plant’s distribution piping B3rstemi 
ManifoliU and Pipe Lines, Centrally located supply units with piping S 3 ’stams to 
fonduet the gases to the point of use are a decided advantage, sinoe cylinder and 
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regulator handling is considerably reduced, cylinders are removed from working areas 
in the shops, a master control of available working pressure is obtained, and a con¬ 
tinuous supply of gas is afforded. 

The manifolds and pipe linos for oicygen are different from those for acetylene 
because the gases have such different natures. The oxygen system is generally 
operated at pressures from 50 to 100 psi. Pure oxygen at these pressures violently 
supports combustion. The pressure of the acetylene system is not greater than 15 
psi| but the gas is extremely flammable. 

At the blowpipe station, the high oxygen and acetylene pressures are reduced to 
working pressures by the use of regulators. These instruments automatically reduce 
the pressure to the desired value and maintain it there without fluctuation. 

At all points where gases are drawn off to supply a blowpipe, or other consuming 
device, a regulator or hydraulic flash arrester is required for the acetylene if the gas is 
delivered by a manifold or from medium-pressure generators. In exceptional cases, 
where all the operators are doing the same work and using the same oxygen pressure, 
the oxygen station-regulator can be dispensed with and regulation secured at the 
manifold. For acetylene from 1-p generators, a suitable watcrscal or hydraulic 
flash arrester is used at each outlet. 

The purpose of the water seals is to prevent the passage of oxygen back into the 
acetylene lines. The regulators at acetylene outlets also serve the same purpose. 
Water-seal devices should be installed where each important branch line joins the 
main. 

Station outlets for welding and cutting should be provided with shutoff valves so 
that service regulators may be removed at will, cither for repair or because regulators 
need not be provided as permanemt attachments to all stations at once. Acetylene- 
station outlets arc frequently provided with mechanical check valves in addition to 
regulators. 

Oxyacetylene Welding Applications. Oxyacetyhmc welding is used on the whole 
range of commercial ferrous and nonferrous alloys. As in any welding process, how¬ 
ever, physical dimensions and chemical composition must limit the weldability of 
certain materials and pieces. 

In fusion welding, the temperature range through which the metal is taken is 
practically the same as that of the original casting procedure. The base metal in the 
weld area loses those special properties that were given to it by heat-treatment or 
working. Therefore the ability to weld such materials as high-carbon and high-alloy 
steels is limited by the equipment available for heat-treating after welding. However, 
such metals are commonly welded with Buccess, when the size or complicated nature of 
the piece docs not prohibit heat-treating operations. 

For wrought-iron and "foolproof” or plain carbon steels, the welding procedure is 
Straightforward and offers little difficulty to the operator, t^uiid welds arc produced 
in other materials by appropriate changes in technique, heat-treating, preheating, and 
fluxing. 

The oxyaoetylene process can he used for welding thicknesses of metal up to that 
used in heavy piping and for problems normally encountered in maintenance and 
repair. 

Iran and Steel. As has been indicated, the low-earrhon, low-alloy steels, cast steels, 
and wrought iron are the materials most easily w'elded by the oxyacetylene process. 
Only a simple technique and no fluxes are required. 

In oxyacetylene welding, straight-earbon steels over 0.70 imr cent of carbon are 
considered high-carbon steels, and necessitate special care to maintain their particular 
properties. Alloy steels of the type called "air hardening” also require precautions to 
maintain their properties even though the carbon content may be 0.35 per cent or less. 
The joint area is usually preheated in order to slow the cooling of the weld by conduc 
tion into the surrounding base metal. This prevents the hardness and brittleness 
associated with rapid cnKjling. The operator should use a carburizing flame, and 
should be careful not to overheat tlie base metal and hum out the carbon. 

For stainless and similar steels, several modifications in procedure are made. 
Because of the higher content of chromium, these steels have a lowered heat con- 
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ductivity. Therefore, a smaller is reoommended than for equal thickness of 
plain rarbon steel. A neutral flame is used because the chromium easily oxidues and a 
flux is used to dissolve oxides and protect the weld metal. A high-chromium com¬ 
position welding rod supplies metal to fill the weld. ' 

('last iroDj malleable iron, and galvanized iron all present particular problems in 
fusion welding of any sort. In cast iron, the gray cast-iron structure can he main¬ 
tained through the weld area by use of a preheat, a flux, and an appropriate cast-iron 
welding rod. 

Malleable iron cannot be fusion-welded. Hemelting offsets its properties which 
depend entirely on a long and expensive heat-treating and working operation. Bronze 
welding affords an excellent method of joining without excessive heating. Therefore, 
it is recommended for malleable iron and for galvanised iron, in order to preserve the 
galvanizing. This method is also used in joining dissimilar metals, and in sheet-steel 
fabrication. 

Non ferrous Metals, As is the case with the various ferrous alloys, the particular 
properties of each nonferrous alloy must be considered in the technique used for 
welding it. When the logical precautions are taken, little difficulty due to the nature 
of the metal should be encountered. 

For instance, aluminum gives no vrarning by change in color prior to melting but 
appears to collapse suddenly at the melting point. Hence practice in welding it is 
required to learn to control the rate of fusion. Aluminum and its alloys also suffer 
from hot shortness. Therefore they should be adequately supported at all points 
heated during the welding. Finally, any exposed aluminum surface is always covered 
with a layer of oxide and forms a fusible slag whicdi floats on the top of the molten 
metal. 

In copper wehling, allowances are Jiecessary for chilling of the weld owing to the 
very high thermal conductivity of copper. Also, consideralde distortion can be 
expected in copper because the coefficient of thermal expansion is higher than in other 
commercial metals. These characteristics obviously pose difficulties which must be 
surmounted in satisfactory welding. 

These examples will suggest the type of problems encountered in oxyacetylene 
welding, as well as the solutions. 

Surfacing Operations, In hard-surfacing, a layer of metal wdth the special proper¬ 
ties desired is deposited from a welding rod and sweated on to the base metal surface. 
In this way, a very liard, abrasion-resistant surface of alloy may be spread on a mild 
steel part, and so prolong the part’s usefulness. The hard-surfacing operation offers a 
simple, low-cost means of producing parts that have two to twenty-five times the life of 
steel under similar conditions of abrasion. 

Broken edges, gear teeth, and niismachined surfaces can be built up by depositing 
layers of metal that arc like the base in composition. The built-up surfaces can then 
be machined and heat-treated so that they will have the aame properties as the 
original piece. This application makes it possible to reclaim all sorts of damaged 
pieces, and results in savings in part costs and replacement time. 

Fields, The process is widely used in such fabricating industries as: sheet metal, 
tubing, aircraft, industrial piping, and automotive. It is also used gainfully in laying 
pipe lines and in shipyards, as well. 

'^Maintenance ond Repair,*^ The one field in which the process is most widely used 
and accepted is in maintenance and repair, where its flexibility and mobility make for 
great savings in lime and labor. Oxyacetylene welding has been shown to be particu¬ 
larly suited to the needs of steel mills, railroad shops, machine shops, and automobile- 
repair shops, an well as in shops devoted entirely to welding, whose main business may 
be in repair of many sorts of small industrial and household equipment. 

OXYGBN CUTTING 

Equipment and Operation. Although the process is variously called oxyacetylene 
cutting or flame cutting, ''oxygen cutting” is the preferred technical term. 

When iron or steel is heated white hot and a stream of pure oxygen is directed 
against it, the metal bums rapidly, producing the magnetic oxide of iron {Fe 304 ) with 
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Table 1S*12. Ferroui Mettle Cuttable hf Ueiul Methods 


Name of metal 

Carbon 

Other alloying elements 

Luw carbon irun rolled or urough! 





Charcoal iron 

Lp to 0 04 




Wrought iron 

Low-carbon steel rolled a ri.>u!,ht 11 

0 04 max 




oast 

Bivet steel 

0 10-0 16 




Flange steel 

0 15 4) 30 




Firebox steel 

0 15-0 30 




Structural steel 

0 1V4) 35 




Steel forgings* 

0 20-0 45 




Cast steelt 

0 20-0 45 




Medium-oarbon stnlf 

High-oarbon steel 

0 30-0 60 




Plain carbon steel t 

0 80 1 60 

MangaiiLse 



Bpnng stetlf 

0 45-0 00 

0 30-1 20 



Tool steelt 

C opper-beanng nleil 

0 85 1 10 

Copper 

Nul tl 


Plain 


0 20-0 35 



Seamless 

0 10 0 20 

1 00 max 

1 0(1 


Manganese stbel 


Manganese 

SihcT n 


Structural* 

0 25-0 35 

J 60-1 90 



Hadfield e* 

1 00 1 50 

10 0 14 0 



Bilicn-manganesi -j 

0 50-0 bO 

0 00-0 90 

1 80 2 20 


Sihco-roangaiicflt t 

Silicon Steels 

0 65 -0 b*» 

0 faO-0 90 

1 80 2 20 


Structural t 

0 iM) 40 

0 50-0 80 

0 20-0 30 


1 rantsformcr* 

0 10 max 


Lp to 1 00 


Nickel steels 


Manganese 

NickEl 


Low-carbon 

(J lO-O 20 

0 30-0 60 

0 40 4) bO 


Low-carbon} 

0 10-0 20 

0 30 0 60 

1 26 1 75 


Medium-carbon} 

0 10-0 26 

0 30-0 60 

3 25-3 76 


High carbon t 

Nicktl-chroimuin stetl** 

0 26-0 35 

0 500 80 

3 26-3 75 

Chromium 

J ow-carbnn 

0 10 0 20 

0 30-0 60 

1 no 1 50 

1 0 45-0 76 

Medium carbon 

0 16-0 25 

0 fO 0 60 

1 00 1 50 

0 46-0 76 

Chromium alloy 

0 10-0 20 

0 30 0 60 

1 50 2 00 

0 90-1 26 

Nickel alloY 

0 17 max 

0 30 0 bO 

1 26 1 75 

1 25-1 75 

Molybdenum steels 



'Mol\bdiiiutii 

Chrome-mol^ bdeii u m i 

0 25 o n 

0 50-0 SO 

0 15 0 25 

0 50 1 10 

Nickel molybdenum 

0 10-4) 20 

0 lO-O 70 

0 20-0 JO 

1 66-2 00 Ni 

Nickel-molybdcnuiii \ 

U 15 0 25 

0 40-0 70 

0 20-0 JO 

1 b5-2 00 

Chromium steelB 


Mangaiirsr 

C hruiiiiuin 

Sihcnn 

Cromansilt 

0 25 max 

1 05-1 40 

0 30-0 60 

0 60-0 90 

Low-cbromium* 

0 15 0 25 

0 10-0 bO 

0 bO-O 90 

1 7 chromium t 

0 15-0 55 

0 00 0 90 

0 80 1 10 


4-6% chromiumt 

Chromium vanailiuin stidN 

0 25 max 


4 00-6 00 

'Vanadium 

Low carbon} 

0 in-0 20 

0 30-0 60 

0 80-1 10 

0 15 nun 

High carbon} 

Low tungsten ctccls 

0 20 1 06 

0 60-0 00 

0 80-1 10 

0 15 min 
Tungsten 

0 50-0 70 

0 JO max 

0 50 1 00 

1 60 2 00 
Vanadium 

Vanadium sUtl 

0 00 max 

0 70-0 95 
Aluminum 


0 15 nun 


Aluminum steel 

. 

10 00 max 




• The ^ctil should be priheatod liluie tutUiLg to present haidening of the metal lo the face of 
tM cut Usual preheating teniperatiius rani»'p from ftOO to UOO“r Preheating is used for certain 
pndes to facilitate cutting If not preheated a heat treatment, fuinaoe or otherwise, should follow 
to improve or recondition the structure of the lut suifati provided the ipatenaJ is kept ^aim between 
the time of tutting and heat>treatment 

J Material should be preheated as descrlbeo under ♦ 

Heatrtreating alter cutting may be necessarv if the carbon content is on the high sidei. 






OXYGEN CUTTING 




the UberntiPii ol a ooomderable amount of heat. The oncide formed ie in the zuoliteii 
fltate and flows or is blown away, expcMsing more metal to the action of the oxygen, 
^cause of the chilling effect of the surrounding metalf it is necessary to continue to 
supply heat at the point of cutting oven though the cutting ai^tion liberates Wt. 
The preheating flames of the blowpipe serve to raise the temperature of the metal to 
the reaction point and thereby supply the heat necessary to keep the reaction going. 

Oxy-acetylene Culling 
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Fig, 12-38. 
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The scope of oxygon-cuttiua processes is illustrated by this diagram. 


/Scope of Process. The variety of operations performed by oxygen cutting is shown 
graphically by Fig. 12-38. Only the more important of these operations will bo dis¬ 
cussed in this subsection. The chart will serve as a guide for obtaining further 
information if it should be needed, C''arbon- and low-alloy steels are readily oxygen- 
cut by the ordinary straight-line technique. Table 12-12 lists the steels that can be 
cut by regular or special methods. Certain high-alloy steels, such as stainless steels, 


Table 12-13. Ferrous and Nonferrous Metals Cuttable by Special Techniques 


Name of metal 

Carbon 

Other alloying elements 


0.6O-O.UO 

Chroniiuin 

6.00 

Tuiigstf'ii 

10.-20. 

Vanadium 

2.00 

Cast iron* 

White cast inn . 

Gray cast iron. . 

2,50 and up 
a.75-^.75 
2.60 

8iUcon 

1.60 max 
1,60-3.00 
1.00 

I^mieteel. 

2.00-3.00 

1.60-3.00 



I luriron. 

0.76 

16.00 



Higdt nirkel... 

0.60 max 

Niclnd 

34,0 max 


Fiuinless steels t 

Low-carbon 

Chromium. 

0.12 max 

Chroinium 

12.-18. 


High-carbon 

Chroinium. 

0.30-0.60 

0.06-0.20 

12.-18. 



Chromium-nickel. 

16.-20. 

7.-10. 


High-tungeten steela. 

0.60-0.70 

Manganese 
0.30 max 

Chromium 

8.-4. 





* The out Burfecee of the oaet irons in heavy aectiona are hardened by the cutting operatiem and 
Bho^d be heat-treated if they are to be maohin^ after cutting, 

t Heat-treatment usually is Aeoemary to counteract harmful effects of the heating produced during 
the outtlag opmntion unless the metal oontains a stabiliaing element to prevent such fieai effecte. 
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show coodderable refiigtan«e to oxygen cutting. These materials, as well as the non- 
feiTOUfi alloys can usually be cut by special techniques. A detailed list of the materials 
requiring special cutting techniques is given in Tabic 12-13. 

Tkickryes^B and Tolerances. Speed ranges for various thicknossea of plain carbon 
steel, using different types of noezles, are given in Table 12-14. 


Table 12-14. Cutting-speed Ranges for Various Thicknesses of Metal 



Machine rutliiXK speerl, in /inin 

Thickness of 







metal, in. 

Standard cuttiufE 

Precision cutting 

High-speed cutlinc 


nossles 

nosslcs 

norsleh 

tip to H 

12-27 



H 

18-26 




17 26 

16-21 


H 

16-24 

14-19 


H 

15-23 

13 JS 

26-28 

n 

13-21 

11-15 

22-25 

1 

12-18 

7 10 

21-24 

Us 

11 15 

6-8 

M-16 

2 

in 0 14 0 

5-7 

12-15 

3 



11-14 

4 



10 13 

S 



8-11 

6 



7 10 

8 

3 7-4 9 


r> 9 

10 

2 9 3 8 


3 7 

12 

2 4 3 0 


3 6 

16 

3 0-3 5 



18 

3 0-3 5 




The final tolerance on any oxygen-cut part is affected by three items: niiichine 
accuracy, oxygen-jet accuracy, and the distortion factor. I'lic newer machines will 
follow a line or duplicate a pattern to within 0.015 in. The oxygen jet wdll remain 
within about 0.006 in. of a line so that the combined accuracy is not better than 0.021 
in. The distortion factor is the allowance that must be made for the thickness of the 
material. The bottom of the cut may be out of line with the top of the cut by as much 
as 0.005 in. per inch of thickness. 

Qvnlity of Cut. The quality of the cut varies with the nozzle used, the speed of 
cutting, and the gas pressures. Shapes or parts that are to fit closely together with 
little or no finishing require high-quality cuts. In scrapping or demolition work, the 
object is merely to separate one part from another and so the cut surface is not 
important. Any discussion of the quality of an oxygen cut necessarily involves the 
consideration of 'Mrag.” '‘Drag’' (sometinies called “lag") may be defined as the 
amount by which the bottom of the cut lags behind the top expressed as a percentage 
of the plate thickness. Straight-line cuts may be made with considerable lag without 
much detrimental effect, since the drag lines lie within the plane of the cut and do not 
prevent both top and bottom edges from being left clean and sharp. However, in 
shape cutting less drag is permissible, since the bottom of the contour would tend to 
come out differently from the top. Such cuts must be made with small drag and are 
known as “high-quality" cuts. High-quality cuts require somewhat more oxygen 
than cuts that have long drags and barely penetrate the material. Precision-machine 
cuts are necessarily of the high quality. 

Equipment Required for Oxygen Cutting. The implements that permit the 
control!^ use of the combined oxygen-jot and oxyaeetylene preheat ffaines, is called a 
“blowpipe" or “torch." 

Cutting Blowpipe. Blowpipes are of two types: first, those in which the fuel gas 
and oxygen for the preheating flames are mixed at the tip; and second, those in which 
the mixing takes place in the head or some location back of the head. This latter type 
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is deaigziated «U3 the prenixed type. If both the oxyge^ and acetylene are under 
appreciable preeeuro, the blowpipe ie designated as a '^medium-preseure” blowpdpe. 
If the fuel gas is at a lower pressure, generally a fraction of a pound per square inch, ap 
injector is necessary to mix it with the oxygen and the blowpipe is designated as a 
“low-pressure” or “injector” type. A cross section of a typical low-pressure blow¬ 
pipe is shown by Fig. 12-39. 

Machine-ciitting Blowpipe. Machine-cutting blowpipes are usually straight and 
usually equipped with a rack that engages a pinion in the blowpipe holder, to adjust 
the height of the blowpipe above the work. Special heavy-duty machine-cutting 
blowpipes are available for cutting heavy sections or hot steel. Such blowpipes are 



Fiu. 12-39. Cross section of “low-prossute” or "injector’’-type cutting blowpipe. 


usually watcr-coolcd, operate on medium-pressure acetylene, and require a surpris¬ 
ingly low cutting-oxygen pressure. 

Cutting Nozzlen. Simply by changing the size of nozzle, a single rutting blowpipe 
can be used to cut a wide range of metal thicknesses. The nozzles for the modern 
cutting blow'pipes arc made with the oxygen-cutting jet surrounded by several pre¬ 
heating flames as shown by Fig. 12-40. With this arrangement, the blowpipe can be 
moved in any direction without losing the effect of the preheating flame. 

In addition to the standard cutting nozzles, there are several spceial-purpose 
nozzles. High-speed cutting nozzles, precision cutting nozzles, gouging nozzles, and 
rivet-cutting nozzles are examples of such special-purpose equipment. 

Cutting Machines, (’utting machines 
really consist of an oxygen-cutting blowpipe 
and a means of propelling it. They may 
be simple and light and usually of limited 
application or heavy, complicated, and 
quite versatile*. In this subsection are 
illustrated a f<*w of the typical oxygen¬ 
cutting machines selected to show the wide 
range available. 

Small cutting machines weighing under 
100 lb are usually classified as portable. 

Fsiially these machines are designed to 
make straight-line cuts or bevels. For this 
purpose, they operate on a track supplied 
ujlh the machine. These machines arc 
UTiually limited to operations on material up to 10 in. thick. By means of a radius rod, 
these machines can be used for cutting circles or operating directly on the steel plate. 
In an emergency simple, irregular shapes can be cut by hand-guiding the machine. 
Stationary cutting machines arc particularly adapted to operations where the same 
pattern or design is to be cut repeatedly. Devices are available so that several blow¬ 
pipes can be mounted on the same machine, and a number of parts of the same shape 
can be out simultancHiusly. In any stationary sliapc-outting machine, it is necessary 
to provide for motion in two directions at right angles to each other. All stationary 
shape-cutting machines are equipped wdth a tracing device, driven by a variable-speed 
motor and guided along the outline of the shape to be cut. There are three methods 
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of guiding tike blowpipe when using the stationary cutting maohinei They are the line 
tracer, the stnp templet, and the magnetic templet In Ime tracing, tho tracing head 
18 manually guided by the operator along the outlme of the part The manually 
guided tracing head is shown by Fig 12-41 The accuracy of the cut depends on the 




liG 12-42 A Miip toiiiplct Kiiirlcil tianngheod 


skill of the operator I* or stiip-templtt guiding, the templet is usuiilly made of a ^ i in 
stnp of aluminum 7 he sliips arr liciit to thi outlin of the part and hnnlv attaihed 
to a sheet metal or composition laiard base as shown by Fig 12-42 Such tc^mplets 
must be laid out earrfulh, but they can be used for making him dredb of huccc %ive ruts 
The tracers usually < onsibt of knurled rollors operating on tlu. mdc s of the templet A 
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magnetic templet makes use pf a niiigneUaed knurled-eoUer that operatos on the edge 
of a templet cut from steel plate abimt m thick Templet a&d magnetic tuacuig 
head are shown by Fig 1243 

The Oxygen Lmce The oxygen lanc‘o differs from the cutting blowpipe in that 
there is no heating flame to maiiitain the material being cut at the kindling tempera¬ 
ture The oxygen lance is oasentialI> a black iron pipc^ connected to a hose from a 




Fig 12-41 A maKUotic templet guides the welding head 


regulated supply of oxygen One e the cutting has staried, the pipe itself beroraes the 
fuel that burns and furnishes the heat iicr esaarv to keep the t ut gomg The oxygen 
lanpc IS used for rough-cutting hea\y sections oi for piercing holes in thick metal for 
the start of an JX} gen cut 

Preparations for Cutting, The i/iork should be level on llir worktable and so 
positioned that the piece can be cut 
propelly at all points without cuttmg 
the work support The relative posi¬ 
tions of templet and work c an be 
I hecked m advance by manually moviiig 
the machine over the templet 

Dirt, rust, pamt, or scale should be 
removed from the surface before the 
rutting begins F’or precision cutting, 
a ^amc-dcscaling operaiiun sometimes 
pif redes the cuttmg itself 

Manual Oxygen-cuttmg Operations. 

Ir addition to the usual precautions m 
1 gard to the fire hazards of hot slag and 
sparks, the operator should protect him- 1 xo 12-44 V pier e of angle iron serves as a 
HI Jf by weanng gloves, a hat, and weld- guide in making a manual cut 
"IK goggles 

Most manual cut s are made fiechaiid, however, whr n it is ucc essary to improve the 
aeruraty, some sort of gmde may be used A steel bar or a piece of angle iron will 
serve to maintain the coriect distance above the plate and also to ensure givmg a 
reasonably straight Ime Such a guide m use is shown b\ Fig 12-44 The technique 
of beveling parts for weldmg is similar to that for straight-linc oxygen cutting In 
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aeleeting the sise of noszlo to be used, the metal should be measured along the bevel. 
The use of a piece of angle iron or other guide helps to make a straight bevel. 

CircUs and Irregular Shapes, Freehand cutting of circles and irregular shapes is 
done only when it is necessary to "rough out" a single piece. Circle-cutting attach¬ 
ments usually consist of a short rod with a clamp on one end that fits over the blow¬ 
pipe head and an adjustable center point. 

Piercing Holes, In pieremg a hole in steel plate, the preheat flames are held about 
2 in. above the spot where the hole is to be started. When the surface just begins to 
melt, the nozzle is raised slightly, and the cutting oxygen lever is slowly depressed. 
The blowpipe is moved slightly to one side and moved in a small spiral motion as the 
cutting action starts. When the cut has pierced all the way through the plate, the 
blowpipe should be lowered so that the tips of the preheat flames are about }{q in. 
above the plates, and the cut continued wiUi a spiral motion until the desired diameter 
hole has been obtained. 

Machme^uttisg Low-carbon Steel, hfechanically 'holding and guiding the 
blowpipe over the work has many advantages over manual cutting, such as better 
workmanship and greater accuracy and efliciency. ('‘uttiiig with straight-line cutting 
machines is even simpler than manual straight-line cutting. Abo, many of the 
principles of this type of operation apply to other forms of machine cutting. The type 
of nozzle should be selected according to the quality of rut desired and the size of 
nozzle should be selected according to the thickness of metal to be cut. 



Fig. 12-45. Froceduro for startinji a marhino rut. 


Starting the Cut. The lighted blowpipe should be positioned so that the flames fall 
on the surface of the plate near the edge, with the tips of the inner cone about * 32 
away from the surface, sho^n by Fig. 12-45. When the metal is ready to melt, the 
nozzle aluiuld be quickly moved off the plate so that the center line of the nozzle is 
about ] a in. from the edge. At the same time the cutting oxygen should be turned on 
and the machine started. This method is generally termed a "flymg start" and can 
be used successfully nn thickiK'sses up to 6 in. or greater with practice. 

A simple method of chi‘cking the smoothness of the cutting stream is to light the 
preheat ^mes, adjust them to neutral, and open the cuttmg valve. The stream of 
cutting oxygen can be clearly seen through the envelope of the flame and should be 
straight and true with a uniform diameter. The operator should check this before 
starting every cut. 

Appearance of the Cut. In a good cut, the surface will be smooth and square, the 
drag lines will be vertical, and barely visible, the edges will be sharp and straight and 
any oxide present will be easy to remove. 

A cut surface in which the drag lines are straight up and down is called a "drop 
out." In straight-line cutting where economy as well as quality b to be considered, 
the speed of the machine may be increased so that less oxygen and acetylene will be 
consumed for a given length of cut. In general, cuts having a 10 per cent drag are 
satisfactory for average run of shop work and are considered standard as to quality. 

Shape Cutting. The principles of cutting irregular shapes are the same as for 
straight-line cutting, with one important exception. Speeds and pressures must be 
adjusted for minimum drag, otherwise the contour on the bottom of the cut will come 
out differently from that on top. All shape-cutting machines require some sort of a 
guiding templet. 
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Circle Cutting, Nearly all oxyg0n cutting machinea can be adapted to circle 
cutting. The straight-line machines usually use a radius rod with an adjustable center 
point. The shape-cutting machines can use either a circular templet of the proper 
size or a circle^utting attachment. It is usual to make first a dhort '4ead in'’ cut 



Fio. 12-46. Cutting identical parts with four blowpipes mounted on one machine. 


through the scrap, so as to have the finished cut smooth and uiimarred at the starting 
point. Such cuts are usually started with a pierced hole. This is possible only when 
the machine is equipped with a racking facility for lateral adjustment. If racking 
facilities are not provided, the starting hole must be pierced or drilled tangent to the 
line of cut. 

MuliipUrhlowpipe Cutting, Many || COOO | AVOID 

of the stationary shapcMsutting machines U " I 

are provided with means for mounting T . ■ . T ■ , ■ ... 

more than one blowpipe. In this way a " 3 T ' a 

number of identical parts can be cut at ' i ■ — 3 

one time. This type of installation Is f i lf HftM D UmyinStirt liglBtifc 

shown by Fig. 12-46. Although only a 

single templet is required to guide the a __^ 

machine, consideration should be given #-’y ■ y 

tc^ laying out the work and to reversing J t } 

or reorienting the templet so as to pro- 0= . , J 

duce a minimum of scrap. ^ I ■ -i 

Stack Cutting. When relatively thin 
plates are to be cut, the productive 

capacity of the machine may be in- JwSpH —^ ff . 

creased many times over that obtained |' | H 

with multiple blow-pipes by piling the I j ■ . 

thin sheets one on top of the other, J j 

finnly clamping together and then cut- ^ . ..j I . 

ting as a single piece of heavy material. ChtimtKi EJf M>H»od FJbniSHwt Stow Pit 

Stacks Wth M over-aJl thickncM not Methods of starting the cut on 

greater than 2 in. can be cut with an stacked materials, 

edge tolerance of ^2 while stacks 

having 2 to 4 in. thickness over-all, can be cut with an edge tolerance of He in. 
Obviously, the thickness of the stacks must tie in with the economics of the indi¬ 
vidual application. 

Starting the Cut, Starting the cut on stacked plates is the most important part of 
the operating technique. A faulty start usually damages the edge of several plates 
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BAd juakes a second start extremely difficult. To ensure against mishaps, several 
methods of starting have been devised as shown by Fig. 1^7, the recommended 
methods are shown at A and C but the methods in B and D are considered poor 
practice. 

Plate-cdge Prepantum, At one time this work was done hy using a single cutting 
nozzle and making individual cuts. The recently developed ripHand-trim method 
indicates the piossiblity of increasing the speeds and reducing the costs of cutting while 
still maintaining the accuracy. This method employs two blowpipes: the first of 
which does the actual cutting, the second, when properly placed, follows and smooths 
up the cut. The speed of cutting M-in. plate can be increased by 100 per cent with 
only about 10 per cent increase in cutting^xygen consumption. 

MuUiface Cutting, By using two or more cutting nozzles, plates can be prepared 
for welding with a single bevel and nose, a double bevel, or a double bevel and nose. 
The success of this method depends on the positioning of the different nozzles in a 
manner so that one jet will not interfere with another^and also so that the proper 
heat balance between the zones is maintained. Owing to the fact that the plate 
surface may be somewhat uneven with respect to the cutting machine, devices have 
been msde to float the blowpipes on the plate surface so that the distance between 
nozzles and plate is automatically maintained constant. 

SPECIAL CUTTING TECHNIQUES 

The recently developed powder-cutting process makes it possible to cut cast 
iron, oxidation-resistant steels and nonferrous allo^'^s with the results equivalent 

to those obtained in c^utting low-c'arbon 
steels. In the oxygen cutting of stain¬ 
less steels, the chromium immediately 
forms a highly refractory chromium- 
oxide on the faces of the kerf and 
prevents further oxidation. Powder 
cutting provides a means of melting or 
fluxing out the chromium oxide that 
has formed. In the reai^tion zone, the 
powder is elevated to the ignition tem¬ 
perature hy heat from the oxyacetylene 
preheat flames, where it bums and 
creates an extremely high temperature 
reaction. The refractory oxides are 
continuously removed in a combination 
melting and fluxing action. The ap¬ 
paratus required for powder cutting 
consists of a dispenser in which the 
powder is placed and a means of intro¬ 
ducing powder into the reaction zone. 
This apparatus is shown in operation by 
Fig. 12-48. 

FIux Cutting. With materials of low 
cuttability, the slag formed usually does 
not flow freely. Frequently, such ma¬ 
terials can be cut easier if the slag is 
made more fluid. This can be done by 
mixing the slag with slag from materials 
of high cuttability, or by the addition of certain materials that will produce the same 
results. This process is known as flux-cutting. A common example of flux-outtin, 
is the hand-feeding of steel welding rod into the cut during the cutting action. 

Manual Cutting of Cast Iron. The technique for cutting cast iron differs from that 
for steel in that a high preheat is required and the cutting nozzle moves back and forth 
across the line of cut instead of back and forth along the line of cut as for stainless steel. 

For determining the nozzle size and the recommended pressures to be uped, a 
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certain thickneiss of cant iron should be considered the equivalent of twice the same 
thickness of steel. The preheat flames should have an excess of acetylene and the 
inner cone should be held about }i in. above the surface of the casting. Cast iron can 
bo cut readily by the powder-cutting process. ' 

OXYGEN GOUGING AND MACHINING 

In the following applications of gouging and maebining, large-volume low-velocity 
jets of oxygen are used. The purpose is not to cut or pierce but to remove metal from 
the surface of the piece. Oxygen gouging is a rapid and economical method of foiming 
U-shaped grooves by removing the surface or edge metal from rolled, drawn, forged, or 
east steel. Among the priiu^ipal uses arc the progressive gouging of the underside of 
electric arc welds, spot gouging for the removal of defective weld metal, or tack welds. 
Mechanized gouging can he used where joint specifications require a U- or J-edge 
preparation. The flame-gouging blowpipe is mounted on a mechanical device so as to 
provide a more uniform rate of speed than is possible with manual operation. 

Oxygen Machining. With suitable nozzles, the oxygen-cutting process can be used 
to remove strips or linear areas fioni the surface of steel stock. Tlie dimciihions of the 
cut taken depend on the size of the culting-oxygcn orifice, the veloeity of the cutting 
oxygen, the rate of travel of the nozzle with respect to the work, and the angle of 
inclination of the nozzle over the surface of the work. 

Effect of Oxygen Cutting on the Cut Edge. Tests have shown that, unless pj*oper 
precautions are taken, the effect of oxygen cutting on high-carbon steel and certain 
alloy steels is likely to be detrimental. A thin layer of hardened zone may be produced 
on the surface when such steels are oxygen-<‘ut at room temperature. This brittle 
condition, however, is readily overcome by proper heat-treatment. If the high- 
carbon or alloy steels arc preheated to a temperature of about 500 or 600®F before 
oxygen-cutting, cracking will not occur. Preheating should not be carried too far, as 
tliib may have an adverse metallurgical effect When preheating is used before 
oxygen-euttiiig, the majority of steels do not recpiire postheating 

Flame Softening. Flame softening employs a multiple-flame oxvaeetylene head 
that is manipulated about the cutting zone to effect the desirod hcat-tieatmcnt. 
Klame softening fiimiahes a rapid and economical means of preventing or eliminating 
the hardening of higher carbon and alloy steels caused by flame cutting. 
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INDUSTRIAL-PLANT POWER DISTRIBUTION 
AND LIGHTING 

BY Kennard Pinper 

Felhw, AIEEj Senior Electrical Engineer, E. L du Ford de Nemours cfc Co,, Inc. 

PART 1. INDUSTRIAL-PLANT POWER DISTRIBUTION 
Introduction 

The production and utilization of electric power has had a very ip'eat influence in 
shaping the present social structure. The introduction of mechanical power brought 
a centralization of industry near the source of its raw material and power. As 
mechanical power dof‘a not lend itself readily to transmission of power over long dis¬ 
tances with good economy, workers found it necessary to congregate in large numbers 
at the source of power with the result that the older industrial plants find themselves 
in congested areas with high land costs and taxes and labor diflicultios. 

Electricity has grown to be the most important form of power. It has been said 
that the nation which puts in the hands of its p(‘ople the most abundant supply of 
electricity will havp the highest standard of living. Owing to its flexibility and econ¬ 
omy in industrial application and its traiibniission from the central generating station 
to the worker, electrical energy permits industry to decentralize and enjoy the advan¬ 
tages of abundant power. Large industries and certain types of process industries 
sometimes find it profitable to generate their own power, but a large percentage of 
industrial plants arc supplii'd through a utility company's system with its central 
electrical generating stations and its radiating network of transmission and distribu¬ 
tion lines, substations, and secondary feeders. 

Modem industrial executives have come to the realization that their power plant 
or purchased-power substation and the associated electrical distribution system and 
power-utilization equipment is an important part of their manufacturing plant. One 
essential and important difference exists between other production ilepartments anti 
the electrical department. Eh'ctrical power, whether the product of the plant power 
plant or a utility service, is not completed until the instant it is needed, and then 
only in quantities exactly equal to the instantaneous demand. There is no simple 
way to warehouse an extra supply of kilowatthours against some future period of 
extraordinary demand. For tliis reason the industrial-plant electrical system, in 
general, must function as a unit and not as a coUertion of individual pieces of equip¬ 
ment. This statement is significant, as it governs the method of treatment of the 
subject in this section. Industrial electrical engineering, as construed here, does no* 
include the theory and design of a generator, transformer, motor, or control equip 
ment, but rather the selection of a manufacturer's product with a specific service u* 
mind. There are many exerlleiit textbooks, handbooks, and other technical literature 
covering the theory of design and operation of electrical equipment. 

Almost all industrial plants are tailor-made, and their layout is usually the woik 
of many engineers, designers, draftsmen, operators, etc. One of the principal func¬ 
tions in the design involves industrial eleetriral engineering, which may be defined as 
the art. of selecting and arranging the necessary eleetrical equipment and wiring > 
that (1) a maximum of return wdll result from a minimum of expenditures over the 
w’orkiiig life of the plant, and (2) the operation of ihe completed plant will be such as 
to provide an economical, reliable, safe, and continuous service. 

In weighing the relative merits of one arrangement of electrical equipment anil 
wiring versus another, two items must be considered t (1) that all engineering problems, 
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when solved, are in effect Minproniiees-^isonje desirable rharaoteristios may have to 
br sacriffeed in order to gain something else more desirable at the moment; and (2) 
most important, the ever-present economic problem goes hand ^ hand with every 
ongineering problem. Economic justification is the principal factor governing the 
choice of equipment and the type of electrical layout. Construction costs have liacsn 
sharply in the last few years, the greatest increase being in the direct field labor. It 
is therefore very important to consider and evaluate new design and construction 
techniques with a view toward improving reliability and reducing costs at the same 
time. 

The subject of "industrial-plant power distribution and lighting" is so large and 
the factors involved are so variable that it is possible only to cover the major items 
in a general manner. The scope of the work involvcKl in the design, operation, and 
iiiaintoiiance of the electrical system and equipment of an industrial plant is shown 
m Fig. 13-1. 

There are many factors which govern the application of sound engineering prin¬ 
ciples and procedures in the design of the electrical system. Table 1^1 gives a list 
of the Tnaiii factors involved and indicates the type of inffirmation that must be 
assembled preliminary to tlie design if the electrical system is to prove entirely ade¬ 
quate for the present and reasonably adequate for the future. 

Table 13-1. Factors Goveming the Design of the Electrical System for Industrial 

Plants 

1 rharaclor of the plant 

a Kind of proiluci manxifarlured and pliyniral arranirpinent and layout of plant 

b Proopsfi nr material flow iliaKram aLowing the magrutude aud loration of the prinripal puwer- 
(‘Oiiflunniig CfiuipiiU'iit 

r ArcEN where alaiidard type tlcrlrical equipment and ronairuetion may lie UbC*d 

d Arrah where dripproof, vaporixroof, or explosion (vai>or or dust) robisting equi)>inniit and countruc- 
tioii are required 

f, Time allowed for design ronstruction, and procuring material') 

‘2 biae and charaeteristios of the load 

a. Total I'onnected load—bghting, power, heating, etr. 

b. l*robable future load changes and incieasc iu load iiidieatiiiK approximate time when changes and 
additional eapanly nr«* antieipaied 

r Maxiuiiini kw or kva demand 

d. Power fartor and load faetor of load 

e. Space available for loeating lines, transformers, Hniitehgear, eontrollers, etc. 

Jl T^lie of power supply to plant 

a Is power to bo generated locally or imrehased 

b If purchased, data are necessary on available power siippU, inrliidiiig numlirr and type of primary 
foeders, their vullage and kva ratings and short-circuit kva which uaa be delivered over each 
eirruit when each ih faulted at plant 
4 Service requirements 

a. IiTiportnnre anil degree of reliability required 

6 What processes in the plant must be kept operating, (This is where a power failun* would ruin 
the product or eieate hazards of explosion, dangers to workmen, etc ) 

r. If interruptions can be permitted to entire plant, or various types of operations, what is the 
inaxiinuin length of time that ma^ olajjsp before the n‘fwtablishment of service? 

' Tei Imical ability of the operating and maiiitenanre dejiartment 

a. Lurge plants. May be economically stafTod with in* ii possessing adequate terhnieal ability and 
maiuUmanee and operating experience 

b, '^mall plants. May be necessary to consider operation by persons having scant technical knowl- 
1 dge and possibly but little practical exjiorienee 


Fundamentals of Industrial-plant Wiring 

EIi»ctric power is essential for modern industrial-plant operation. The larger the 
I’lant, the more signifirant becomes the selection of the wiring system to supply the 
MKTgy to the maeliinc tools, process-equipment drives and control, and the plafit 
I'l^liling; but, regardless of the size of the electric load, the problem requires simul- 
tamH)ug recognition of all the items tliat make tip the entire electrical systc^m from 
jlie point of cutraure of the power-company service or the plant generating power- 
I'ougi. to the terminals of the utilisation devices. 

The design of industrial-plant wiring depends primarily upon two basic factors; 
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F^incipol of on tndusirlol iystom 


-— - Prfm ary eabtas --- Affhla TtO'-BSO 

-- Pothaails -- - — • TIO 

r- Oatsfda aaria! wirfnf - • T30 

r- Lighfainq ofroj/or/- — — — —-• B80~B30 

< - Dtscaaaactlng switehas -• Tt0-E30 

on circuit braakar^ — -^ - " TIO’>830 

- Matars and instruments - “ 830 


Nh- 



_I- Transformers - instrument - 




vvw k-- 


f — ^Transformers-oii insulated 

indoors and outdoors - 

- Transformer irau/ts - 

^-^-Busbars - 

_ circuit breakers - 

--^Outside wiring between buildings— 


■ Switchboards ■ 


k- Switches - 

^ __ _ Fuses -— — —- 

__ Feeders and conductors -- 

-<- Capacitors --—, — - 

J ^^^^^^-^Transformers- askaret insulated- 



Transformers - dry type - 


- Circuit grounding - 

Bigid metat conduit — ■ 
Flexible metal conduit- 

Yc-Wire ways - 

- Busway s - 


- Safety switches - 

-- Receptacles -heavy duty - 

- —- Flexible cords -— — — 

- Portable appliances - 

—Transformers - low voltage- - 

Ws/v 

- Infrared heating appliances 

- Machine lighting transformer- 

- Machine lighting fixture - 

Motor disconnects -—- 

- Motor controllers -- 

___ Motors —- 

^ - Machine toots --- 


380 

240 

220-310 

460 

450 


380 

210-422 

400 

422 


For continuation see sheet 2 

Fio. 13>la. Industrial-pUnt difitribution By stent with code refereiires. Hhnef 1. 
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Fiq. 13-1 b, InduHtnai-plant dLHtnbutiou system with code references. Sheet 2, 
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Sec. 18] INDUSTRIAI^PLANT POWER DISTRIBUTION AND UOBTiNO 

1 . Cost factor—inveetment, maintenauoei and operating costs. This item is 
greatly affected by the relation of the electrical work to both the physical plant lay¬ 
out and the process-equipment design. 

2. Operating factor—service reliabihty, safety, voltage regulation, working lines 
energised, joint use of pole lines for power, telephone, and communication circuits, etc. 

The analysis of the problem is complicated by the fact that many kinds of elec¬ 
trical equipment, various plant layouts, and arrangements of process equipment have 



JU33TATfON RATED RVA 

Fio. 13-2. Approximate equipment eosts in converting from high voltage to 400 volts 
(unit-type substation rouatruction).i 

to be considered. The major electrical items encountered in most types of industrial 
plants are listetl below: 

1. Power generation or purehased-power switching or substation 

2. Primary and secondary distribution systems including feeders, transforniers. 
switchgear, and protective equipment 

3. Power wiring for motors, heaters, ovens, welders, etc. 

4. Lighting equipment, feeders, and branch wiring circuits 

5. Electrical and electronic control and iustrumc^iitatioii systems 

6 . CJommunication equipment and wiring (public telephone, paging, intercom¬ 
munication, etc.) 

7. Auxiliary systems (fire alarm, electric clock, burglar alarm, etc.) 

8 . Special items peculiar to process, such as weldmg, batteries, and ’■eclifiers, 
electroplating apparatus, elevators and industrial trucks, conveyors, cranes and hoists, 
ventilation and air conditioning, etc. 

9. Yard, roadway, and protective lighting equipment, feeder wiring, and control 
circuits 

In designing electrical distribution systems for industrial plants, major savings 
can be effected by following certain fundamentals The three major factors influenc¬ 
ing the over-all distribution costs are 

1. High-voltage lines 

2 . The substation or substations 

3. Low-voltage lines 

How these three factors vary for specifled conditions is shown in Fig. 18-2, Fig 
1 Superior numbera refer to entries listed under Heferenoes on p. B59. 
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13-3| and Fig. 13-4. Figure 13-2 ehowB that, from 500-kva capacity to l,30(Mova 
capacity, the eubetation coats are about the same per kva, regardlees of indiyidual 
substation size. Figure 13-3 shows how the feeder switchgear costs are influenced 
by the circuit kva rating, the required interrupting and momentary current in catry- 
ing capacity, and by the operating voltage. This figure presento a summary of 
feeders—switchgear-equipment device in terms of dollars per circuit-rated kva as a 
function of circuit-rated kva. In Fig. 13-4 the investment costs for feeders are defined 




Fig. 13-3. Metal-clad switchgear equipment costs. 

in tnrms of dollars per kva per 1,000 ft as a function of unit rireuit kva rating at 
nununal voltages of 460, 2,400, 4,160 and 13,800. 

l^Vom an examination of these figures the following conclusions may be drawn: 

1. Except in the smaller sizes the cost of power-conversion equipment is approx¬ 
imately the same per kva regardless of individual substation size. If this is assumed 
ill any study of costs, the problem becomes much easier, as there remain only two 
variables—the high-voltage lines and the low-voltage lines. When the problem has 
b(H*n anulyzed in terms of two variables, the other variables such as transformer costs, 
“switchgear costs, losses, etc., may be brought in, one by one, to see how each will 
modify the answer obtained at the first trial. 

2 . Increasing the substation size inereases the length and cost of the low-voltage 
lines. Decreasing the substation size increases the length and cost of the high-voltage 
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lities. Starting with a large substation, it is possible to determine quiekly whether 
the high^voltaj^linc costs increase faster than the low-voltage line decreases. If 
they increase and decrease the same amount, the determining factor is the substation. 

3 . If the high-voltage lines are underground, they will increase much faster than 
overhead low-voltage lines decrease and will definitely favor the larger substation. 
Likewise, if we assume that the low-voltage lines are underground, we get the oppo¬ 
site result, iM«., the low-voltage lines decrease much faster than the high-voltage lines 
increase. What tends to iucrcase the low-voltage-line cost favors the small substa¬ 
tion, and what tends to increase the high-voltage-lino cost favors the large substation. 

4 . If we assume that both high- and low-voltage lines are underground, wc will 
find that the small difference which originally favored the small substation will turn 
out to be a more substantial saving for the smal] substation. Because of the greater 
length of low-voltage lines, the cost to put them underground favors the small sub¬ 
station even though the high-voltage lines arc underground. 



5. With respect to load density, a high density means shorter lines for both high- 
voltage and low-voltage lines. The higher the density, the more the substation costs 
alone control the ccoiioraics. The lighiiT the density, the more the lines control the 
economies, with tlie substation capacity being larger at higher densities than at 
lower densities. 

From the above, it will be noted that much can be done in coiitrolling the eco¬ 
nomics of industrial power and its distribution by giving consideration to circuit 
arrangement. Major savings can be effected by applying the following basic rules 
to plimt layout: 

1. Cover as much distance with high voltage and as little with low voltage as 
possible, consistent with plant layout and process requirements. Distribute power at 
the highest practical voltage. 

The amount of conductor required to transmit 1,000 kva at voltages ranging fron 
460 to 13,200 V(»lts varies from 100 per (sent for 460 volts to 1.8 per cent at 13,200 
volts. This difference becomes a more staggering differential when it is stated that 
it requires one No. 6 copper cable per phase at 13,200 volts and six 250,000-cir mil 
cables per phase at 460 Volts to transmit 1,000 kva over a comparable distance. 

By selecting the higliest practical primary (2.4 to 13.2 kv) and secondary (460 
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volts and below) voltd<gpS| a largo percentage of copper or aluminum required for 
feeder cables can be saved. A practical example follows: 

To carry a 150-kva load three phase at 208 volts requires three 600,000-cir mil copper 
conductors weighing 4.G lb per ft; at 230 volts, three 400,000-cir mil copper conductors 
weighing 3.8 lb per ft; at 460 volts, three 2/0 copper conductors weighing 1.2 lb per ft. 

2, Ijocatc the substation as close as practical to the ^'load center^' of the area. 
Please note the word practical.’* There are many installations made to serve equip- 
ment in hazardous locations such as carbide generators, paint mixing, solvent vapors, 
oil and gasoline storage, and explosive dusts. It would be imprudent to locate any 
standard switchgear equipment within the hazardous area. 

However, in systems with the substations located outside the process area, 60 to 
75 per cent of the total feeder conductors by weight is required for low-voltage dis¬ 
tribution. By locating the substation at the center of the load, the low-voltage 
feeder lengths are redu<*ed an average of 33 per cent, and the total conductor require¬ 
ments arc reduced about 15 to 40 per cent. 

liocating the substation at the center of the load area often means locating it in 
the working area. Compact, enclosed substation equipment of the air-cooled type 
or equipment utilizing askeral liquid (noninflammableJ may be installed in nonhaz- 
ardous working areas without vaults. The most practical method is to locate these 
units on balconies, along building column centers, or in similar areas of minimum 
value as working space. 

3, Use substations of reasonable size. By using, tor example, four small substa¬ 
tions rather than one large substation to serve a square load area, one-half the low- 
voltage feeder conductors can be saved. Then^ is, however, a limit to the desirable 
reductions in ratings. As the size is reduced, more material is required for high-volt¬ 
age feeders, and less efficient use is made of the material for constructing smaller 
substations. 

In general, the optimum rating of a three-phase substation with 460-volt second¬ 
aries will bo from 500 to 1,000 kvn; for 208/120- or 230-volb secondaries, 300 to 500 
kva. 

4, Use cable with higli-tempi*raturp insulation. The use of liigb-tcnipc‘rature 
insulation on wiring for main power and lighting feeders will permit a higher current 
rating for the same size of conductors. The smaller size wire for a certain current 
rating also permits the \ifle of smaller conduits. However, in industrial-plant wiring, 
it is almost always desirable and eeonomieal to install services and main feeder con¬ 
ductors of larger sizes than are required for the initial load. If 75®C insulation is 
installed with initial eurrents according to the OO^C insulation, advantage may be 
taken of the difference in rating for any load increase. 

5, Use as simple an electrical di.stribulion scheme as possible consistent with 
justifiable service reliability and required maintenance practices. In general, it is 
axiomatic that, the more complicated the distribution system, the more feeder mate¬ 
rial is required to carry a given kilovolt-ampere load. It is often said that extra 
complication is necessary to give satisfactory service reliability. To accomplish this, 
we provide means for isolating possible eases of trouble, dual supply circuits, or com¬ 
plicated secondary networks. The processes should bo analyzed to develop which 
building or piece of apparatus is critical and build the system to suit. It is obvious 
that it is seldom that the whole plant requires an uninterrupted supply of power. 

6 , Select the proper rquipmcuit. Coiistnietion costs have risen sharply in the 
h si few years, the greatest increase being ui direct field labor. It has been proved 
that, Bubsiatioiis designed piecemeal with individual pieces of equipment, individual 
motor starters, safety switches, control panels, etc., ultimately cost more than factory- 
^issombled metal-encloscd equipment. The latter results in lower first cost when 
properly considered with regard to 

o. Substantial reduction of initial layout-engineering time 

b- Reduced installation time 

c. Use of manufacturers’ lower priced "repetitive-manufacture” units which 
reflect direct saving through volume production 
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Another item that mut^t be considered in considering costs of substations k the 
use of auxiliary cooling equipment in the form of forced air on mediumnsise banks and 
forced oil in combination with forced air on large transformers. A second item that 
i^ves material and reduces costs, except in the smaller distribution transformers, is 
the use of three-phase instead of three singie-phaso transformers for supplying three- 
phase loads. 

Electrical Distribution Systems 

The local distribution system serves the industrial plant in very much the same 
manner as the combined iranbmission and distribution systems serve the utility enm- 
'pany. Industrial plants offer a big variation in providing a distnbution system to 
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Fio. 13-5. ("onventional-type distribution system (multiple low-voltage feeders). 


distribute the output from the local generating station, from the purchased-power 
lines, or from these sources, where paralleled, to the various individual loads throughout 
the plant 

What form of distribution system checks up as best for a plant depends entirely 
on how muck value can be attached to dependability and flexibility in the system. 
For example, if power is to be used in the manufacture of a product, such as that of 
an automobile, where the design is ehanged frequently and extensively, a flexible, 
easily ehanged system is indicated. Where continuity of service is essential, such as 
some chemical processes where a batch could be ruined by a power failure, an extra- 
dependable system should be used. 

Up until a few years ago, the electrical system in most industrial plants consisted 
of a single large-capacity substation which stepped down the supply voltage tht 
low-voltage utilization voltage, with 2,300-volt systems being the highest industrial** 
distribution voltage even for the larger plants Such an arrangement, commonly 
called the “conventional'’ type of distribution, is shown in i'ig. The distribu¬ 

tion from the main switchboard involves large loW-voliage feeder conductors which 
are very expensive to install and result in heavy transmission losses. Moat plants 
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todar ^ higher voltage diatnbutian eyetme (4,160, 6,900, 11,600, or 13,300) for 
suji^ying transfonner banks of adequate stae within the load areas '^Unit^type 
imitations’’ are econonueally employed, particiilarly where the total plant load is 
above 600 kva and somewhat uniformly diertnbuted throughout the area The advan¬ 
tages and disadvantages of the ^'ronventional” and ''umMype-substation” distri- 
Imtion systems are given m Table 13-2 The desirable installation and operating 

Table 18-2. Comparative Performance of Conventional versus Unit-type-BObstatum 

Distnbution Systems 

Advaixtageia (+) Du»advantaR^B ( —) 


Item 


Conventipnal 


Unit-type Bubststion 


I ranaformer cost 


(+) Lem tranBformtr capaoitj 
usually IB required when a Binf;(le 
conventional subftiaiion ir used 
4veraKinK out demand for an en 
tire plant permita iakuig greater 
advantage of load factor 


(—) 1 wo or more smaller oapaerty 
transformerR cost more than one 
large transformer 


Sorondar\ breaker rostH in nmall 
plants (ROD kva or less) 
ondar^ breaker OMtn in large 
I lanta (ovi r ROO kva) 

( able roHth (amall ana filants) 

( able ooBis (largo area plants) 

rifinem-N 
V jltage regulation 
s rMce rcl]abi]it> 

Iiittrehai ability 

11 xit ihtv 

1 xpaiidability 


No advantage 

(^) When conventional singls- 
tranbfoimer system ib used in 
large plants high kva rating 
transform! ra are reqmred and 
thus largo aud expensive see on 
daiv brtakers are inevitable 

No advantage 

( —) I ong lengtlifl of low \oltage 
feeders are uneconomical 

(-) Higher loss due to longer 
cables 

(—) Become b worao the longer the 
scrondary feeders 

( —) 1 allure of main transformer 
or fault on mam bus affecta en 
tin* plant load 

(—) Brcakere only 


( — ) Requires entire plant-load 
interruption when certain 
changes are m progrean 

( —) Single traiuformer liimta 
pOHBible plant aelditione and load 
iiiCTi asca 


No advantage 

(+) Splitting a large load beta (en 
amaller aiae tranafuriuera pernuta 
Binaller and leas evpenai\p aec 
oudarv breakers 


No advantage 

( + } Short secondary feedira from 
transformera locatenl at load 
centers 

(-1-) JtwLT losaca from shorter 
sPcoiu]ar> feeders 
(+) Good and uniform 

(4)1 allure of any one part does 
not neceseanlv mean an inlorrup 
tion of the entire plant load 
(4-) BrcakerR transformers and 
entire aulistations can be planned 
to be interchangeable 
(-f-) May bk designed for high 
degree of flexibility and permit 
arrangi ment changes with mini¬ 
mum service intu rruption 
(+) New substation can bo read¬ 
ily added whin, as and if new 
load develops 


features of the uint-substation-type industrial-distribution S 5 ^stem are summarized 
belotv 

1 They are installed at centers of load demand where rable runs are short 

2 Becaube extensive engmeonng and planning are not necessary and the equip- 
uiPTit IS self-contained, little time is required for installation 

3 Begmnmg with small units, substation capacity can be added m small intre¬ 
in r «s as required, savmg fixed charges on the unused capacity of larger units or on 
la gp substations located away from load centers 

4 One cannot always foresee exact factory load conditions, and here the unit 
sunstation is a help It can be moved from place to place if changes m load condi- 
f 10118 become sufficiently great to require it 

5 A number of small unit substation^ offer a high degree of over-all service relia¬ 
bility Smee each serves a relatively small load, outages of any of its elements 
Buolve the dropping of a relatively small amount of load 

6 Fxcclient voltage regulation can be obtamed by means of the ratio-contid 
^ quipment on the transformer, ensuring the greatest economy m tegulatmg equipment# 
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7. The metal enclosure provides a feature particularly desirable in the industrial 
plant, with the elimination of accidental contact with live parts, the assurance of 
safety to personnel, and protection to the enclosed equipment. 

3 . Because of standardization of units, additional unit substations can be pur<- 
chased economically in simple transactions based on definite costs without involved 
engineering studies, plant layouts, or additional building structures. 

There are a large number of plants which are satisfied with a single purchased- 
power feeder supply, particularly where the feeder is overhead and faults on it can 
be located and repaired in a relatively short time. The larger planls, or plants where 
continuity of service is very important, will usually require two or more primary 
feeders to serve them. 

Today, for all plant loads over 500 kva, the unit-type siibstation construction 
should bo considered and its advantages and disadvantages compared with the con¬ 
ventional-type distribution. Table 13^2 shows such a comparison. 




Single Loop Radial (d) 


Primary Selective . . 
(Double Radial) 


Fio. 13-6, Babic primary voltage-bystcm arrangements. 


The primary distribution systems in industrial plants have been, in the past, in 
almost all ease.s, some form of radial system similar to that shown in Fig. 13-5. Figure 
13-6 shows three basic primary voltage-system arrangements, each of which can be 
used with any type of low-voltage system. 

The simple radial system a has one primary-feedtT breaker for all transformers. 
This arrangement is inferior to the conventional-type system in service reliability, 
since a number of the transformers are connected to the primary feedei, and a fault 
in the feeder or disconnect switch and trouble in any transformer will result in an 
outage to the area. This outage may be of long duration since service cannot be 
restored until the trouble is located and repairs are made. As the l^reaker must carry 
the full-load current of all transformers simultaneously, short-circuit current of Oiie 
transformer will not look so big to ike breaker if the other transformers are highly 
loaded, and the breaker may be slow in opening. 

The simple radial system h sho^vs lhat, by increasing the number of primar.' 
feeders and breakers and connecting only two transformers to each feeder, the extent 
of the outage can be reduced when a primary-feeder fault ac<‘urs. While this repre¬ 
sents au increase in cable and breaker expense over the simple ratlial system a, 
better transformer protection and greater system dependability are obtained. For 
most plants, this would be a wiser investment than system a. 
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Simple radial system c shows ap mcrease in the number of feeders carried to the 
point where there is only one tra^ormer per primary feeder, This is both the 
costliest and the most dependable of the three versions of the simpAe radial high-volt¬ 
age system. This form of simple radial system will usually be very expensive and 
can seldom be justified. 

The single-loop radial system d employs a sectionalised loop controlled by a smi^e 
primary-feeder breaker. This system requires more primary cable and additional 
disconnect switches and is only slightly more expensive to install than the simple 
radial system a. The advantages are that (1) transformers and cable difficulties 
can be deenergised for inspection and repairs without further interruptions to the 
rest of the system; and (2) regulation and efficiency are improved over the simple 
radial system. * 







/w 


VO 


t t t 

Conventional Secondary Radiol 

1 


1 


ryi 




/vv\ 

T 


Bonked Secondory Radiol 



Secondary Selective Radiol 



Fiu. 1^5-7, Basic secondary voltage-systoin arrangeineiits. 


The primary selective radial e is, in effect, one simple radial system imposed upon 
another, each having sufficient capacity to carry the essential plant load. The addi¬ 
tion of a second primary-feeder breaker and extra primary cable makes this the most 
reliable and flexible of the three basic high-voltage systems and also the most expen¬ 
sive. Failure of one line means dropping-of only half the load, and only for as long 
as it takes an operator to throw the loads interrupted over to the line still in service. 
Repairs and changes can be made in one line while the other carries the load. The 
benefits derived from the reduction in the amount of load dropped when a fault in 
any section of the primary occurs, plus the quick restoration of the service to all or 
ini)si of the system, are of considerable importance. 

Figure 13-7 shows four ba.sic secondary voltage-system arrangements. Any one 
of the systems can be used with any one of the high-voltage systems previously con¬ 
sidered. These systems are alike in that power is fed to the loads through radial 
circuits. The chief difference between them lies in the extent to which power is 
maintained on the low-voltage side of the transformer in case of primary-system 
failure. 

The conventional secondary radial system is the one moat commonly used in 
industrial plants because of its lower cost. While it is essentially a scaled-down, 
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low-volta^ versiDn of the conventional primary Bystem, t])ie shoTtcomin^ of this 
system are less seriotis on the low^voltage aide because cable runs are shorter. 

Hovrever, the conventional aocondary radial system has a minimum of depend- 
abiiity. If the transformer fails in any distribution unit, that entire unit must be 
out of Bcrvire until repair or replacement can be mode. To overcome this 
disadvantage, tie connections can be made between individual units. Tie connections 
can group the unit into pairs resulting in a secondary selective radial system, or a 
complete secondary loop can be formed resulting in a banked secondary radial system. 

The secondary selective radial system has two load-center units grouped to form 
a 8in|d^ substation. This secondary system is used mainly with the corresponding 
primary pclective radial system, in which one trunsronner is fed from one of two lines 
and the second transformer from the other. 

Tie breaker betwccui Ihc units is normally op<»n. The two main breakers and the 
tie breaker arc so interlocked that only two of them can be closed at a time. Each 



200 300 500 750 1000 1500 

Standard Kva Rolmgs ot Unit Substations 

Fio. 13-8. Unit substation sized within “economic range.” 


transformer may be large enough to carry either ilio combined load or only its o\yn 
load plus emergenry load from the other unit, lii either case, transformer invest¬ 
ment is greater than in previously considered systems. Because the tie breaker is 
normally operated open, short-circuit currents arc no larger than with a eonvcntional 
radial system. 

Cost of this system is slightly higher than that of the conventional Becondar> 
radial system. Dependability is much greater. This system can be used in a r/jod- 
ified form to pick up the load supplied from a single traiisfoimor substation by extend¬ 
ing the tie circuit and connecting it to the substations through tie-line breakers. 

The banked secondary radial system is a form of secondary network scheint*. 
Power is supplied to the load centers throughout the plant over two or more primary 
feeders. Each primary feeder and its associated transformers function as a umb, 
and the network must be so designed that the entire plant tan be carried when one 
primary feeder and its assoeiated transformers are out of service. This system is not 
justified for most small plants, but it appears to offer some economic promise when* 
there are two or more primary fwders available for serving the plant and where tiu" 
load density in the plant and the total plant load are large. 

A tie connection may bo a solid connection but .should have breakers at each end, 
aa shown above. Should one unit be ovei-loaded, power will be fed automaticallj 
from the adjacent unit; more eihoient transformer loading is obtained. 
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The tie eonnec^a mcream the short-eircuit ciuri^ts poaaihle on feeder circuits 
80 that, larger feeder breakers may be required. 

The eo-called ** secondary network’’ for industrial plants u a banked secondary 
radial system where the transformer secondary breaker has been replaced by a net¬ 
work protector. Flexibility, regulation, and reliability are unohangod, but the cost 
is increased considerably. 

The loaded-tic radial sysl/em differs from the banked secondary radial system in 
the location of the feeder breakers. In the banked secondary system the tie cables 
must l>e capable of carrying from GO to 70 per cent of the current from one transformer 
bank. On a balanced system little current flows through these tie cables except in 
emergencies. 

Here all the power flows through the tie Cables, thus requiring them to be larger, 
but there is a net saving in copper because the tic breakers are tapped off the tie as 
near as possible to the load. This shortening of the cable from feeder breaker to 
load not only saves copper and rodures installation cost but also imi^oves regulation 
and efficiency. The system has better characteristics in emergency operation than 
the banked secondary radial system. 

Figure 13-R shows the relative cost of various substation sizes for 460-volt and 
208/120-volt secondary distribution with the economical range of capacity noted. 

Table 13-3 shows the comparative performance of various groupings of basic pri¬ 
mary and secondary voltage-system arrangements. 


Table 13-3. Comparative Performance of Distribution Systems 


Item, based on 10 va/sq ft 
and ijlant building area 
of 750 ft (length) 
by 500 ft (width) 

Unit-type-siibstation arraiiKemeiits 

1 

Conven¬ 

tional 

multiple 

low- 

voltage 

feeders 

Simple 
radial 
primary 
and eoii- 
vontional 
sociindary 

rrimory 
selective 
and con¬ 
ventional 
Hocoiidarj' 

Double 
si Tuple 
radial 
jiriiuary 
and 

secondary 

selective 

radial 

Triple 

bimple 

radial 

primary 

and 

banked 

secondary 

radial 

Primary 

selectivu 

and 

banked 

secondary 

radial 

Nurnlicr of Bulwtatiou units 

5 

5 

4 

6 

5 

1 

Niinilwr of transformer units. 

6 

5 

8 

6 

5 

2 

M/.I- of tranufornior units.... 

750 

760 

760 


750 

2,500 

1’olal transformer kva 

3,750 

3,750 

0,000 


3,750 

5,000 

1 'rni load napacity for bigh- 







tensmn feeder outage only 


3,760 


3,750 

3,750 

2,500 

Urlativp ro«t, per cent 

100 

125-1.30 

140-146 

175-2CH) 

■If Hil 

160 170 

\ oliag** regulation, normal . . 

C 

C 

A 

B 

A 

D 

Service reliability . 

D 

r 

B 

A 

B 

D 

f^ahe of inainteiiancp 

A 

C 

B 

f 

D 

A 

Siinplirity of operation 

A 

B 

B 

C 

B 

A 

Safety . 

A 

C 

A 

B 

C 

A 


Voltage of the Primary Distribution System 

The distribution-system voltage or voltages is one of the first factors to be eon* 
«'It red in laying out the diHiribution system in an industrial plant. The distribution- 
s V stem voltage, or voltages, is materially affected by the size of the motors or other 
*'i*Ttrical equipment which are to be operated, the total kva load, the area over which 
the power is to be distributed, and, to a greater or lesser extent, by the generated or 
UiComing voltage. 

With respect to the primary distribution system, if the voltage of the incoming 
utility lines is 13.2 kv or below (generated power is always within this range), primary 
distribution at this level will generally bo most economical. Higher voltage will be 
‘^l^pped down by a master substation unit before plant primary to local substation 
units and other high-voltagc-utilization equipment. 
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Satiafftctory and convenient distribution must follow standard practice as to fre- 
quancy, numlw of phases, and nominal system voltage. Sixty-cycle systems pre¬ 
dominate in this country and are superseding twcnty-five-cycle systems for practically 
oQ applications with the exception of heavy-duty steel-mill work. In general, three- 
phase supply is most desirable. This leaves the question as to which primary voltage 
is most economical. 

The fact that standard voltages arc in steps, t.e., 2,400, 4,160, 6,900, 11,500, or 
13,200, indicates that the problem is one of comparing the cost for any one condition 
with that for the others, rather than attempting to determine a theoretically most 



economical voltage. A goiicral cost equation may be written for each voltage clas¬ 
sification as follows: 


Total annual cost = A' + A" + B' -h B" -h C' + C" -h C'" 

where A* s annual owning costs of substation structures and equipment, such as 
IransfoniKTS, breakers, lightning arresters, buses, cables, etc., which are 
affected by the voltage 

A" i annual costs of energy losses in substation which vary with the voltage 
B' ■ annual owning costs of primary lines in place with consideration given 
to conductor size, voltage drop, insulators, pole-line construction, etc. 
B" Bt annual costs of energy losses on primary lines 
C' ' annual owning cost of distribution transformers in place 
U* ■ annual cost of core losses on distribution transformers 
U" ■ annual cost of copper losses on distribution transformers 
The above factors show that the choice of voltage depends not only upon the tot.;l 
kva to be supplied but also upon the area over which it is distributed. 

A study of the distribution-systems costs for medium-sized plants is summarized 
in Fig. 13-9. In nearly all cases, the 4,160-volt supply is more economical than the 
2,400-volt supply. This is true iK^cause the 5-kv switchgear is used more effectively 
than at 2.4 kv; smaller cables arc required at the higher voltage; and motors of less 
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than 200 hp oan be operated at 460 voltn (stepped down from 4.16 kv) at a lower 
over-all investment cost per horsepower than directly at 2.4 kv because of the higher 
starter and wiring costa for the latter. Also, the extra cost of motors larger than 200 
hp rated at 4,000 volts instead of 2,300 volts is less than the saving of 4,160-volt 
over 2,400-volt transfunners and distribution. Comparative curves of investment 
for industrial power systeiiis and motors and controls are shown in Fig. I^-IO. 

In general, while the higher voltages offer the double advantage of lower line losses 
and lighter and cheaper cables loading to each substation, experience proves the prac¬ 
ticability of choosing a primary voltage of 4,160 for industrial-plant demands up to 
7,500 kva and 13.2 kv for larger plant demands. The terminal apparatus is approx- 



Fiu. 13-10. Comparative curves of investment for industrial power systems and motors 
and controls.’ 


imatcly proportional to the voltage. The line costs, however, vary only moderately 
with the voltage for a given amount of power to be transmitted. 

Voltage Best Suited to Utilization Apparatus 

Most industrial-plant equipment has a majority of relatively low-rated utiliza¬ 
tion apparatus, usually not in excess of 25 kw or 25 hp. Economy on feeder and 
branch wiring, together with controllers and switching, indicates that, in general» the 
bystems shown in Table 13-4 should be used to supply the equipment noted. 

For economical location, not only the substation but also the motor control oenterSy 
power and lighting panels, and other distribution boards should be located as near as 
possible to the center of the load. By representing the normal rating of each piece 
of utilization apparatus as a weight and its distance from a fixed reference or base 
line as its moment arm, the economical weight of the wiring system can be determined. 
Locating the load centers as closely as practical to the center of the load results in 
the most economical layout. 

Another of the most important factors to be considered in determining the eco¬ 
nomical distribution system is the selection of the voltage. The best example of the 
advantages may be illustrated by considering the factors or constants Used to deter¬ 
mine the current and wire size for a known load. Figure 13-11 shows the commonly 
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Table 18*4. Bqaipmeitt^titizatioli Voltages 


NoadiuU 

vditegf^ 


120 




Equipmi'nl 


Fractional-horae power motora up to aiul uiclucbiiK Vi b|> 

Heaters, ovena, etc , up to and includinff kw 
Incandoaoeut and fluoresoent lifflitmK 

( Motora—to 25 hp—three phaae 
Heateni, ovena, ete , from 2 to 3 ka, BinKb‘ phaae at 208 irolta or 
220 \olU 

Heaters, ovens, etc., from 4 to 50 kw, three phone 
Fluorescent and mercuTy liKhling 
Portable power equipment 
Mutore — ’a to 150 hp 
Heaters, ovens, etc , from 5 kw up 

Same as for 400 volts—three phase noted above, plus fluorescent and 
mercury hghtmg in induatiial-plaiit areas where the fixtures are 
mounted at least 8 ft aho\ e floor 

Motors —200 to 4,000 hp (piiTTent-hmiiiiig fuse protection liniit- 
1,000 hpt larger motois require ml iircuit breakers) 

Motors—Bbi>\ e 500 hp 

Motors- induction, above 800 hp, mmh hruuim*., 2,000 lip and larger 


Ufied utilization-wiring ayslems, and Table 13-5 gives a com{)arisou of the essential 
data which should be ponsidered in determining the best utilization voltage. 

The 575-volt power system was formerly used in some sections of this country, 
but this voltage may novr be considered obsolete except for extensions to existing 
systems. The 575-volt system is slightly more economical than the 460-volt system, 
but 550-volt utilization equipment is not so readily available^ as equipment rated at 


(o) Secondary powtr 
f^5 A 

460 

Spt. f 


(b) 

Lighting 



435 A 


ns/230 V 

^ 900 MCM-4''C or 


tph-SW 

^ 2-400 MCM~4'*C 

—B 



440 volte. Also, as 600-volt insulated equipment and wiring arc used on both systems, 
the 460-volt system has the greatest safety factor. 

Raising the plant voltage or changing over an existing system cannot usually be 
justihed on a power-savings basis alone. It is a worth-while consideration toward 
defraying the cost should increased capacity be required. In most cases a change to 
higher voltage can be aocomplislied at a lower cost than the installation of heavier 
feeders should the minimum ^ditiunal load be 30 to 40 per cent of the existing load. 
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T^to 18-3. Comiwri^ofl of VmImm Volt^gwi tor Byial homia 

Low-voltage power, three phiuw 

Voltage 
Current/kva 
Current per (ent 
IVire tiae per rent 
Number of wires 
Comparative copper per ctnt 
Comparative uoat 460-’i nit base 
208-vok base 

1 igl ting 

Aoltage 
Phase 

Currcnt/kia 
Cuirent per cent 
Wm Bire iier «c nt 
Number of wires 
( omparati\e copper per (tut 

Comparative cost ]>er rant 208-v olt 1 ii<«c ^ 4 watt baei 
115/23(^volt bust 1 0 ^ wait bane 
460/265 volt base i 4 watt l)a<^ 

Voltage Vanaboii 

Electrical engunM rs linve a very sppcnl uilcrest in voliage siandaidization because 
all doctneal equipment and construction material is designed and manufactured for 
I definite voltage range Ckmsiruttion material is lated geneially m terms of the 
maximum \oltagc for which it should be used Tor example, wire uisulated for 600 
■volts may b( used on any circuit m which the applied voltage dots not exceed 600. 

ITtdi/ation equipment, such as lamps, motois, ektlromc liil^s, and heating 
d(\i(.es, IS manufactured for operation on a iilati-vcly small v mat ion from the lated 
volt ige of the equipment iNeaily all such equipmt nt is i it( d at a pailuiilar voltage, 
which must bo provided to obtain the designated ope riling chni ic tuistiis or to 
acciuiK the guaranteed results How eve i, tht maiiuf uturcis leeogni/e that there 
will he voltage \ariations on the emiiits supplying the equipment and so design 
tlicir jiroducts that satisfactory operation will be obtained eiver a range ot voltage 
which will vajy with the equipment One, two, fi\e, or ten per cent voltage varia¬ 
tion may be allow aide dcfiending upon the equipment and the use to which it is put 
The light output and life of meandeseent limps vary markedly with the voltage 
A .11 increase of 5 per cent (6 volts on a 120-volt system) will increase the light output 
of an meaudeseemt lamp 18 5 per cent and will decrease the life to about 55 per cent 
ol its rated hie 4. de erease of 5 per cent in the rated voltage will decrease the light 
output 16 per cent and will double the rated life 

The charaetensties of fluorescent lamps change also with voltage variations but 
not to such a dc glee as do the mcandcseent lamps 

\ anations of voltage above and below the desigu voltage also afleet the life of 
elutrome tubes and their operating charaetensties at a much higher lute than the 
fnatuatioii of the voltage 

The operation charae tcribtics of motors, especially mdurtion motors, change with 
itu voltage The startmg torque of mduciion motors vanes as the square of the 
loltage The temperature rise mcreases with the decrease in rated voltage and 
'If eleases with an increase in voltage withm certain limits 

For satisfactory operation of industrial electrical apparatus it is important to have 
and liiaintum a pioper zone of utilizaiiun voltage For further discussion and infoi- 
luation on the results of voltage variation upon the operating eharaetenstics of uti¬ 
lization eqnipiricuit, the reader is referred to AIEE Mi^dlaneouh Paper No 47-1 >7 
entitled "Report on Industrial Voltage Requirements" issued m May, 1047 

The eleotnoal engmeer designing the wiring system for an industrt^ plant baa no 
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control over the voltage variations of the electricity supply where the supply is 
received at utUizatioii voltage. Where the eleetnrity supply is received at a voltage 
higher the utilization voltage and where transformers are to be installed or 
where the electricity is generated as a part of the project, the engineer can control 
the voltage variations by means of voltage regulators and tap changers on the trans¬ 
formers or by voltage regulators on the generators. 

From the service switch or from the secondary terminals of the transformers, if 
they are installed, the fluetuatioiis in voltage cattapd hy the load are within the control 
of the designer of the system. In any circuit, as the load increases, the current and 
the voltage drop increaae in direct proportion. This vullagc drop can be controlled 
within the desired limits by the installation of wires oi ample size and by reducing 
the load on each circuit. For branch circuits, it is desirable generally to bmit the 
wattage rather than to install larger wires. For feeders, ample cross scK'tion should 
be used in the wires to limit the voltage drop in order to obtain the proper voltage at 
the points of utilization. 

The National Flectrieal Code (Sec. 2202) recommends that the voltage drop in 
feeders for lighting circuits be limited to I per rent and in power circuits to 3 per 
cent from the service swriteh, or transformer secondary terminals, to the farthest 
distribution panel board. Governing authorities may require limitation of voltage 
drop to other than tliese figures or may not reipiirc in their codes at all the limitation 
of voltage drop. 

The National Eleetrical Code has limited the current to be carried in each size of 
wire depending upon the conductor material and the type of instollntioii. These 
limitations are ba.sed upon temperature rise only and have been determined by test. 
Voltage drop in the eireuit does not enter into the determination at all. However, 
it may be that, for a given current, a No. 14 4W0 wire may be used, yet a No. 10 
AWG is necessary in order to maintain a low drop in voltage in the eireuit 

Consider a branch circuit 75 ft in length with a 12-amp load concentrated at the 
end of the circuit. According to the Code a No. 14 AWG copper wire will satisfy 
the requirements. The voltage diup in this circuit will be 


VD = 


12 X 2 X 75 X 2 6 3 

1,000 


4 73 volts 


where 2.63 is the resistance per 1,000 ft of No. 14 wire 

A voltage drop of this niagnitudo is high and generally too high for good operation 
of electrical equipment. If it is desirable to limit this drop to 2 volts, the wire size 
should be 


Wire size 


n X 2 X 75 X 12 
2 


9,890 cir mils 


This size is slightly less than a No, 10 AWG copper wire, which is the proper size 
to use to limit the voltage drop to the desired amount. 

The calculation above is based on the following formula: 


Circular mUs = —^ 

where L « length of wire, in feet 

а. For single-phase circuits 
For d-e circuits 

For each leg of a two-phase four-wire circuit 

б. For three-phase circuits 1.73 times the length of circuit 
I — eurront per conductor 

VD ™ allowable or dt^sired drop in voltage in circuit 
R « resistance per mil-foot of conductor: ior commercial copper wire, 11; 
for commercial aluminum wire, 17.25 

It is recommended that the maximum voltage drop under full-load conditions 
from the service switch or the distribution transformer (depending upon the installa- 
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tion conditiont) to the center load .of the farther branch circuit (to the first outlet on 
the branch circuit if the outlets are reasonably close together) be limited to 3 per oent 
for lighting circuits and 5 per cent for power circuits, In calcuLa4ing the voltage drop, 
the full-load current of lighting circuits should be used and also the summation of the 
full-load running currents for motors on power circuits. This latter current will be 
somewhat less than the current required by the Code for the determination of the 
proper size of wire which includes an additional 25 per cent of the current of the 
largest motor on the circuit. 

If the total drop from service switch to the point of utilization is limited to 3 per 
cent for lighting circuits and 5 per cent for power cirruits and if the drop in the feeders 
is limited to 1 per cent and 3 per cent as recommended by the National Electrical 
CodCf the voltage drop in branch circuits is then limited to 2 per cent for both types 
of circuits. 


Primary f9B(/er 


Lighting 
substation - 


i 

m) 


120^240 or 
^208/120 V.-3b 


^POjtfOf 

^substation 

^4€0V.-3b 


Lighting foedors 


fTT> 


Power fenders 
(□) Separote subslolions and feeders for lighting 
ond power 


Primary feetfer 

Power f 
Sub- ofe 
stations i 

460yf 


Combined lighting 
ond po wer feeders 




480/208-120 V, or 
,480/120-240 V 
' lighting transformers 


Power and lighting Lighting feeders 
\ primary feeders 

(c) Combined power and light substations with oir- 
cool^ \b or 3# 460volt primory lighting tronsforme i: 


Primary feeder 


Primary feeder 


Lighting tmd power 
substation T Pon^^r 

208 V-3b-3 W 
208/120 if.f3b 

t f f 

Power andA)r lighting 
feeders 

(b) 20S/I20volt substotion supplying power 
and/or lighting feeders. 


4 


Lighting and power 
substation 


480/120-240 V tronsf, 
for porfobte tools and 


\teO/2S5\ 3b 4W. 

TIT lighting units 

Piwer and/or lighting 
feeders 

(d)460/265 volt substation supplying power 
ond/or lighting feeders 


Eio. 13-12. ludubtrinl-plant power and lighting systems. 


The figures given above are the maximum drops that should be allowed in any 
electrical wiring system. It is good practice to limit the drops, especially in the 
branch circuits, to narrower limits. 

Comparison of Methods for Supplying Power and Lighting. Figure 13-12 shows 
the methods usually used in the new low-voltagc distribution systems of industrial 
plants. 

Method a shows a layout with separate substations and feeders for lighting and 
po ^ver. This system is usually the highest in first cost and opierating cost and requires 
the largest space. 

Method b shows a layout with a 208/120-volt substation, or substations, and 
feeders with power supplied at 208 volts, three phase, three wire, and lighting supplied 
over a 208/120-volt, three-phase, four-wire system. This system is generally moat 
(economical for small compact plants where feeders are not over 100 to 125 ft in length 
ajid the motors are small in size. 

Method r shows a layout of a power substation operating at 460 volts, three phase, 
with power supplied directly at that voltage and the lighting supplied with 460-volt 
primary air-cooled transformers with either single-phase or three-phase secondary 
(^tribution. The system is particularly advantageous where the power load is three 
times the size of the lighting load or more. The advantages of this system are (1) the 
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eliibinatioii of oii6 oompleie distribution system and the coneontrstion of substation 
oapadity in a smaller number of la^S^ units and (2) savini^ due to the reduction of 
copper in the distribution of lightinf load at power voltage because of the greater 
radius of distribution at the higher voltage. 

Method d shows a layout with a 460/2b5-voli substation, or substations, and 
feeders with power supplied at 460 volts, three phase, three wire, and lighting supplied 
over a 460/265-volt, three-phase, four-wire system. The 460/265-volt system is 
limited to light sources of 85-watt fluorescent, 40-watt 5-ft-long fluoreseent-lamp 
units or other types with mogul lamp sockets and the 3,000-watt type-AH or the 
400-watt type-H mercury lamps with fixtures mounted at least 8 ft al^ve the floor. 

This design will, generally, result in a greater saving than the other sehemes in 
designs a here the above units can be used. The mercury lamps have such a high 
intrinsic brightness that mounting heights under 25 ft are objectionable even for 
the 400-watt type-H mercury lamp. Also, the four-tube 85-watt fluorescent unit 
can be used only where mounting heights of 18 to 20 ft are possible. For lower 
mountings, uniform light intensity cannot be secured except at unusually high 
intensities. 

Another limitation of this system is that extension cords for hand lamps, hand 
tools, and portable and somiiiortable equipment are not suitable and permitted by 
Code requirements to be operated above 150 volts to ground. For this equipment, it 
will be necessary to install 460/120- or 460/120-240-volt single-phase or 460/208-120- 
volt three-phase transformers similar to the scheme shown as method r. 

Distribution of the lighting load is impoitant in planning the distribution system. 
Regardmg light and power supply in industrial plants, the following general eon- 
clusions may be stated: 

1. Where the lighting load is heavy—comparable to the motor load—a separate 
distribution systc'm may be worth while for its dependability. 

Example: An airplane assembly plant where there are a laige number of employees, a 
great amount of handwork, and a largo number of small power tools. 

2. Where the lighting load is not heavy, the combined light and power systems 
are less expensive than systems using separate substations for light and power. If 
it is assumed that, under present-day posts, the total cost of method o, including 
substations, secondary feeders, panel boards, and branch wiring, averages $70 per 
kva, method b will average about $58, method r about $17, and method d about $36. 

3. lligh-voltage lighting circuits (460/265 volts) arc generally most economical 
where all or a large portion of the lighting is by means of mercury lamps or 85-watt 
fluorescent lamps. 

4. The 208/120-volt system is most economieal for incandescent and 40-watt 
fluorescent lamps. Almost all the incandescent lamps are rated at 120 volts since 
higher voltage incandescent lamps are fragde and generally not satisfactory. This 
system will be especially advantageous for combination power and lighting loads 
where power load consists of small three-phase motors (25 hp and less). 

Service Distribution Methods 

There arc two general methods of running primary and some of the secondary 
feeders in industrial plants—overhead and underground. 

If run overhead, the cables may be (1) bare or weatherproof installed on pole lines 
or towers with service feeder spans bracketed to the buildings; (2) self-supporting 
preassembled insulated cables, aerial t 3 rpo; and (3) catenary suspended conduit, 
weatherproof wireways, or busways carried between buildings. 

If run underground, the feeders may be (1) armored or synthetic-covered cable 
placed in trench and trench refilled, (2) underground raceways with manholes at 
suitable locations, and (3) exposed cables in tunnels or enclosed in raceways. 

The advantages of the overhead type of distribution are 

1. Cheapest initial installation 

2. Cost of repairs and changes lower for the same number of repairs or changes 

3. lUpairs and changes easily made 
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The dimulvaiitages of the overhead type of dwtribntaon are 

1. Crippling of eervioe due to severe weather eonditions; damages by sleet or 
windstorms and lightning may result in heavy maintenance charges. 

2. PoIbb and wires may be an impediment in traffic. 

3. Poor appearance 

4. May present danger to life 

The advantages of the underground type of distribution are 

1. Not affected by severe weather conditions and lightning disturbances 

2. No impediment to traffic after installation 



Tig. 13-13. Pin-type insulator. Dry 00-ryelo flasbover and leakage distance vs. service 
voltage- Three-phase systeius,’' Curve A —^largest insulator commonly used on service 
voltage shown unless special conditions are involved. Curve B —approximate average- 
usage insulators. Curve C -minimum insulator levels. 


3. No wires or cables visible to produce unsightly app<>araiice 

4. No danger to life except to maintenance personnel under certain conditions 

The disadvantages of the underground type of distribution are 

1. High first cost (three to five tmies the cost of overhead construction) 

2. Inconvenient to make repairs or changes 

3. High cost of making repaint or changes 

Recommended Applications* Overhead distribution is recommended for long 
distances (above 1 mile) and also for short distances with the number of cirouits is 
small (four or loss) unless underground is economically justified according to the 
advantages listed above. 

Underground distribution is recommended for short distances, congested plant 
areas, and where maximum reliability is economically justified. 

Overhead construction is also recommended for plants which are operating on a 
temporary basis and which are more or less Continually in a state of change* Jn 
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Fia, 13-14. Voltage drop for aerial linea - three-phase circuits. 



Thousandi of Km.- Ft. 


Fia. 13-15, Voltage drop for aerial lines—single-phase circuits. 
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general, an investment for these types of plant would be esqpected to pay for itself in a 
relatively few years. 

In the more stable industries tike teirttie plants which eicpect to operate in a 
similar manner for a number of years, higher construction costs can usually be justified. 

Aerial cable of the prcassembled type is now being used for power distribution in 
many plants where the areas are congested and where neat appearance is required. 
This type of installation provides increased reliability and requires much less time to 
install than open-type wiring construction. The net cost of installation is fairly 



i<io. liatioH of comparative iiiutallation coat of under^ouiid vs. aerial lines (based 

on a 5-va load per sq ft, equal to 100 per cent for underground linos). 

comparable with the unsightly open-wire lines. The safety and reliability of non- 
nieljillic cables have been increased by improved methods of shielding, including 
proper methods of bonding and grounding the shields. 

With respect to aerial lines, there is a question regarding the almost universal prac- 
ti of using weatherproof wire and cable for line conductors. Except in extrem^y 
c^nosivo atmospheric conditions there seems to be tittle justification in using weather- 
pi oof cable. This type of wire is not made to any voltage specification, and its 
insulating value is doubthil. Much weatherproof wire is soft drawn, so its strength 
iH less than hard-drawn wire. The larger diameter of covered wire makes it more 
vuhieralde to wind and sleet. It will burn down quicker than bare wire once an arc 
liM started owing to the concentration of the arc at the point of covering failure. 
Fmally, its cost installed is higher than bare hard-drawn wire. 

Figure 13-13 shows a graph of the characteristics of line insulators, and Figs. 13-14 
nnd 13-15 are graphs of the voltage dn»p lor industrial-plant aerial lines. 
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The relative cost of plant distribution systems installed underground vs. those 
run aeritidly depends upon several factors—^the principal oni^ being 
L The density of the load to be served 

The type of electrical system used to give the quality of serviee required 
Other factors are prol/able load increases; locations of loads, aesthetic reasons 
such as appearance of plant; safety to life and property; cost of ojierating and main^ 
tenoace; space requirements for lines and equipment; and others. 

Figure 13-16 shows comparative curves of the initial installation costs of under¬ 
ground vs. aeiial methods of distribution for a plant consisting of several buildings 



Fiq. 13-17. lliitios of foni])arative annual owning cost of underground vs. aerial lines 
(based on same conrlitiniis a<i noted under Fig 13-16 plus a 30->car owning period luHudiiig 
maintenance and replacement cost of aerial lines). 

spaced somewhat uniformly w'ithin the plant area having various load densities per 
unit area. The initial installation cost of an underground system is always higher 
at all load densities than for the aerial system, but the annual over-all carrying charges 
arc another matter 

Wooden pole lines have a life expectancy of 15 to 25 years. Replacement costs 
would be nearly twice the cost of the original installation eu 9 extra labor is required to 
replace polos and wire spans a few^ at a time. Kleotrioal losses are also less w^itl 
underground construction. Figure 13-17 shows comparative curves of the annual 
owning cost of underground vs aerial methods taking into account depreciation, taxes, 
sinking fund, maiiitennnce charges, and electrical losses. This curve indicates that 
underground distribution is justified where the demand is sufficiently high and the 
loads supplied are relatively stable for a long period of time. 
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ClurMtorlBtici of Difforent CabUs for Primary-foodei: LuUlUitiiMiB 

Of necessity cables used for underground distribution in mdustrial plants fall into 
two general categories—(1) metal-covered, meaning lead-covered, and (2) nonmotallic. 
(V»nsidering first lead-covcrcd cables, the dielectric most frequently used is impr^- 
nated paper, chiefly because it is suitable for practically all voltages and because it is 
reasonable in price. Some varnished cambric has been used, and considerable 
rubber likewise has been used under the lead, the latter particularly for 
Rccondaries. 

The object in placing a lead sheath over the dielectric is to prevent moisture, aoids, 
and alkalies from reaching the dielectric and causing failure as those particular 
dielectrics were never intended to be proof against moisture, acids, or alkalies. Fol¬ 
lowing this line of reasoning a lead-covered cable may be said to be only as good as its 
sheath and that, should the efficacy of the sheath be destroyed either because of 
mechanical damage, imperfections in manufacture, or chemical reactions, the efficacy 
of the cable itself is destroyed. 

Nonmctallic cables are confined pretty well to rubber compounds and synthetics. 
Because of the nature of rubber, it is necessary to make a subdivision and differentiate 
between primaries and secondaries. 

For primaries it is necessary to take into consideration and provide for corona. 
tSome industrial-plant primaries operate at 11.5 and 13 2 kv. In such cases it is 
necessary to provide an electrostatic shield properly grounded. At 5 kv, through the 
use of some types of synthetic jacket, shielding is not necessary. In all eases utmost 
care must be exoreiged in the correct choice of dielectric. Oxygen is one of the 
greatest detcriorators to a rubber compound, and a perfect bonding 1 between the 
dielectric and the synthetic, thus eliminating the oxygen, makes the combination of a 
good dielectric and the S 3 mthetics ideal from the standpoint of longevity. It is 
essential to eliminate corona and hence ozone in manholes br^ause, even if the pri¬ 
maries have been designed to withstand it, there have been cases known where the 
ozone generated by the primaries attacked and caused failure of the secondaries in 
the same manholes. 

Frimaries with synthetics are much to be preferred to the fibrous covered or 
braided types. As for the secondaries, voHage being nominal, the cliararteristics 
vihich should be sought are a 76”G-tpmj>erature compound, ability to resist normal 
acid and alkali solutions and residual grease or oil in ilurts, together with high mechan¬ 
ical strength, in the order of 3,600 psi. 

With every engineering problem the economic problem exists. What is logical 
for one industrial plant is not necessarily feasible for another. For example, traiued 
lead-cable splicers may reside and be available m one locality, while in others those 
specialists might have to be imported. 

Before weighing any relative merits of one type versus another, consideration 
should be given to the following characteristics: 

1 . A lead sheath is ideal for excluding moisture or oils from the dielectric. 

2. A 60 per cent jacket is good for moisture, not good in the presenc'c of oil, yet is 
noninductivp and unaffected by electrolysis, 

3. At 11.5 or 13.2 kv a compound must have high dielectric strength and ability 
to resist corona. 

4. For 600 volts sufficient electrical strength and a high degree of merhanirnl 
*»l^ength and ability to age well are desirable 

The whole question being, therefore, one of romproniisp, all the known operating 
conditions must be set up on one side of the ledger, and on the other side the exact 
prescription must be written which will fit those particular conditions. 

An inventory of the advantages and disadvantages, the opportunities and limita¬ 
tions, of the various types reveals the following: 

Leaded Cables. Advartiagea. (1) Under normal conditions, a lead sheath offers 
the finest and moat permanent protection to a cable. Aside from alkalies and organic 
acids, it is very resistant to corrosion. (2) High-temperature operation is permissible. 
(3) Tlie lead sheath provides a good grounding means. 
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DimdvaT^lcge9, (1) The load sheath should not be used whore electrolysis is 
present either chemically or in the form of stray currents. (2) It ih highly susceptible 
to failure under vibratory conditions. (3) It requires potheading at all voltages and 
wiped sleeve joints. (4) Inductive and sheath losses are prevalent in some caHCS. 
(5) The lead sheath should not be used on high pole risers because of hydrostatic head 
and migration of oil, 

Nonmetallic Cables. Advanbages, (1) An advantage of nonmotallic cables is 
their lower first cost. They are easier to handle and install, being lighter in weight, 
and are constructed with utmost simplicity. (2) They arc not so susceptible to 
mechanical damage as lead and (3) do not require wiped joints or potheading at 
5 kv or under, thereby reducing installed costs. (4) Where pH content of residual 
water is high, this cable will be unaffected. 

Di^adwmtageB, (1) llubber should not be used in the presence of oils or be sub¬ 
jected to direct rays unless protected by a suitable synthetic covering. (2) Operating 
temperature of the copper is limited to 75°C for insulatioilB to 8 kv and to 70°C above, 
although this in turn is compensated by better thermal characteristics and no sheath 
losses. (3) The chief disadvantage of nonmetallic cables generally is the fact that 
there is no minimum standard of quality or design, with the result that in the search 
for economy there have been cases of improper designs being used. 

It is impossible to give a specific recommendation general enough in character to 
cover all cases. In conclusion, one observation that should be emphasized is that no 
plant'engineer in his search for reduced costs should jeopardize the permanency and 
reliability of a systi^m by any compromise with inhertmt quality of materials used. 
Special conditions in any given installation may, of course, introduce factors that 
could effect a change in the selection, such as corrosion conditions, skill of splicers, 
load requirements, etc. 

The most difficult handicap to overcome in the layout of aerial and underground 
lines and the reduction of hazards involved is the space factor. 

In industria!! plants it appears desirable to provide utility alleys for outside service 
lines and sectional)zc these alleys for electric lines, communication circuits, yar<l 
lighting, underground fire mains, domestic and process sewer lines, overhead steam and 
process pipe lines, etc. Through this method it is possible to prevent conflicts and 
compromises between the various trades that are making use of the utility alleys. 
These alleys are usually located along the plant roads. 

The same idea can be advantageously used in the process buildings in the form of 
utility shafts or areas reserved for serviec facilities. 

The National Bureau of Standards Handbook H32 contains basic safety rules 
dealing with the installation and iiiaintenanee of electric supply and communication 
lines. Any designer or construct Lon engineer dealing with the design and construc¬ 
tion of both aerial and underground lines should be thoroughly familiar with these 
rules. 

Interior Wiring Systems 

A carefully planned lighting and power installation requires a well-planned wiring 
system. The types of loads served by the distribution system arc usually veiy 
diversifled, and it is not uncommon to see the full range of switch or breaker sizes 
installed on the same board. 

Naturally the voltage should be the highest at which the major part of the power 
equipment can operate. This is usuaUy the nominal 460-volt, three-phase system. 

In selecting the interior feeder wiring R 3 rstem in industrial plants, many factors 
must be considered. Among these factors are the floor area, height and type of 
building, the type of occupancy, probable future changes in load requirements, the 
distribution of load, whether generally uniformly distributed or whether there an 
large concentrations of load, whether hazards are present such as moisture, corrosive 
or explosive fumes, vapors and dusts, and many ethers. The actual construction may 
be by means of one or a combination of the following methods. The important thing 
to note is that practically all the methods have two things in common—steel and 
copper. Bteel comprises the raceways, wiring enclosures, outlet boxes, junction boxes, 
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cabinets, and various fittings. Copper constitutes the conductors, switch devices, 
overload protective devices, and various equipments for current utiluation. 

1. Open Work on insulators 

2. Interlocked armor cables installed exposed on racks, walls, or ceiling 

3. Enclosed wiring in conduit or tubing which may be exposed or concealed in the 
building structure 

4. Metal wireways 

5. Underfloor raceways (steel and fiber) 

6. Busways or guarded busbar racks 

7. Concentric tubular or polarized tubular conductors as recently developed for 
heavy welding loads 

Branch circuits may be installed by one or a coininnation of the following methods. 

1. Open work on insulators 

2. Rigid or flexible raceways 

3. Armored metallic or nonmetallic cables 

4. Wireways and busways 

5. Plug-in bus systems 

6. Trolley bus systems 

7. Underfloor raceways (steel and fiber) 

8. Cellular-steel floors (type of Q flooring) 

The open-type cable or bus wiring is acceptable under certain conditions, but other 
types of wiring methods are so practical for protection against mechanical injury and 
moisture, acid and alkali fumes and vapors, and safety eonsiderations, that very 
little, if any, ojien-type construetion should be used in industrial plants, except where 
the conductors can be placed out of the way, such as along girders and tunnels. Con¬ 
sideration must be givcm to voltage regulation as the greater conductor spacing 
required for open-type construction results m increased impedance. 

The National Electrical Cxido, now in its 1947 edition and in its fifty-third 
year of use, has become the recognized minimum standard on all matters r^ating 
to electrical installations and elcctncal-wirmg methods and equipment It was for 
the purpose of preventing loss of life or injury to person and loss by fire starting from 
electrical systems that the present Code was developed. All the above-listed methods 
of wiring are covered in sections of the Code. The designer should keep m mind that 
the installation must be made as safe and foolproof as practicable. 


Table 13-6. Comparison of Interior Wiring Systems 
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*‘1" rf‘preHenta the best or in case of costs the least cxpeiibive, “2,” next Ijest, etc 
— indicates the system should not be used 

Underfloor duct and cellular-steel floors are nutineluded in this conipanson as they are usually used 
in industrial plants to serve special eonditiniis 

Many of the wiring systems noted above cannot be used in certain types of occu¬ 
pancy. For example, ngid metal conduit with threaded explosion-proof joints, 
approved flexible couplings, and explosion-proof boxes and fittings are required for all 
Class I, Division 1 hazardous locations; either rigid metal conduit or electrical metallic 
tubing are approved for both Classes I and II, Division 2 hazardous locarions. In 
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C3a»» II, iKvision 1 locatioDS, tho wiring eliall be in rigid metal conduit with threaded 
boxes BiLd Stings. In wet and damp locations, the wiring raoew^ay systems, includ¬ 
ing all boxes and fittings> shall be made watertight. C'onduits, electrical metallic 
tubing, flexible metal conduit including all boxes and fittings used therewith should 
be of oorrosion-rosistant material suitable for the conditions. In addition, the con¬ 
duit and equipment should be mounted so there is at least in. air space between the 
conduit and equipment and the wall or other supporting surface. 

Table lS-7. Compatison of Conduit Work 

rere^fUage 


Gonduita concealed on concrete forms or installed in niaBonrj' walls. 100 

Conduite run exposed on racks, ooniprisinff groups 0 / four or more not over 10 ft abi>ve floor* 110 

Conduits run exposed on waUs or ceilings not over 10 It above floor*. 120 

Conduits fitted to machines, benches, etc. 140 


* For 11- to ifl-ft ceiling run adil 10 per cent; for 10- iu 20-fb ocihng run add 30 per cctii; above 20 ft 
add 3 per cent additional for each foot. 

The rigid metal conduit is used to a groat extent in both industrial plants and 
office buildings as it provides maximum prob^ction for the conductors and a depend¬ 
able protective grounding path for the apparatus. The conduit can be installed 
either exposed or concealed and is universally used under all atmospheric conditions. 
However, Everdur or aluminum conduits are used for certain acid or alkali corrosive 
conditions. 



Amperes 


Fio. 13-18. Comparative cobta of various typos of feeder systems; flUO volts and lower, 
three-phase, throe-wire. 

A trolley bus system is a special form of bus way constructed so it con receive both 
stationary and trolley-type devices. Portable tools or othrr loads are conncctco 
with brushes or contact rollers which make coiitiie.t with the bus bars. Trolley 
busways are also being used for lighting distribution where it is desirable to provide 
readily facilities for rearrangement of the lighting fixtures. 

The busway provides a safe, flexible, easy-to-erect installation with nearly 100 
per cent salvage value. It is possible to provide' a current langc up to 4,000 amp. 
The maximum voltage rating is 600 volts, but at that this represents a lot of horse¬ 
power, kilowatts, and lumens. This type of system is particularly advantageous for 
serving groups of small- and medium-size motor-driven machtees Such as drills, 
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latheR, shapvrs. etc. It also f^vidcs flexibility Ipr future ptmer appUcationB und 13 
particularly adaptable to high-current loads of 400 amp and larg^. The installed 
unit coat per ampere-feet is about 50 per cent higher than for equivalent cable and 
conduit installations. 


Table 13-8. Duct-iiue Reactance Drops 

(TliTee 600-volt type II and T wires in conduit) 


nice, 

uwg 

Average con¬ 
ductor spacing, 
center to 
center* 

Reactance at 
this spacing for 
1,000 ftt 

Rcsistanoe of 
ccmmerrialh 
pure copper foi 
1,000 ftt 

Effective impedance at various power 
factors, volts differenoe/amp/1,000 ft, 
three phase 

1 0 
power 
factor 

0 9 
power 
iartor 

0 8 
power 
factor 

0 7 
power 
factor 

10 solid 

0 380 

0 

0660 

■ 


1 732 

1 619 

1 446 

i 841 

8 solid 

0.483 

0 

0536 

■ 

0 627 

1 0B6 


0.940 

0.860 

6 strand 


0 

0526 

1 

0 398 

0 689 

0.664 

0,612 

0.566 

4 

0 632 

0 

0460 

■ 

0 260 

0 433 

0.424 

0 306 

0.368 

2 

0 730 

0 

0427 

■ 

0 167 

0.272 

0.276 

0.263 

0.244 

1/0 

0 941 

0 

0427 

■ 

0.100 

0 1732 

0 1867 

0.1830 

0.1739 

2/0 

0 946 

0 

0412 


0 0794 

0 1.376 

0 1544 

0.1529 

0 1471 

4/0 

1 127 

U 

0390 


0 0600 


HSBl 

0.1104 


360M 

1 399 

0 

0378 


0 0306SE 

0 0630 

0.0756 







■ 

0 aio3 

0 0525 


0 0813 


600M 

1 410 

0 

0347 


0 02178E 

wmmm 


mEMM 

0.0699 






0 0212 

0 0369 

0 0684 

0 0664 


760M 

1 631 

0 

0327 


0 01498E 

EEMl 

0.0471 


0 0582 






0 0141 

0 0244 

0 0469 

0 0636 

0 0672 

l.OOOM 

1 875 

0 

0370 


0 01168E 

0 0211 

0 0460 

0 0 621 

0 0635 

l.OOOM 





0 0106 

0 0184 

0 0445 

0 0600 

0 0526 


* The BparinK between wiren is MHumod to be the aversKe between the nuninmm iioaaiblo spaoinK, 
three wires in contact, and the niaxiinuni, which is an equilateral eoiifip^uration with each wire in contact 
with the interior surface of the conduit. Baaed on appropriate aizea of conduit as specified in National 
KLoctriral Code. 

f The ainKle-iihase reactance ia figured for the averaae conductor aparin^ 

t SE is the BKin effect included in resistance figure. Resistance at 20'’C. Three-phase impedance 
figures for 1 0 power factor include only the reraatance component of drop, the reartance component 
hemK so small it ia ncgliRible. Since the coluiim headed 1 0 power factor ia resistance drop only, a 
(omparison with values for other power factors shows the error occurring if the reactive component ia 
Ignored, i.e., at 0.7 power factor, for example, the drop is 23 per cent less for No 10 wire and 126 per rent 
more for 750,000-cir mils cable. The divergeiioe from figures based on resistance drop only u entirely 
too OT‘ai for even approximate results. 

EXA.MP 1 .E' What is the drop in 400 ft of No, 4 wire in conduit feeding a 40-hp motor taking 48 amp at 
440 volts full load, three phase, 90 per cent power factor? 

E IZ 

a here B ■■ volts drop, I amiwres per iihase, and Z ~ impedance per 1.000 ft 
E « 48 X 0,424 X (400/1,000) « 8.13 volts drop 

For slnglo-phaae or two-phase load, iiaihiply impodance by (1/0.860) 1.166. 

Example; What is the drop in 200 ft of No. 8 wire in conduit supplying a 29-anip load at 220 voha, 
hiMgle phase, 70 per cent power factor? 

E » 29 X 0.85 X (1/0,806) X (200/1,000) - 57 \o11b drop 

Wirewaya may be advantageously used where it is desirable to provide a flexible 
•ind accessible means to install quickly additional circuits and to move machines from 
one location to another. With its allowance of 20 per cent of area or 30 conductors 
maximum it has a great many possibilities. The ground continuity of this system of 
Wiring is rather doubtful but is easily remedied by installing a bare grouiKling con¬ 
ductor looped to grounding bushings on eaeh conduit or bolted to each section of the 
wireway. Wirewaya may not only be used advantageously 1o distribute power loads 
to groups of smidl motors Imt also to facilitatr the distribution of lighting branch 
Circuits and to eliminate the largf* groups of conduits necessary to route them to their 
various centers. 
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Varniriied-ciunbrio-infinilated, interlocked axmor cable may be advantageously 
used in industrial plants where there axe dry installation conditionSi It is a low-eost 
general-purpose power wiring cable rated at either 600 or 5,000 volts. It does not 
require the use of conduit as the positively interlocked armor provides proper mechani¬ 
cal xnutection for the cable. It can be installed in racks or straps on the ceiling or 
along the walls. As compared with the usual rigid conduit system, this cable has 
approximately the same material costs, but there is a great saving in labor costs (see 
Fig. 13-18). 

The tasks that electricity is being called on to perform in all types of occupancies 
are expanding rapidly. No longer is it used solely as a source of light and power. 
Provisions must also frequently be made for telephone and telegraph system, signaling 
and other communication systems, such as fire alarm, sprinkler alarm, watchman 
circuits, burglar alarm, etc. In interiors where there are few or no iiermiincntly 
locateil dividing partitions, underfloor raceways may be advantageously used. The 
number and location of raceways comprising the system depend upon service require¬ 
ments. Underfloor raceway systems often fall short of their designed function owing 
to insufficient home-run conduits or connections between the feeder cabinets and the 
underfloor system for the requirements of wiring for signal and power circuits. 

Power distribution in large areas to groups of small machines is greatly simplifled 
when cellular-steel floors are used. The cells which are on 6-in centers provide a 
series of continuous raceways the full wddth of the building and are irleally adapted 
for multipurpose electrical distribution circuits. The steel cells of the floor are crossed 
over by headers carrying wrirea for telephone, power, and other types of electrical 
service. 

Equipment and Wiring for Hazardous Locations, ('hemiral processes are now 
employed to some extent in almost every industry. Many ehciuieala create fumes 
that when mixed with air are highly explosive and/or dust-laden atmospheres that 
are dangerously flammable. Exulosloii hazards are elassiflcil in 1 he National Electrical 
Code into three groups (Art. 500, 1947 edition) as follows: 

Qass I hazards embrace air-fume contamination separated in two divisions, viz , 
(1) locations where flammable gases or vapors may exist under normal operating 
conditions, frequent repair or mnintenanee opcralioiis, and where breakdown or 
faulty operation of process equipment might also cause simultaneous failure of 
electrical equipment; (2) locations where flammable gases, vapors, or volatile liquids 
are handled in a “closed system” (confined within suitable enclosures), or where 
hazardous eoneentrations are normally prevented by positive* mechanical ventilation, 
or areas adjacent to the locations noted in (1) above where the gases or vapors might 
occasionally be communicated. 

Class II hazards cover combustible dust-laden atmospheres. Again this class is 
separated in two divisions similar to those noted above for (''lass I. 

Class III hazards include easily ignitible fibers or flyings. Division 1 eovera 
manufacturing-process areas where ignitible fibers or materials produce combustible 
flying. Division 2 covers storage areas ^or such fibers and materials. 

Considerable skill and judgment are required to determine the class of hazard 
and the extent of the hazardous area in the plant. Many marginal eases will bt* 
found due to the nature and relative concentration of the vapors, gases, dust, or other 
highly combustible matter. Installation conditions for hazardous areas are con¬ 
siderably more expensive than for standard work. In general, highci rosvS arise 
when installing conduit, conduit fittings, motors, controllers, hghimg panels and 
equipment, and wiring. Motors weigh more; fittings are heavier and clumsier; and, 
in Class I wiring, varying quantities of sealing fittings must be installed and filled w^ilh 
compound. 

Refer to Art. 500, 1947 edition of the National Electrical Code, for rules and regu¬ 
lations applying to the installation of eleetrieal wiring and equipment in classified loca¬ 
tions. Figure 18-19 is a diagram illustrating the requirements fur ( lass 1 installations. 

No motors or control equipment are available at the presimt time for hazardous 
atmospheres which contain acetylene, hydrogen, carbon disulfide, or similar gases. 
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Transtormtr instoitPtloiis-s4» nett A 


■SvyvA 


Rigid cgnd.'^ 
See note C(a) 


k 

Uj 


^A/ysA 


$ 90 i reguirnd if bojr^coupting or 
fitting is in run - 

fSeoi required-see note Did) ^ '<] 

^ 'x 

^Switch enclosures- ^ 

•f'" see note D(a) ^ 


Lighting 

pane! 


^Lighting pane! enctosure- 
^ see note DiaJ 

Approved oil- f 
immersed controllers 




Approved ^ 

junction 

fittings 




Lighting and 
motor switch- 
see note Dio) 

-— Required 
\%forcond 

2 '*and - 

^larger 

% 


Delayed action 
receptacle and 
plug ^see 
note F 




3 ph ind' 
"motors 

Explosion-proof motors^ 
see note D ft) 

^Single phase motor 
'Approved type lighting fixture 


'h.. 


Class I ” Division I 

DiiiRrain illuhtratiiiR Tociuiromeiit& of ("liias I, Di\i.sioii 1 iuhtallatioiis. 


I'or IhoHc Rast'H RiiJ other applications viherc special precautions are necessary (as in 
tlic nifinufacilire of explosives) one of the follm\iii^ methods may he used: 

1. Rfniotf Lointion. Heinote location means location outside hazardous area 
witli extended shalts to transmit poner to the driven muehine. Li^litiiig units out- 
‘‘■ah nrea with light diiected into an’a through skylights and windows. 

^ laolatinn of Eijmpmcrd in Epiciul i^oowis. Isolation of equipment in special 
Hmois is v(Ty closely related to remote location, hut the equipment is set up in a 
Rf' '■lal room within the hazardous area. The room is tightly constructed and 
^‘quipjx'fl with positiv'c ventdation. 

3 Vae of Inerl-gns-filled Equipment. The design of the electrical equipment must 
pioi'i(h‘ an enclosure light enough to coniine inert gas so that only a small supply of 
iri‘ik'‘-iip'’ gas will he required. \ pressun^ of 1 to 2 lb is usually sufficient to 
‘‘delude the hazardous giis from the equipment enclosures. 

fiueeesBful ofieration in hazardous areas depends on careful selection, application, 
^•‘slulhition, ami maintenance of the electrical equipment with adequate consideration 
given to ventilation and the “closed system” of process operation. 
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Rotas oa the Reqniremants of Class 1 Installatioas (See Tig. 18-19) 


CouRtruction f sat urea 

Division 1 

Divisioii 2 

A. Tranalormsr and capacitor vault roquire- 
monta 

1. Containing a liquid that will bum 



a. Located within building 

Yes—NEC 5012 

Yes—NEC 5012 

h. Located outdoors 

2. Containing a liquid that will nut burn 

Yes* 

No 

a. Located within building 

Yes, or be of explosian- 
proof type 

Yob, fire-resistant con¬ 
struction 4521 to —4. 
Suitable separation satis¬ 
factory fur Class B in¬ 
sulation 

b. Located outdoors 

Yps* 

No 

B. Meters, instruments, and relays 

r. Wiring methods 

Explobiun-proof Piirlosure 

U ith make or break con- 
tart, rxplusion-proof en- 
rlobure, or if general- 
purpose enclosures to 
Lave oil-immersed or 
hermetically sealed con¬ 
tacts 

1. Conduit type 

Tlireaded rigid 

Rigid or EMT 

Threaded or nonthreaded 

2. Boxes and fitlinKs 

Explosion-proof approved 

Vapor-proof 

3. Flexible coiinprlioiis 

Explosion-proof approved 

Flexible metallic 

4. Sealing of eonduit required 

D. Tyi»e encloatirps 

Yes, in approved manner 
vrithiu 18 in. of enclo¬ 
sures 

Only whore explosion- 
proof equipment is re¬ 
quired 

1. For HwitrhcH, breakprs, motor starters, 
push buttons, relays, etc. 

Explosion-proof approvefl 

Explosion-proof, general- 
purpose with oil-im¬ 
mersed or hermetically 
sealed contacts 

2. For motors 

Explosioii-proof approved 

Totally enclosed type 
when no sliding con¬ 
tacts are eiiipluj^ed. 
Sliding contacts, switch¬ 
ing devices, etc., shall 
bo installed in explosion- 
proof enrloBure 

3. For lighting fixtures 

Explosion-proof ajiproved 
typo with threadptl rigid 
ronduit stems 

Vapor-proof 

B. Appliances, fixed and portable 

Explosinii-proof approved 

Explosion-proof appro\pd 

F. Special items 

Rcopptarles and plugs of polarized type 

Flexible cords—hard-uaago typo with grounding 
conductor 

No exposed live itarts 

Bonding jumpers with proper fittings or other aii- 
pruved means 

ricxiblc ronduit shall he jumfiered 

Srrvire ronductors shall be protected with lightning 
arreslers 

No motors or rontrol equipment arc available at 
prraent time for hazardous atmospheres whirh r>L»i- 
tAln acetylene, hydrogen, carbon disulfide, or ainuLar 
gases 


* Not Bpecificaliy specified in NEC. 


Metering and Instrumentation. A minor but important item in the supply of 
power Bervieea to the various processes or departments is that of metering. Tli(‘ 
power requirement for each department, building, process, or section of the manu¬ 
facturing plant, together with the total for each service from its point of origin, should 
be metered. The sum of the individual loads shoiild be balanced daily against tl ' 
total generated output or purchased power and any diHcrepaiicy cometed imme- 
diaieJIy. Any losses noted may be found more easily, increases in consumption by 
any division noted and explakujd, and controversies over service charges backed up 
with documentary evidence of actual consumption. Thus meters of the rwording 
type arc a worth-while investment because of their aid in detecting losses from the 
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dstubmination of fault currents 


[Bsc. IS 


distribution system and in aUocattng equitably service costs for arooimting purposes. 
The meter usually used for this purpose on feeder circuits is the kilowaitbour meter, 
and if used in conjunction with an ammeter for each circuit and a voltmeter for a 
group of circuits, the power factor of the bad may be determined. The feeder 
circuit and also the generator capacity are dependent on the ampere requirements and 
not upon the kilowatt load. 

Successful plant operatbn depends as much upon the ability to control the process 
as it does on knowing how to design and construct the plant. Figure 13-20 shows the 
interrelation of processes in chemical plants, practically all of which lend themselves 
to a varying degree of process control The most important process variables are 
(1) time, (2) speed, (3) temperature, (4) pressure, (5) fluid flow, (6) level, (7) humid¬ 
ity, (8) gas analysis, and (9) substance composition. 




Leathar tanntn 


Pamt an 


Petroleum reftnin 



^j qSBBaQBllnnaQBBnBnDi 

□QnBaS SaaSS aanaaSSpSaDl 

8SaSBS|g||SB^^^^ 

□DDQDDaaDDQDanaDDaDaDal 

□□gDDaDaaSHQDDaaHaBiDl 

BDggGDDDgaaDDDDBBDaDDl 

g aaB qBaoaaaDaananBaaal 

gggBBgDagBBDDDDaaQaaDi 

gggggggQgaaBDDgoDBgaDl 

jBflgggBgBiBBagaEaBaBBD 


Fia. 13-20, Interrelation of proccsbcs in chemical plants. 

There are, in general, three main operating principles of measurements, viz., 
electrical and electronic, mechanical, or chemical. Instruments operating under 
these three principles have their own particular advantages or disadvantages. In 
general, except m the held of ion-conccntration measuienient, which is dominately 
chemical, and in the field of pressure, which is dominately mechanical, the instni- 
nients that are operated on the electrical or electronic principle are used more than 
aiij other type. 

Klectriral and electronic instruments, as a whole, are usually more accurate and 
easily adapted to remote operation than other types. It is necessary only to 
hiigthen the lead wires connecting the detector and the indicating or control mecha¬ 
nism In a process that is equipped with adequate measurement and control instru¬ 
mentation, the man power required to follow and supervise the operation is kept to a 
minimum and used at maximum efficiency. 

Determination of Fault Currents and Interrupting Capacity of Protective Equipment^ 

In an electrical circuit it is necessary to employ some form of protective interrupt- 
mg device smee there is always the possibility of an electrical fault. The protective 

* Sui>erioT numbcTB m this BBction refer to the entnes listed under Rplerenoee on p. 959. 
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devices must have not only adequate current-rairying capacity and proper voltage 
rating but also (1) ample interrupting capacity so as to prevent damaging effects of 
continued short circuit on apparatus and wiring and (2) tbe ability to withstand 
without injury the high momentary current liable to exist before interruption. 

It has been common belief that short circuits of 10,000, 16,000, or 20,000 amp are 
the maximum that can occur in low-voltago circuits. However, greater faults ran 
and do occur. The value of fault currents in any electric circuit at any given voltage 
depends upon the impedance of the circuit. The magnitude of the short circuit is 
equal to the quotient of the voltage divided by the iiiipedanee. 

The exact computation of the maximun) possible^ short.-circuit current in a given 
eircuit is very complicated, involving intricate utatlieinatical analyses and eomplele 
system-layout studies. For iiidu.strial-plant systojua, we are fortunate that there is a 
lelativcly simiile manner of arriving at approximate values that are close enough to 
actual values for all practical purposes. 

This method involves simply the calculation of the maximum symmetrical short- 
circuit current which is then multiplied by established factors to obtain the total 
short circuit to be interrupted and the momentary current which the device niiist 
withstand. 

In a-c circuits, all generators, syiiohronous motors, and induction motors arc 
sources of short-circuit current. The resistance of thc.se machines and transformers 
is usually negligible compared to the reactance, and, consequently, the reactance and 
the imiiedaiice are considered to be the same. Bhorl-circuit cuirents are dcqx-ndeiit 
upon the subtransient of the machines. The initial heavy surge diminishes rapidly, 
in a matter of eyclos, niid in induction machines di(‘S out. In synchronous machines 
the subtransient current is followed by a current dependent upon the transient 
reactance. The final sustained short-circuit current is dependent upon the syn¬ 
chronous reactance of the machines. 

Since the maximum intern^piing duty of low-voltage air circuit breakers is assumed 
to occur \2 t*yele (60-cycle basis) after tlie fault occurs, it i*., Iliereforc*, necessary only 
to eonsider the elToets of the subtransient rurnmt values. 

In addition to the initial subtransient current, there is also present a d-c com¬ 
ponent which tends to displace the a-c component, mcreasing this imlial value. This 
is illustrated by Fig. 13-21 w'hich shows a typical curve of a short-curcuit current in 
one phase of a low-voltage thrpe-i)hase .system. 

The wave to the left of (1)' represents the eurrent previous to the fault, and the 

wave to the right represents the short- 
circuit current. The curvu* AH repre- 
sciitiSthi' (1-c component, which has the 
effect of displacing the total wave by 
tlie a mount slio wii by A B. A11 er a feu 
cycles, the d-c component dies douri 
.and leaves only the a-c component, 
which IS syminetiical with respect to the 
X axis. Jhu’jng tlie (‘vistence of the d-c 
displacement, the total rms value is 
repri'Seiited by the curve R'l\ 

The rate of decay of the d-c <'ompon- 
eiit is a function of tin* latio of the total 
of the machine subtransient reactance 
plus the external reactance, to the total 
circuit rchistance X/R, The higher the 
value of the resistance, relative to the reactance, the faster the d-c comixment decays 
The initial value of the d-c com|>nneiil is dependent upon thr^ fKimt of the voltage wa^' 
at which the short circuit is established. It is miivimuiii wlien this occurs at tlic zero 
jKiint on the voltage wave, and its theoretical ’njiximum is equal to 1.732 times the 
symmetrical current. A wave with this maximum d-e component, however, requires 
half a cycle to reach its crest value, and during this time, sulHcieiit decay will take 


Y 




i 

i 

1 


1 

m 

m 
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Fio. 1.3-21. Typif?Hl puretj uf a hlioit-pirruit 
current. 


DETERMINATION Of FAULT CURRENTS 


plHi'e HO that a lower factor can safely be used. The curreDts in the other two phases 
are lens than this maximum. 

Air circuit breakers are applied on the basis of the average current in a three-phase 
system. In low-voltapc systems, the X/R ratios arc invariably low. On the basis 
of a thorough study, a multiplying factor of 1.25 has been adopted as representing 
average conditions at an instant cycle after the short circuit occurs. ITiis means 
that the total average current at this time, under maximum conditions, will lio 1.25 
times the initial three-phase symmetrical current, and it is this value we use for the 
interrupting and momentary ratings. 

This represents the worst eondition possible with the exception of a phase-to- 
iiputral short circuit at the terminals of a delta-wye gronnded-neutral transformer. 
However, this condition is so rare and unrsual that its consideration can safely be 
omitted. 

The reaetanee or imjjedance of a generator or transformer is generally expressed 
in per cent values based upon the rated kva rather than m ohms. Five per rent 
reactance in a circuit moans that, when rated current is flow^lng, the voltage drop due 
to the reactance is 5 per cent of the rated voltage of the circuit. 

Any ohmic value of resistance, roaftance, or imjiedance in a circuit may be ex- 
piessed in jier cent as follow’s: 

Per cent on Ijhsc kva = HOG X base kv^a X ohms X l,000)/voltH= (1) 

Any per cent value (‘xpressod in terms of one base can bt‘ expressed in terms of 
aiiidher base as follows: 

Pei cent base 2 kva base 2 

Per cent base 1 kva l)asc I ^ 


Til order to avoid the use of tlu' value 100 when using per rent, values are some- 
(iiiiis expressed in per-uiiit values The relationship is as iollows: 

IVr r*ent valui‘s = 100 X per-unit value 

Systems with Primary Sources of Power. In low-voltage* systems the imjwHlanees 
of the iiiacliines, conductors, and other eeiuipment may not be negligible; and if 
neecHsiny to consider them, the following formula enn be used: 


k\n X 1,000 
-y/S X voKaRp 


(3) 


where 7 = the noimal current eorrehpondiiig to the kvii base used 

h = (100 X 1 25 X /)//; 


(4) 


wheie I, — intc'iinpting rapaeily or tJie syiniiietiical sliort-eireuiL eum*ut times the 
I 25 laetoi foi the d-e component at ^2 and Z^ = the total impinl- 

aijco of the circuit m per cent 


= V(i» + r,)' + X.y (5) 

V li-re s= the resistance of tiie rotating machines 

r, — the sum of the resistance of the conductors and other equipment in the 
cin'uit to the ])oiiit of short eireuit 
Xm — the subtrnnsienl reaetaiiees of the rotating machines 
X, tin* sum of tlie reactances of the coniluetors and other pquipnieut in the 
circuit to tlie point of short circuit 
All the above are in jM^r cent values on the same kva base. 

In tlie general equation Z = + j*, the resistance combines with the reaetanee 

in quadrature lTiih‘ss r has values equal to one-third or more of the value of x, the 
resistance does not have an appreciable effeet upon the value of Z. If resistance tnay 
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be neglected) Kq. (4) reduces to 

/« 


100 X 1.25 X / 


( 6 ) 


Now if the external reactance Xr is of a negligible value, Eq. (6) can be further 
reduced to 

/.c “ (100 X 1.25 X 7)/Xm (7) 

It is obvious that Ec}. (7) will give a higher value of short-circuit current than 
either Eq. (4) or Eq. (6), but it is aufFiciently close for all practical purpost^a. 

Three-phase Transformers—Unlimited Primary Supply. The foregoing applied 
to systems where primary sources of power were present. A common application of 
low-voltage air circuit breakers occurs in syKtems that are served by power trans¬ 
formers. In such applications, the charact(Tisti(‘s of the system back of the trans¬ 
former are usually not known, and it is fretiucntly the practice to consider the trans¬ 
former as the source, in which case the primary voltage is then maintained constant 
even during a short circuit in th<* secondary. This is based on uidimited power avail¬ 
able at the primary terminals and results in th(* maximum possible short-circuit 
current in the transformer .secondary circuit. In this case Eq. (8) can be used: 

/h - (100 X 1.25 X J)/Z, (8) 

where Zt = impedance of tlie transformer in per cent. 

Three-phase Transformers—Limited Primary Supply. If the total circuit 
impedance of the .system back through the transformer is known, the value of hr is 
calculated from P]q. (4), but if these data are not available, it may be assumed that 
the interrupting rating which is required for the power circuit breaker in the primary 
of the transformer is iiidieative of the short-eireuit capacity available, and this pro¬ 
vides an approximate means for determining the magnitude of the secondary short- 
circuit current. When a kva base limit is thus chosen, the imr>edance of this base is 
100 per cent. 

For calculating the short-circuit current of the transformer in such a case, the 
primary kva ptT cent impedance is converted to the, transformer kva base [Eq. (2)1. 
The following formula can then be used: 


^ X 1.25 X I 
Zp H" Zt 


(9) 


where Zp = impedance of the primary kva based on transformer kva in per cent. 

A more conservative estimati- wmU result when the maximum momentary instead 
of the interrupting rating of the primary circuit breaker is considered. This is due 
to the fact that inoderii low-voltage air circuit breakers are faster opening than older 
air circuit breakers. The kva rating at opening would therefore be higher than that 
indicated by the kva iiiterrui)ting rating of the primary breaker. 

Contribution by Motors to Short-circuit Current. Motors make up a considt^rable 
part of the losd of a transformer. Because they generate at the time of a fault and 
thus feed energy into the fault, their contribution to the short-circuit current if 
important. 

Induction motors as well as synchronous motor,s must be included. At the 
instant of short circuit there is magnetic ftux in tlie core of the secondary of the induc¬ 
tion motor. This flux cannot vanish immediately but is maintained by the current 
flowing in the secondary and will decrease in keeping with th(' resistance and induct¬ 
ance characteristics of the motor circuit. This decreases very rapidly but must be 
included because of the high opening speed of the circuit breaker. (This generat* 
action of the, induction motor is different from that of the induction generator.) 

Synchronous motors continue to receive their normal excitation at the time of the 
short circuit, run as synchronous generators by inertia, and act like synchronous 
generators in delivering energy into the fault. The current from synchronous motors 
decreases less rapidly than that from induction motors. 
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(Sac. 13 


For estimating purposes the approximate symmetrical values of short-circuit 
current contributed by the motors at an instant cycle after the short circuit happens 
are 3,6 times full-load current for induction motors and 4.8 times full-load current for 
synchronous motors. 

In practice it can be Etssumed that, for a 208/120-volt installation, the motor load 
will bn 50 per cent of the transformer kilovolt-ainpcrr, and for 240-, 480-, and 600-volt 
installations the motor load is 100 per cent of the transformer kva. It can be further 
assumed that the motor load will bo 76 per cent induc^tion and 25 per cent synchronous. 

Using all these assumptions, the total motor short-circuit current to be added to 
the short-circuit current of the transformer for a given kva transformer will be as 
follows: 

For a 208/120-volt transformer 

= 2 X 

For a 240-, 480-, or COO-volt transformer 

Jarm ■^4X1/ 

where /* = full-load ctirrent of the transformer, and Iten. = symmetrical short-circuit 
current contributed by motors. 

These values will tlion be multiplied by 1.25 to include the d-c eomponeut. 

For a 208/120-volt transformer 


/trm = 2.5 X It (10) 

For a 240-, 480-, or 600-Vf)lt transformer 

In.. = 5.0 X It (11) 

where /»«* == inlerrupting capacity for motors or Hymmctricnl short-rircuil current 
contributed by motors Imies the 1.25 factor for the d-c romi>onent at cycle. 

Exxmples* 1. Thrcc*-i»hase transformer--unJiinited primary supply, 1,000 kva, 480-volt 
Hccondary, 5^2 per cent impodanre. 

Rt^quired: The interrupting capacity (fault located at X). 

j = X 1.000 
X 480 

= ],200 nmp, normal full-load current of truiisiormer 
lir = (100 X 1.25 X l,200)/5.5 

= 27,H00 amp, interrupting capacity (required from transformer) 

Lent * 6 X 1.200 

— 6,000 amp, iutorrupiing capacity required ftoni 100 per rent motor load 
The combined interrupting capacity is therefore 

27.300 4 6,000 “S' ,33,30t) amp 

A 50,000-aTnpore-intcrrupting-capacity circuit breaker would be scloctcd. 

2. Three-phase transformer- -limited primary supply, 25,000 kva, interrupting capacity 
of T>riinary circuit breaker, 1,000 kva, 240-volt secondary. 65^ per cent impedance. 

Required: The interrupting capacity (fault located at X). 

I = X 1,000 

\43 X 240 

= 2,400 amp, normal full-load current of transformer 
Per cent = 100 X 1.000/26,000 

= 4.0 per cent primary impedance based on tninsfonner kva 
= ^ >25 X 2,400 

“ 4.0 *4 6.5 

B 31,000 amp, interrupting capacity required from transformer 
« 5 X 2,400 

» 12,000 amp, interrupting capacity required from 100 per cent motor load 
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Th« ijojutined interrupting capacity ih therefore 

31.0U0 + 12,000 - 43,000 amp (J2) 

A 50,000-ampere-interrupting-oapaoity breaker would be adequate, but the full-load 
current of the traiibfoiiner is 2,400 amp. A breaker of thifs rontiiiuoue current rating will 
have a 75,000-amp inteniipting rating and would theiefure W selortcd. 

In tho two preceding examples we have assumed the prehciu'o of ji motor loud and 
the fault so located that the motors contribute to the &li or I-circuit current. Tins 
gives us the wwst possible condition, coneddering the switcligear and connected load 
as a whole. Applications are sometimes encounleied Adhere a short circuit can occur 
at such a place that the motor load will not contnl)Ute energy to it. The ciieiiit 
breaker should then be chohcn on the basis of the (*riergy supplied by the tranaformei 
alone, oniiltiiig the energy flowing from the motors. In example 1 the short-circuit 
current without motors would then be 27,300 .iniji, and in example 2 the blior1-(ircuit 
current would be 31,600 amp. 

Direct-current Systems. The fault (urreiit to be considered in d-c systems is Ihe 
maximum current obininable and not some lower value during tlie initial rise. When 
a short circuit occurs, the current rises rapidly, and the final value depends on the 
resistance in the circuit. The rate of current rise deiHuids on the resistance arid the 
inductance in the circuit 

For oalciihitiJig the shoit-iircuit cuih*ii(, it is necessaiy to have information 
concerning the maxinuim short-cutuil ciiiient obtainable at the teiminals of the 
ma<‘hiiios. 

For estimating purposes, tlie da la in Table 13-9 may be used to obtain the a])proxi- 
mate maximum shorl-cin*uil current.s at tlu* terminals of d-t machines 


Table 13-9 

K « normal 

Tuite of ma, him current 

Shiint-^ound 10 

C omiiDUud wound 10 

Cornponnd-wound with t oiiipt iititiiie li'Id l/t 

Rntarj' (niivortcis Ifi 

Using Table 13-!) tlie shorl-circiiit (iirrent for a fault at tlu‘ machiiu' tiTmiiials 
will be 

^ K y 1 (13) 


where I = full-load current ot the m.ichine 

If the air circuit breakers are remote fioiii the machine, thr* resistaiiee of the 
external circuit should be included in the calculations, and the short-circuit current is 

/ . = K/(R„ -}- R.) (14) 


where E = the voltage of the cii nut 

Rm = the equivalent machine resistance or 

= E/iK X /) 

R, — the external resistance to the point of the fault 
Substituting the value of Rm iii Eq. (14), the value for short circuit can be com¬ 
puted from the following formula 


A' X J^X 1 _ 

E -h {K KRrXl) 


0"’ 


In a d-c generator the final current depends upon the winding and upon the 
demagnetizing effect of the current flowing The rate of current rise depends up< 
the voltage and rapacity of the niaclune, being lower in higher voltage mHchiiic'' 
The rate of rise of a standaid l,(X)0-kw machine may be approximately 1,500,000 U‘ 
1,800,000 ump per sec 

Stoiage batteries have low values of iiiteiiml resistance and inductance and giic 
rise to high cuiTents and high rates of rise of current. 
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(100 per cent motor load is usually assumed for 240-, 480-, and 600-volt systems and 
80 pier cent motor load for 208F/120^volt systems). 

8. Using ibis point on reference line 11 and the value of the secondary voltage, 
the nns value of the secondary short-circuit current will be found as well as the breaker 
with the correct interrupting capacity for dirert-connocted or cascaded feeder breakers. 

4. Check continuous current ratings given on chart of breaker sizes to be certain 
that breakers with necessary interrupting capacity as determined by nomogram have 
adequate continuous current-carrying capacity. The load on each feeder circuit 
determined this current. 

Cascading of Breakers. Low-voltage air circuit breakers are normally applied on 
the basis of adequate inteiTupling capacity and current-(‘arrying ability, both for 
normal loads and fault currents for short-time inU^rvala. Under these conditions, 
standard intcrrupting-duty cycles apply. Selective tripping based on time discrimina¬ 
tion can easily be arranged to isolate faults and not intemipt power to normal circuits 

It is not always economical, however, to apply circuit breakers in the conventional 
method. If the load consists of on assembly line or other related processes which 
make it necessary to shut do^\n all other circuits, breakers may be applied on the 
cascade principle. Under those conditions, certain breakers may be subjected to 



B --• C 


Fig. 13-23. SinKlc-lme diagram sliowiiiR cascading of breakers. Broaker A must liavo 
full mteirupting capacitv; Biokor II ina> have one-half iiiteiiopting capacity , and Breaker 
C can he applied on the bahis of oiie-tliird mteirupting capacity. 

currents above lh(‘ir imblished interrupting ratings, ami a restrieted interrupting- 
duty cycle results. 

It IS cvidi'iit that, if two or more breakers operate in series to clear a fault, the 
stresses on them arc less ihiin if they opened individually. This condition is recog¬ 
nized, and broiikers fnrtlicsl from the soiu*ce of power in cascade arrangements may hr* 
applic^d with interrupting ratings les^ than the fault currents to which they will be 
subjected Each breaker in these cascade eircuits iiiiist be free to trip iiistantam^ously 
when the breaker next lower in the easeade is subjected to currenls above its published 
interrupting rating. This means that selective isolation of faults is not ))ossible on 
currents exceeding the interrupting ability of the smallest breakers. 

Breakers that interrupt cuiTeiils above their rating, as evidenced by the opening* 
of the breaker next higher in the cascade, must not be closed even once withoui 
inspection. They may be damaged so that normal-load current cannot be safely 
carried, or their interrupting ability may" lie impaired. 

Cascading is limited to three slcps of iiilerruptLiig capneiiy, as shown in Fig. 13-23. 
The breaker nearest the source of ijower must have adequate interrupting capacity for 
the circuilb in vbich they are applied. The breakers next lower in the cnscadc may 
have one-half the interrupting rating required by the maximum fault currents, and 
those farthest fioni the souicc may have one-third this rating. 

For any application requiring full selective isolation of faults for maximum con¬ 
tinuity of service, breakers with full interrupting capacity must be chosen for all 
positions. The reduced selectivity, restricted interrupting-duty cycle, and some 
additional inaiiiteiiaiice which can be expiecled with easraded breakers are often com¬ 
pensated for, however, by large savings in the initial cost of the switchgear. UndiT 
these conditions, cascaded arrangements may be preferred. 
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Fvabm. In wme cases^ fusna and switrhos arp suitaUp for cimiits, the fiwe aupply- 
iiig the protection and the switoU the control. The operation of any fuse (both high 
and low voltage) imder Bhort-circuit conditions is so fast that it clears during the 
subtransient conditions and before the d-c component has had time to die out. The 
capacity must therefore be based on the total current including the transient offset. 
In the general case this is 1.6 times the symmetrical short-circuit current, but for fum 
rated 16 ky and below, not applied du-ectly to a generator bus of high capacity, the 
icsistance introduced by lines and intervening apparatus is so great that the total 
current will seldom cxreed 1.2 times the calculated symmetrical short-circuit current. 
Application on this basis is considered safe. However, the coirtribuiion from motors 
must be added to the current from the power source. 

Demand Factors 

Demand factor is the ratio of the maximum use of power to the total load con¬ 
nected expressed as a percentage. In the average plant, the demand factor usually 
falls between GO and 80 per cent. 

In the design of an electrical system of an industrial plant, one of the most difficult 
jjrolilcms lb to determine how much dectrical power will be required for different load 
gruupirigs and the various type.s of operations for the entiie plant. The loads occur¬ 
ring coiiicideiitly between vaiioua tlrives, departments, or areas of the plant always 
lead to loads that are less than the total connected load. Also the total over-all plant 
load will be less than the jieak loads of the various departments or areas combined. 
The load grouping and dcleiniiiiation of the diversity and demand factor is the key 
to a more practical and economical design. 

To detenninc the demand factor with a fair degree of accuracy, it is necessary to 
investigate many items. Some of the most important are listed below: 

1 What equipment will be required to operate simultaneously and under what 
loads. 

2 What pieces of apparatus will require starting together and which machines 
will be running at that time and under w^hat loads, 

3 The load densilieb coramonb” eneouiik'reJ, including both power and load, 
usiullv range horn about 8 to 25 va per sq ft. 

4. Tiightinir loads for up-to-date lighting-Iiitensity levels range from 4 to G va per 
sq ft foi incandescent lamps and 2 to 4 va per sq ft for fluorescent and mercury lamps 
(sec P’lg 13-43). 

In conveiting all ratings, such as horsepower, into kva, it is usually sufficiently 
accurate to allow for loads m accordance with Table 13-10. 

Table 13-10 

£ua Type of load 

1 0 Each indue tinn motor bp 
0 9 Each 100 per cent synrhronouB motor hp 
1 0 Each 80 per ct nt H^nchronoua motor hp 
1 0 1,000 watts incandPHrcni lightinj; 

1 25 1,000 watts fluoresrent lamps equipped with standard startOTB 

] 0 Each 1 kw of resistance heatt'rs, ovimis, etc. 

Table 13-11 gives values of typical demand factors for over-all loads of various 
* pes of industrial plants and represents the average mnximum for a group of medium- 
II d large-size plants in the same industry. In general, the more nearly an industry 
U' ly be classified as a ^'continuous process,” the higher will be both the demand factor 
and the annual load factor. 


Lightning Protection 

All electrical equipment connected directly or through cables to overhead lines is 
**xposed to lightning. Switchgear and other apparatus may also have additional 
e\|K>8iirp Ihrough power traiisforiners that are coiiiieeted to aerial lines, Both manu¬ 
facturers and users have for years been interested in finding means of preventing, BO 
far as economically feasible, damage from lightning. 
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An especially important contribution toward this objective has been a better 
understanding of the nature of lightning Through the use of high-speed cameras, 
oscillographs, curve voltage records, and surgc-crcst ammeters, mformation on the 
formation of lightning strokes and the magnitude, front, and length of current and 
voltage viavcs resulting from lightning disf Jiargcs has been recorded 

As a result of the better understandmg ot tht actual character of lightning, it is 
possible to evaluate the effectiveness of protective equipment and to set up pioteitioii 
rules bo that troubles fioin hghtning will be mmmii/ed 

Table 13-11. Typical Demand Factors for Various Types of Industrial Plants 

Demand factor 
latta of 
max demand 


Induet/t/ (manu/aefuttuff prortJt/te>i) connected load 

Agricultural implcmniits 0 GS 

Aliiminiiiii manufaf iuriiig 0 40 

Asbeatos produrt? 0 50 

Bakerv (KHHfiitil mma) 0 4A 

Cenu lit 0 05 

CheiDicah 0 50 

Copper and brass produetR 0 50 

Dyeing and hmshing ti xtlies 0 75 

Electncal macliilitr\ apparatus and h ij jdion 0 05 

Engines turbines and nuO r whulu 0 50 

FzplosiMfl Tnanufaciunng 0 55 

rioiir null and ties ator 0 05 

roundrv and mac hint ip prudurts 0 |>5 

Gbb maniifailuniig 0 hO 

Iron and site! (t last fttruiiis i Iltng inills) 0 45 

Knitting mills 0 85 

l4anndr\ 0 80 

Lumber and tindui protluc Is I) 65 

Marhini shu| s imsnllutii ous slmi j ims mirhinc i iris iidlid issrinlliiN i Ic 0 25 

Marbli and uthtr isluiic iiolitts 0 Ii5 

Paintb and sarnislii s 0 70 

Papri and j nip 0 75 

Pc troll uni and nil rehning 0 60 

Pigment manufarlmt 0 40 

Pnntin,r and ( ubhsliiiig 0 80 

Pipe niaiuirictlire (wrought iron) 0 15 

Refrigpraiois (nicrhanir il) 0 70 

Rubber goods tires and (ubt/i. 0 75 

Ka\oii uianilaituie i Ik inn al li nsr c'l.cificd () 80 

chcmiral liouRc included 0 65 

Slaughteiiiig and parking 0 70 

Shrll inaniifarturc 0 40 

Soap inaiiufactun 0 60 

Sugar n lining 0 65 

Tin cans and otliir tinwan manufarture 0 70 

Wood diHiillatiuii and charioal manufar luring 0 60 


Surge voltages on lines an iunitcd in inaxuuum values to tin flishovci of thi 
insulation to gioiuid The (iiin nt in these surges is also limited by the surge iinjx d 
ance of the line Ioi(\iin])1< tli( siiigt impediiKt ni i> bi on the older of 500 ohi o 
For a 1 000-k\ suigo, flu luiniit would b( ippiuximiti ly 2,000 amp \Miil( tins 
current is not exetssne, the volt<igc would be dangirous to equipimiit if proltrtiM 
eqmpment wen not usi d 

Direct strokes of lightning nia> involve eunent'' ns high as 200,000 amp, rising Mt 
the rate of thousands of ampin s pci znicioscrond However, only a Miiall ptrien1-i„i 
of diret't stroke s w ill be liiglu r th m 20 0(X) 'imp 

Figure 13-24a shows curtes ot n surge on a 13 2-kv eirnut and the voltage ieduc¬ 
tion by the discharge of tlu lighfmiig arrester It is seen Hut, with good lightnin 
arrester giounds, the voltage* ehinng a sijjge will be below the bawie insidition Je\el 
of the urrmt Howt'vei, it the ariesler ground 1 is s high rcsistanre, safe voltage 
may be exceeded The eonditions Ih it must be mid b^ lightning am steis in iipplit i- 
tioii are as follows 

1 Voltage across the arre*stt'r during a discliargc must not exceed a certain pic- 
determmed value which is safe for the insulation to be prote*cte(l 
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2. The circuit should not be disturbed by the arrester’s action* Little or np 
system current should follow the impulse. 

3. The arrester should he ho eonsiructi'd that it has a factor of safety against 
failure such that the arrester will not fail under usual service conditions. 

4. The characteristics of the arrester sltould remain practu'ally constant during 
the life of the arrester, and under normal service its life should be at least as long as 
the apparatus which it protocth. 

The most vulnerable part of the electric'al Hyatem is the overhead aerial lines. 
In cases where the circuits are highly exposed to liglitnmg of appreciable frequency 
and intensity, syHtem outages can be very largely prevented through the use of (1) 



Microseconda 

In, \ olluKo lerliu Ijhm b\ (bscluii po on 13 2-kv cii niit <’urvp a—surge 

ri-tO wave on rin-uit, ('him* h \olliige aciO'ss aireslcr otil>. t'uive r voltage from 
■Lirpstrr loground (0 rihiii gioiiiid te‘iistain e and 4U-ft giouiid lead). B.l L basio-iin pulse 
oisuUitioii U’vel, 15-kv I.B A impulse breukdow ii ol aiiwslrr. 

overhead ground (2) eouiit<i poises, (3) expulsion tube prolectoTS, (4) ground- 

fault neutralizer cods, and {Ta liigh-speed relay. Of these, only the overhead ground- 
wire selieme is geiieially used on overhead lines in industrial-plant hystemHof 13,2 kv 
a* d lower. 

TliP pffoetiveness of the ov'»*rli»'ad ground-wire proteetion in prevc'nling arc-f»ver 
1 insulator strings depciulH on i<s resistance to ground. Fop adequate protection of 
' » tors when th(\v Hrr‘ supplied with power from overhead lines, the lines should be 
‘budded against direct Strokes. 

Virtual inunumly from od-iiihiilated-typt' transformer failures is being obtained 
luougli the use of the rnosi modern valve-type arresters, particularly where inter- 
onnectiori is made between the ground terminal of the primary arrester and the 
K'ouiid connection of the secimdary, thereby shunting tlie tnin.sformer insulation to 
be protected. Air-cooled lraiir«iornierh have a lilL (basic impulse level) considerably 
iower than oil-insulated traiiftfornuTs (see Table 13-12). It the former are subject to 
‘Urge voltages, they should be protected by special tube-type arresters located as 
close as possible to the transformer teriiiinalb witli a second set of standard line-type 
arresters connected on the line about 500 ft ahead of the transformer, 
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When aeriftl linee of any voltage enter cables, the terminals should have adequate 
protection. This protection is usually sei'ured by an arrester located at the junotion 
of the cable and aerial line with the arrester ground connected to the cable sheath. 


15 Kv. Equipment 


—T Chopp9</ —- 

, / wavB test 

n- l.5»40MS - 

^ futt wave test^ 

/ _ I 

^ Curve ^ 

Curve T— 

_ t Curve c~ rated 15 kv.^ 

/ -Curve c"‘rated t2kv. 


Curve a • Power transformers 
Curve b * Switchgear equipment 
Curves c SparK potential of 
and c“j pellet type arresters 
Curves d*j Spark potential of thyrite 
ond d“ [station type arresters 

5 Kv. Equipment 

I40|-1-1-- 

iChapped wave test 

\j\ I ' 

laO - t.5x40MS^ - 

\ full wave test, 

'00 -d- 

L_J P 

BO Curve 


I Curve d*-rated i5 kv. ]/ 
^olcurve d”-rated 12 kv. A— 


# ' 

/Curve c~rated 6kvL 
jL,C urve c"-rated 3 kv._ 


Curve d -rated 5 i 

1 ^ V —I — — I i 


2 4 6 

Microseconds 


Curve d-rated f kv,^ 

2 4 6 0 

Microseconds 


Fiti. 13-24&, Impulse strength and protective charaeteristios £er indubtrial-type equip¬ 
ment. ’’ 

The cable sheath should also be grounded at the other end as a ground at only one end 
will not be effective in keeping the sheath at the opposite end effectively grounded. 

Table 18-12. Performance Characteristics of Thyrite Station-type Lightning 

Arresters*! 


Station ^nltagu 
clasa 


Arreater 
ratine^, 
kv(vnu) 


ground..! 

neutral 


Trana- 
former 
insulation 
claM, kv 


4,160 60 

4,800 6 0 

7.200 5 0-8 I 


Tranbformpr 
inipulae lewla, 
i.S X 40 ns 
kv crest 


. ^ . , Arreater diHcharpe 

Am-iW „„ 


R park over iii 
k\ crest 


Oil or 

1 

I>r> 

I'rnril of 

1.5 X 
40 ns 

wave 

askarel 

ti pr 

wa\ e 

60 

26 

12 

10 

60 

26 

16 

14 

60-76 

25 35 

21 

19 


10 X 20 na 
current wave 


1,600 3,000 
amp amp 




* HtnraXB, E. M., and T. E Rodhuusb, Indooi Tranafuriners, Oen, Eler. Rev., November, 1047. 

i These arreBtera are alfio used for prot^tion of a-c rotating machines. 

Applies onbr to three-phase transformers. 
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INitUSTniALSYSTEM OROVNDING 

lightning protection on transformers akme will not ensure protection to plant 

equijnnent. 

A most effective scheme for protecting a-c rotating machines has been in use for a 
number of years for use with generators, motors, or synchronous condensers which 
may be subjected to impulses either from directly exposed linos or transmitted through 
transformers. The usual lightning arrester is here supplemented with protective 
capacitors, connected from bus or machine terminals to ground, thereby reducing the 
steepness of the traveling-wave voltage entering the machine. The amplitude of the 
impulse wave is limited by the use of line arresters 1,000 to 1,500 ft out on the circuit, 
together with station-type arresters in parallel vrith the capacitors. 


Lightning 

exposure 


Dry type transformers 


Oil or oskarel 
transformer 


Direct connected 
to aerial lines 




Connected 
through power 
transformer 



Connected 
through coble 




*May b 0 ttistribuffon f/p 0 - all othwr fypp arrpsffrs iadicafwd should bo slalioa typo 
Fio. 13-25, Axrestei-protoction foi different types t»f expo&ureb 


Buildings, tanks, etc., containing explosives and inflammable liquids and vapors 
may be adequately protected from being strurk by lightning by properly placed mast 
overhead shielding wires connected to low-resistance grounds. 

In evaluating the effect ivenepw of lightning protection equipment it is necessary 
\(t plot the impulse strength and protective charaeteristicB of the various types of 
’ l^parutuB under consideration. Representative volt-time curves for 5- and 15-kv 
IV 'tchgear equipment, power transformers, and applicable arresters are shown in 
l^'iRs, 13-245 and 13-25. 


Industrial-system Grounding 

The term "grounding,^* as applied to electrical circuits and equipment, has many 
<'omplex ramifications (Jrounding the circuits in industrial plants acts a double 
-safety chock; (1) Faults in elertrieal circuits are giving a low-resistimee path to ground 
to op(^rate protective devices quickly; and (2) the plant personnel is protected a g ains t 
dangerous shook hazards because the voltage to ground of all parts of the wiring 
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system is limited. In both thnsp safety checks the Kronndiiig can be effective only 
if it IB properly installed according to good eiigiiieiviiig practice with a full under¬ 
standing of its purpose. 

The best insulated and most carefully installed electrical system does not always 
Btay perfectly insulated. There m always the possibility of accidental grounds. 
There are two general types of ground: cquipnicnt gmuntls where the non-currciit- 
carrying metal parts (or frames) of electrical equipment and wiring enclosures are 
grounded; and system grounds, where the neutral or one conductor of the system is 
permanently connected to ground. 

The metallic parts that must be grounded inclurle conduits, sheaths or armor of 
cables, frames or cases of switchers, motor starterH, cont rolJcjs, fuse boxes, junction 
boxes, switchgear, transformers, generators, motors, and siiniUir items. The National 
Electrical Code (Art. 250, 1947) specifies the uicthods and requirements for grounding 
equipment. The Code, however, requires that th(‘ resistance of the ground shall not 
exceed 25 ohms. The current ilowing in the grounding conductor can be calcubitcd 
by Ohm's law. 

If we have a lighting circuit with 120 volts between the live wire and ground, a 
ground resistance of 10 ohms, and a short circuit between the live and ground wires, 
the current flowing in the grounding circuit will be 12 amp, which can be continuously 
on a 15-amp fuse. Hciicc, the fuse protecting the grounded eireuit will not “blow” 
unless and until other load is placed upon that circuit. If tlie grounding resistance 
is reduced to 5 ohms, the current will be 21 amp, and the proteciing fuse or cirrmit 
breaker will open in a few seconds. It is obviou'> that, the lower the resistance to the 
flow of electricity through the grounding conductors, the greater w'ill be the protec¬ 
tion. It is recommended that the resistance of all the grounds installed be no greater 
than 5 ohms. 

Electrical circuits are grounded in order to (1) limit the voltage upon a circuit 
upon breakdown of insulation and accidental coTitact with wires of circuit of higher 
voltage, (2) protect against tiansient overv'oltnge due to a switching or lightning 
surge, (3) prevent the establishment of a vohage uprin equipment which is normally 
assumed to be at ground potential, and (4) )Missibh‘ inqirovenw'nt of lightning-arrester 
protection for overh(*ad transmission eirciiits 

The largest single factor in grounding of th(» electrical system of industrial plants 
is that accidental faults arc either immediately cleared or otherwise deteeted before 
they develop into a double line-to-grouiid fault, tripping out a coiihiilerablt' jKirtion 
of the plant load. Ground detectors can of ctmrse be used wdtli an ungrounded 
system but will not indicate the location of the fault. Accidental grounds in an 
ungrounded system ■which are not detected or iiniiu'dLately coiTect(‘d constitute a 
hazard for the following reasons: (1) A ground anotber eonduetor puts a fault on 
the Bj'stem, which may occur on a circuit other tliau thi* first, shutting down both 
circuits or, in some cases, llie entire plant system; (2) a line-charging current flows 
into the fault, and even though hiiiall, it may, in time, cause considerable damage, 
particularly if the fault is internal to apparatus, sueh as a generator or motor; and 
(3) arcing faults can produce surge voltages as high as five or six times normal line- 


Table 13-13. Low-frequency Test Voltage* 

(Voltage expresHuil in number of tunes hj stem Une-to-Tieulral volttijse) 


Nominal 
system voltaRP 

Oil-iiisidated 

iransfoiniers 

Dr>-ivpi* 

triinsfurmeis 

1 

Mittorn 

tisunl values 
foi \viniiK 

600 and below 

28.8 

n 5 

fi 1 

2 5 0 0 

2,400 

10 8 

7 2 

4 ] 

4 0-6 0 

4,160 

7.9 

6 0 

3 7 

3 0-4 0 

4,800 

9.4 

6 'I 

5 

3 0 -4 0 

6,900 

6.5 

4 8 

3 6 

2 0-2 5 

18,800 

4 3 

3 9 

3 4 

2 0 


* WiTZKB, R, Ia, Neutral Uroundmg LiniilH—Indiustilal BynUmi I'auhe, Blec. World, May 10, 1947. 
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io-ground voltage. Table 13-13 bLowb that thiH level of aurge voltego may exceed 
the apparatus test voltag(^ for all systems above 600 volts. 

Some utility companies object to grounding systems proposed by industrial plants. 
Qf course, if the industrial system is served directly connected at the utility company’s 
operating voltage, the aclieme of grounding requires proper coordination with that of 
the utility system. 

The two systems are usually intcrpoiuuHdcd by means of a transformer bank with 
at least one winding of the bank normally eoimected in delta. This delta-ronnccted 
winding will make grounding of eaeh sysleiii independent of grounding of the other 
with the result that the grounding of the low-voltage system will have no effect on the 
liigh-voltage system or vice versa. 


Ill III I I I I I 



2 4 6 B 


IIG Ciiouiiding coTinertion? foi sorondaiy distribution cirruits. (1) Dplta-ron- 

no(tod power tianal 01 nieis seooiidai) fur thiec-phase thioo-wrire instullutions (2l Delta- 
I rimiet ted jiower transforniois secondary for tin ee-pliase 2d0-volt pow er iiud 115/230-volt 
smgle-phase lighting installations (3) e-coiiiiected powci tiaiisfoimers secondary 
!oi three-phase lliieo-mie or foui-wiio iiistallations (1) Della-roiiiintted power trans- 
lorrners seroudaij- foi Uuoe-phase thiee-wire hall-Aoltuge eiiiphn trig eomnioii-phaae 
gioiiiid (5) Two traiHfoiiiiors se('ondar> lor twro-phast'1 hiet^-wiro iii*'taIlationH oi thiee- 
phane li aiisloiraej" soroii<iui\ ior tliiee-phase tliTiH^-wiio opeii-dolta mstallation«<. (6) 
Two-phase tjim-.fniineis »o(Mindarv loi 230 volts, two-phase four-wire and l].*)/230-volt 
Miigle-phaso thioe-w ire iiistallut ions (7) Single-phase transformei seamdtirv foi 115/230- 
voll thiee-wiro mstallutiou-,. (S; Single-phase traiihfonner—sccoiulai> for single-phase 
Iwo-wiro iimiallalLons. 

Systems at 600 Volts and Below. The National Kleetrical Code (1047) speeifiea 
that secondaiy a-c steins supplying inteiior wiiing and interior n-e wdring flysienis 
^liall be grounded if tlicy can be so grounded that the maximum voltage to ground does 
not exceed 150 volts. It filso jrecoiniuends that a-o sj stems with voltage to ground 
that dot's not cxeet'd 300 volts b(* grounded and states that higher voltage circuits 
lUf y be gi’ounded. Figure 13-26 shows diagrams where such grounds are required. 

The great majority of 400- and 575-volt Ihree-phast' three-wrire power systems are 
epirated with the neutral or one-phase conductor ungrounded. The reasons for not 
giounduig these' low-voltage power sj^stenis is that the ajiparatus at these voltages 
usually has considerahly muie margin m insulation than apparatus for higher voltages. 
The principal advantage of an ungrounded sj^stem is its ability in some rases to clear 
Rtound faults without an inteiruptiun to the seivire. Also, the lmc-1o-gn>und voltage 
n 57.8 per cent of the phase-to-phase voltage, but with the possibility of accidental 
grounds, it is doubtful whether the ungrounded system is less hazardous than the 
grounded-phase system The problem in those low-voltage systems is not the protec¬ 
tion of equipment but the possible personnel hazard due to large ground fault currents, 
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Figure 1^27u shows what may happen when faults oeour on ungrounded systems with 
high-resistanco-equipment grouTids. 

Figure 1^276 shows that pprsoiinel hazards are reniovcd from electrical systems 
by proper and adequate equipment and circuit grounds. The grounded-phase 
circuit shown in Fig. 13-26 possesses some distinct operating advantages: 

1. The piece of apparatus in fault is immediately removed from the system without 
affecting any other part of the system. 


Transformer 



Over toad i 
rotoy ^ 


n ^uses n 

d Overload b 

' i relay * 
S I Acadeniat — 

V ground I 

) Fault on \ 

one phase 
-Hfgh resistance 
ground 

Water main 


^ f Accidental 
grounds 

- —^ Lamp 
r-s 5 socket 

Voltage 
to ground 


^-Low resistance 
groond 


Fio. 13-27a. Ground rhararteristics of electrical sybteiua- pos^nblc peisonnel hazards 
due to ground-fault current. 



Fio. 13-27b. Ground characteristics of electrical systems - pcrsonucl hazaid removed witli 
proper equipment and circuit grounds. 


2. The maximum voltage that can exist on the system is the nominal phasc-to- 
phase voltage. 

3, Many of the existing low-voltage industrial systems are equipped only with 
two overload relays on the feeders. In the groundod-phase system only two overload 
relays on trip coils an* necessary for adequate prf)tection. 

In the 208/120- and llie 460/265-volt three-phase four-wire systems, the neutrals 
are usually connected solidly to ground since the maximum possible voltage which cro 
appear across any portion of the ground path is low (265 volts in the case of the 460- 
volt system), and the impedance of the ground path is nearly always sufficient to 
limit the current to a safe value. 
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Hi^er Voltage SystMaa (2,400 Vaita laad Aboye^. In the higher voltage syatema 
it is neceaaary to limit the ground fault current to the lowest value which is satis¬ 
factory for r^y operation. The reasons for limiting the ground fault current are 

1. To reduce the burning and melting effects of the fault current on equipment and 
wiring. 

2. To reduce the momentary line-voltage disturbances to at least 2yi to 3 times 
the normal line-to-ground voltage. This value is below the test level for apparatus 
with the result that the number of equipment failures attributed to surge voltages 
will be decreased. 

Depending upon the kva rating and voltage rating and the inherent impedance of 
the system, some transformers can have their neutral solidly grounded. The approxi¬ 
mate maximum size of transformer bankf^ that can be solidly grounded without 
exceeding 2,500 amp is shown in Fig. 13-28. 



J lu. 13-28. Approximate maximum size of trausformor banks tliat can be solidly grounded 
i\ithout exceeding 2,500-ami) f'round-fault curient. 


For larger size banks and practical!}" all generators, it is necessary to limit the 
ground fault current. The methods used to limit the current are 

1. Resistance grounding 

2. Reactance grounding 

3. Combmation of both resistance and reactance 

4. Ground fault neutralizer 

The common connections for the neutral grounding methods are shown in Fig. 
13-29. 

Resistor grounding is best suited for a large percentage of industrial systems 
as it provides a practical means of limiting ground fault currents to desirfid levels. 
Resistors are rated in volt'? equal to the lim^lo-neutral voltage and in amperes equal 
to the current which flows w^hen this voltage is applied to the resistor. For example, 
th.- normal lino-to-neutral voltage in a 13 8-kv system is 8,000 volts. If a 4-ohm 
rcMistor is used, the ground fault current will be apiiroximately 2,000 amp. A range 
of 1,000- to 3,000-amp ground fault current is usually required for satisfactory relay 
operation. 

Reactance grounding has application advantages in certain types of industrial 
systems where high values of ground fault euirent makr^ the system suitable for a more 
eftective lightning-arrester application. The solidly grounded neutral system is a 
form of reactance grounding. For most rcoctance-groundod systems, the ground 
fault current must exceed 25 per cent of the system three-phase fault current in order 
til avoid serious transient overvoltages. 
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Combiiiatioxi of reswiancp and rcaptance grouiidijifi; is loss expensive for outdoor 
applications than grounding resistors since the latter, if applied out<doorB, shoidd 
preferably be made of stainlebs steel. Outiloor grounding reactors are less expensive 
than stamless^steel grounding resistors of the same rating. A properly selected 
parallel combination of outdoor reactor and resistor will combine the advantages of 
each. 

Ground fault neutralizer grounding ib most commonly used in the higher voltage 
systems (13.8 kv and above) u&ing overhead lines where there are frequent faults in 
the line such as insulator flashovi'rs. The use of a neutralizer results in practically no 
ground current being available to inaintiiin the arc, and hc'nce, the fault is self-clearing. 

Where no suitable wye-connected transformer bank or generator is available for 
providing a neutral connection, a grounding transformer is required. The type of 
transforiner most commonly usetl is a three-phase zigzag unit with no secondary 
winding. It is intended solely for the purpose of establishing a neutral ground con¬ 
nection. Each wye of such a traiihfonuer has tw'o separate windings which are 
interconnected bctw’een phases. In ca.se one of the lines to which the transformer is 
connected becomes grounded, the ground fault current divides equally among all the 



Grounding system by Grounding system by Grounding system by means Grounding system by means of 

resistor connection to combination resistor and of ground fault neutralizer a zig-zag neutral grounding 

neutral lead of Y-A reactance connection to to neutrol leod of > -A transformer 

transformer neutral lead of Y-A transformer 

transformer 

J''iG. lJl-29. Common methods of gioundmg to limit ground-fault current. 

windings. The ground current is limited by impi'daiico of tbe two sets of coils which 
are on the sainc core. The resistor impedance should be a1 least twice the \jiluc of 
the transformer reactance. The impedance of the transformer to three-phase cur¬ 
rents should be such that, when there is no fault on the sysleiii, only a small mag¬ 
netizing current flows in the transformer wiiulings. 

A wye-dcltii connected transformer may also be used as n grounding transforiner, 
but a zigzag type of transformer is usually less exiiemsive than a comparable two- 
wdnding traiinformer. 

It is ipconmiended that some form of grounding be used for all induslrial-f)lanl 
systems. HowTver, the expense involved m ronibtiiniijig existing ungrounded 400- 
576-, or 2,400-volt systems for grounding may jirove so excessive tliat ground'r^ 
means cannot be warranted. As the plant system expands and loads increase, it 
becomes more difficult to arrange interruptions to the circuits in order to detect ami 
clear ungrounded systems of faults. 

Important Factors in Selecting Wires and Cables for Industrial Plants 

Industry has many applications requiring specific types of wires and cables foi 
efficient plant operation. Cables are required to stand up where exposed to attacks 
from oils, acids, or alkalies, extreme corrosive conditions, higli ambient temperntuiC' 
and other severe operating roiiditions. As the requiiementa of iiulustry groAV mm ‘ 
complicated, a multiplicity of tyi>es of cables has bc'en made available. New ba'^ii 
insulation materials were developed and adopled wherever it was believed they would 
do a better job. 

Many of the types of cables are needed only for very special applications. CJan 1 id 
selection of a few tyjica for each [dant having a wide variety of applications can kecii 
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the number of difforont cables rsquhed small. It is the purpose of the following to 
analyze typical appliration problems which are ciieountered and outline suitable 
cables for the job. 

Many factors jointly influenre the proper selection of industrial wires and cables 
The primary ones are listed below: 

1. Operating conditions 

a. Voltage anti frequency 

h. Installation method—conduits, ducts, free air, air or earth ambient, conduit 
grouping, etc. 

r. Special condition'?—corrosive problems (water and chemicals), high tem¬ 
perature, soveie exposures, etc. 

2. Insulation of conductors (see Table 13-14 and Table 13-15) 

Table 13-14. Insulated Cable Specifications 

A Conductors 

1 Material rop|>er aluiniiiuin 

2 Type (»f condutlors solid, Htrandorl, extra flexible 

3 Number and sure of cnndurtorB 
B Insulation (scje Table 13-1 *») 

1 Hiihber, code frrade, l>peB K, HW, RT^, KU 

2 1 lipimoplafauc, code Kiades 1, TW, 'lA 

3 Vaiiuabed ranibrie rode ifrailes V, AC V 

4 Asbestos and mhuuiIkmI lauibnc code grades A\ \VB, AVL 

5 Asboslcts (oilpfnadis A, VA AI AIV 

fi blow buiuing, rode giades SB SW B 

7 Wealheiproof, code grade W P 

8 GlM>ta1 ri dh, rtsihlanl to oils and alkalies 

M I LaiJienol \\ oili gi ule 1) St \ir(* .ii>t)lieitioiis for (lOO volts when exiiosid in bticIe, alkalies, and 

oils fSin tial aiiplu alums from plug-in-t\pc bus to inaeliincs, rrmliol rabbs, mMalled aenally 

111 roiiduit 01 diuts or Imiied clireftl\ in ground) 

( I injshes 

1 Mctallu' 

a fiC'ad or alien-lead sheath (1 ) 

b Armor—^intcil aked (11, flat-hnnd (I), round-wire (W), basket ^eave 

2 Noiimetallii 

a Braid fiaioi and iticnrctiiie rehiHtmg (m eatlieiproof), seme tvviiu' (B), gUptal treated 

6 Rubbci-hose jaf ket loi extia tilhtrpriKifing fRH.T) 

p Tclhiiuiin r onipoui (1 jac ket loi ninisiial rough usage aiiph a« eiuMmnten d in portable wcldcra, 
nulling ni ii liiiu s, eh (trie shoxeb, etc 

d. Neopienc tompound for naistiiig attacki bj oil, gaRolinc, acids, itiul alkalic*fl 

e. Klaineiiol—auine as nemprene hot it is not oo flexible as nenpime (1 1) 

/ Tiealc d jute fsonirtiiiieH asphalt finish) 

g Srniuoiidiietmg conma-resisling t^pl‘ foi shielding of cables uj) lo IfV 000 \olls 

A. Tic ated—^iict tape foi use over Icid lo gi\e estr,i iiiutecliuii against i ormsirm, eleetroUsia, 
and possible damage 

3. Number and tyjic of conduclort?. iSingh^comliictor rablf% three conductors 
in a conduit, arc most frequently used for industrinl-plant distributions as making 
of taps and splices is simplified. 

4 Kelativo iniportauco of circuits Kcdiability is gcm^rally required in the follow¬ 
ing order; main supply circuits, mam feeders' to local load centers, subfeeders, and 
hraiieh circuits. Relative iinportancr of ciicuits in caih class is dependent on load; 
and frequently, premium-type iiiros and cables are selected for certain operating 
Mpuhtions nnd types of e\poHurp. 

r> Ri 7 ,e of comhu'tor to be selected so that the current 'will not heat it to a tempera- 
tun in excess of the rating of the insulation Make necessary corrections for group- 
'n|i fm air or in conduit) and for the ambient where the ambient is not standard (20®C 
eaitli or 30°C air). WhiTC National Eleetrieal Code regulations apply, cheek the 
‘onductor size against National Electrical Code (1947) Tables 1 and 2 

0 Size of conductor to be checked to determine that it will carry the electrical 
* iiergy to the point where it is to be used without excessive voltage drop. If voltage 
"gulation is excessive, seh*ct the coiuiuctor size on the basis of voltage drop. 

7 On certain feeders it may be desirable t»o consider and clu'ck that the cost of 
uiergy lost in the distribution circuits will not be excessive. 

A conductor may satisfy one of the three latter items and yet not satisfy the 
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renaming two. A conductor may iiavo ample cross-^dectional area to cany a given 
current, but the length of the circuit to tlie load center may be auch that the allowable 
voltage drop or the energy loes or energy dissipated in overeoinlng the line resistance 
will be excessive. Manufacturers’ data and National Electrical Code give tables for 
current-carrying capacities of the various types of wires and cables. 

With reference to voltage drop for low- and uicdium-vollage a-c circuits, it is 
necessary to take into a><*count the resistance, reactance, and power factor of the 
circuit and use the following formula for calculation: 

E = V(E^ cos ^ + in)> 4 (A'> sin «> + IX)* - E' 

where E ^ Voltage drop to neutral, volts pdr total length of each conductor 
^ receiver, end voltage to neutral, volts 
I =» load current, amp 

R s= a-c resistance, ohms per total length of each conductor (For d-c resistance 
of copper conductors and the a-c/d-c n^sistancc ratio refer to tables 
Sec. 1^126 and 15-128 "Standard Handbook for Electrical Engineers" 
1941 edition.) 

X * reactance, ohms per total length of each conductor to neutral (Sec table, 
Sec. 15-12fi, "Standard Handbook for Electrical Engineers," 1941 
edition.) 

cos <t> =* power factor of load 

(For direct-reading voltage, drop calculating charts for three-phase power wiring 
in iron conduit; for voltages of 460, 2,300, and 4,100, sec General Electric Company 
Wire and Cable C'atalog, See. 1200.) 

AVhon consideration is given to initial cost, it will always he found cheaper to run 
a fe^^ large conductors rather than a number of smaller ones. In a-c wiring, no 
conductors larger than 750,000 cir mils should be used in order to avoid otherwise 
dctiimeiital skin effect. For economic reasons, parallel conductors ff>r circuits are 
preferred for circuits of 300 to 400 aiup or more. 

Table 13-14 shows an analysis of types of cables for general use in industrial plants, 
ror most plants only a limited number of types arc required to do the job. As noted, 
the same type of cable may be used satisfactorily for a wid(* variety of applications. 
For example, a cable with a neoprene outer covering or sheath resists flame, aeids, 
alkahcs, oils, heat, sunlight, and abrasives. It is good for long service life, for installa¬ 
tion aerially, direct earth burial, or in ducts or conduits. 

Comparison of Purchased and Locally Generated Power* 

The estimated total annual electric power generated in the United States and 
imported in 1948 is 300 billion kwhr. On the average, induHtries consume about 65 
per cent of the total iTower generated in the United Stales by utilities and industries 
combined (after deducting the power-plant and transmission and distribution losses). 
t>f this amount, industrial power plants are used to g<*iierato about one-third, and 
the balance is purchased from utilities The majority of indu.'^trial customers, par- 
lU'uiarly those having small power requirements, purchase their ]x»wer from public 
uMqies. This is the logical result when the rates are favorable 

t 'onditions may exist, however, which make it more economical for some indus- 
III..1 plants to generate a port or all of their pow'er locally in spite of reasonable and 
Jii'-tinable rates for purchased power. Important factors in determining the desira- 
lulty of industrial-plant generation are 

1 Proximity to existing utility power lines 

2. Magnitude of pow^’er requirements 

3 Available by-product fuel or heat 

4. An adequate supply of cheap fuel or water supply 

5. Large demand for low-pressure steam for processing and heating 

The factors listed above will be discussed in that order. They may exist singly 
cr in combination. 
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1 The plant loratinn may be ho icmoto from satisfactory public-utility linos that 
the power rates may bo so high and the service so unreliable as to warrant loonl 
generation 

2 Conditions may exist T?vhjoh make it possible and economical for the plant to 
generate a part of its power loyally in spite of reasonable and lustifuble rates for 
purchased power The flinouiit of po^\er which it is economical to generate vill 
depend upon the lates obtainable and othci factors discussed below. 


Table 13-16. Wires and Cables for Industrial-plant Layout 



1 


Maxiiiiiiin 


Maximum 

voltago 

cla«is 

liistallutiou 
lilt thod 

Installation 
t onditioiis 

aJIuiA abl( 

1 Of. |i( r 
ti iiip 

Reromiiuniltd 
t y pi of I abh 




diB C 


COO 

Conduit 

Dr\ 

f 0 

C odt tvix R RU and T 


Conduit 

Wtt 

00 

C ode ivpL KW and 1W 


( onduit 

Drv 

(5 

C ode ly|>e IIH 


C'onduit or ducts or 

Wet or drv 

75 

Jypt 11H or IIW yyilli 


dirrct burial 



iiLopriiie jaiktt or had 

1 ov( I lJ 


N(i conduil 

Dry 

(>n 

4iiiioiLd cable rodt type 
Tv nmltiPiindiictur 


No conduit 

nr> 

86 

Tnli I locked aimnr var 





lushed (ambiK multi 





roiiduttoj typi AC V 


Dim 1 burial 

Wit 

75 

l\It Tin with luupriiu 
jniki t nr lead coy end 


Conduit 

I)tj ixiosedti lii4.hlMn 

85 

1 s pts V and A\ A 



piritims 

110 



In (j ill air 

\5 el or dry «\| *»i 1 t) 

76 

Type HIl oi RW wiiJi 



siiuli^bt 


ni or mill jaikit (pii 
BSHembJed aerial (atdf i 


In (onduit or oiirn 

Oil in 1 he it II I**! 11 I 


C Ivptal elolh with w itii 


air 



) 11 f 1 I 11(1 


Ill (onduit < r o] i n 

Oil and alkili 11 11 iiM 


11 iiiK iiol type 1 


ail 

tuie TiHisiai ( 1 



2 000-5 000 

C Olid lit or rliii t 

W el nr dry 

75 

Jyii 50 RH or 50 hW 


stem 



with neoprene jarkel n 
hull yrml 


( onduit 01 ilurl 

W 1 1 1 r dry 

85 

I y pt 50 \ L 


'lit m 

No f cm liiit 

Dry 

H5 

liiterlof k( il arniD] y oi 





lushed cainbnc jiiulli 
pnndiut r ty 1 ( 4C V 


IhiPi t biinal 

W et 

75 

lypt 50 Rll or 50 RW 
with nroprriir juikd 


III 111 n air 

Wet or dry i \i id to 

^5 

lyjf 50 RU or 50 RW 



(iiiliKht ai d in )si\ t 


with nt opr* lu j k kf t 



till irs 


(prtaMsr ni ble d a< na 1 





1 ibh) 

C 000-15 (too 

C onriiiit nr d ii t 

Wil 111 di\ 

75 

0/oiu lisistant nil i 


m*iti in 



with slillhliiif; tU]M 


( oiiduit 01 duct 

W 1 n dry not s il ji 1 1 ( i 

H5 

\amiRhed u.iidiru leal 


•'ll m 

(If troll ti aitiMi 


( o\ 1 r( d 


Til open air 

Wrt or dry ixiohuI to 

75 

(J/une ir Hint ail rulbir 



‘>111 lillhl lid ( ir III 


with shii lihi K ta(ic (iin 



(uir (s 


assLnibUd aerial eabl 


3 Many iiidustiidl plants, such as cement plants, smelters, paper inills, sawmilb 
blast furnaces, coke ovens, and rcfuicTic's hivc i\ail«ibli bv-product heat or fuel is 
result of the type of procc^sH earned on The forms of energy available "carj ui tli 
different mdu&tnes hot ur iii cement nulls and smelters clicnriical by-piodiic ts U 
may be burned in paper mills baik, sawdust and waste him1>ci m sawmillH, * 
combustible gas from blsst furnaces, coke ovens, and refuicueh 

In plants using by-products fuel or he fit, there is no fuel cost other than handh'^g 
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4. A supply of easily utilized water power or of relatively cheap fuel, such as is 
present in the form of oil and gas in the oil fields, presents a problem very similar to 
the previous one. In some locations, especially in certain sections of Canada, there 
is an abuiirlaneo of hydroelectric power available. With a hiore or less limited 
industrial uso for electrical power, the surplus is often used in electric boilers to 
produce process steam. 

5. Large demands for low-pressure steam for processing and heating constitute 
another factor. Steam is of essential viil\ie in some industries. Amount, pressure, 
and temperature of steam used vary widely even among the same processes carried on 
b) different manufacturers. In general, so far as the low-temperature heating operas 
1 ions are concerned, steam is the most eeonoiiiical medium to employ. In plants that 
re quire process steam in large ami fairly eoiisLant quantities, many opportunities 
CMfett for the development of inexpensive power serviees. 

ITirough the use of high-pressure boilers and pressure-reducing prime movers, the 
process steam required may be obtained, either as bled steam or high-prossure exhaust 
si earn, while at tin* same time considerable quantities of electric energy can be pro- 
dueed very cheaply—sometimes for as low as 2 mills per kilowatt. A most interesting 
problem develops in the process industry by permitting the extraction of steam for 
clectrie-powcr gf‘neration from the steam generated by hlgh-pre.ssure superheating 
1 Killers before the steam is turned over nt process pressure to the ehemical processes. 
In the past, there was a tendency to tnvit tiu' problems of an industrial power plant 
the same as tliose of a public-utility plant. Both have much in common, but because 
the industiial iiower plant must be necessarily considerablj' smaller than a public- 
utility j>lant and, therefore, less efficient, it is amiss to assume that puri*hased power 
will b(‘ elieiiper. This might be true if the supply of power did not have connected 
with it the supply of beat. The supply of steam and rdectric poi\er to a prttcess does 
not constitute two problems, l)ut a eoiiibiiied single problem. The cfliciencies of a 
pubhe-utility power plant and an industrial power plant cannot be compared as a 
guide in del(*rmining which .source will be most eeoJiomieal. The true criterion of a 
pimer plant's performance is the amount of heat put to useful ^vork, or, in other 
words, the amount of preventable waste that can and should be avoided. 

It IS the primary businea.s of publie utilities to sell power and sc*rvices. It behooves 
them to render tlie best j)ossi})h‘ si^rviec without interruptions at the lowest possible 
costs within feommiic reason. The problems of an imlustrial iwwer plant of the 
kind here being discussed are ]H‘enliar. The ^‘by-product" power is incidental to 
furnishing heat. "By-product” i)ower from pressure, differences is in no way related 
ti) power from wjiste fuel, from the waste heat of process eoml>Ubtion, or from waste 
exhaust steam condensed through turbines. It is limited to that power which an 
industry can produce by generating steam at pressures within present ranges of 
pPHctice and then passing this steam through a turbine or engine and exhausting it at a 
pressure high enough to supply a definite process requireiiieut for heat deliverable as 
fleam The power plant of a process industry is more of a heating plant than a 
ptn\er plant; the proldems are heat-engineering problems rathtT than iKnver problems. 
It i.s iiecesbnry only to determine liat degree of jierfeclion is warranted to secure the 
l)csl possible economy for one industrial plant, rather than for a group of industries 
KA die central station must necessarily supply. The balancing of the quality of 
t<o\>er service against its cost is of fundamental importance in the process industries. 
T'lcsc are the greatest difference,s between an industrial power plant and a utility 
p- plant, the singli* purpose of which is to produi'c poxver, A misunderstanding 
el ilie heat-power problem is a barrier to potential savings. 

Wherein does the economy of "by-product" power generation lie? It is not 
diflicult to prove that, in general, "by-product" is tlie rheape.st power available to an 
mdiistrial plant, provided operating eoiiditions requiring electric pow'or and st/cani 
are favorably balanced. In the typicaJ fsU>am plant there are tliiTC goiieral steps: 

1. Heat stored in fuel is delivered to a plant. 

2. The fuel is burned, ami the stored heat is lilierateil and transferred to water 
and steam in the boilers. 

3. Tlie accumulation of liiKit in the boilers is transferred into rlertric power by a 
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turbof^GiierAtor or an <»ngme-gencrator set, or it is carried by the water and steam to 
the Various processes. 

If there were no waste of heat and the boilers, turbines, and generators were 100 
per cent efficient, a quantity of fuel containing 3412 Btu could generate 1 kwhr. It 
is impossible, however, to transform all of a given amount of heat supplied to a work¬ 
ing substance into work. Modern boiler units operate at efficiencies of 80 to 85 per 
cent, the latter figure not being unusual; turbines operate at 95 to 98 per cent effi¬ 
ciency; and generators, 90 to 96 per cent. With these efficiencies, it is possible to 
produce 1 kwhr of by-product power at a fuel-consumption rate equivalent to 4,300 
to 5,000 Biu per kwhr or 0 3 to 0.4 lb of average coal. The heat that cannot be 
tranirformed into work, and that which must be rejected by the turbine can be used in 
the processes. In the central-station plant, the heal exhausted from the turbine is 
practically usedess because of its low temperature and lack of pressure; such a con¬ 
densing plant, even when operating at 1,400 lb steam pressure and employing both 
the generative and reheat cycles must have a fuel consiimption equivalent to 11,000 
to 14,000 Btu per kwhr, or 0.8 to 1.0 lb of average Cfial. 

In the by-product power plant, the heat may bo extracted from a noncondensing 
unit at any desired pressure and temperature (this, of course, depends upon the initial 
piresBure and temperature) and pul to practical uses in the process. Temperature 
difference is necessary for heat transfer, and pressure difference is neeessary for steam 
velocity in the unloading stages of the turbine to the processes. For this reason, 
considerably less power will be produced in the by-product plant than in tlie central 
station for the same fuel consumption, but the proportion of heat usefully apphed in 
by-product generation to central-station generation is about in the ratio of 3:1 
By-product energy need be charged only for the heat actually used in passing through 

the turbine. This is not true for a cent nil station 
because in a eondonsing stiMun turbine the heat r>f 
vaporijsation of the steam at the exhaust pressuie is 
an unusable end product whirh must be earned away 
by the condenser circulating water. 

In the matter of selecting turbines for a plant, no 
geneial stiilement can Ik* made because the eonditions 
of every problem are different. However, in gimeral, 
the following is eorreet; 

1. "^here the electrical load is predominant, the 
turbine should be a conrlensing-extraetion type. 

2. Where the steam load is predominant, the tui- 
bine should be a noncondensmg-extraction type. 

3. \Micre the steam demand balances the electrical 

Fio, 13-30. Proportion of heal used in eondenser-tui- 
bino (left) and “by-product” (right) power geiioration 
Throttle sioam for both condonbing-furbinp and b\- 
l)rodiict generation is at 400 lb gauge prebsme and 200°]’ 
huiierheat. Coiideiisei turbine exhaustb to a 29 * 
vacuum. B'v-product ” gpreration pxliaiists at 80 Ih 

back pressure and r>0°F Hupeiheat. If the heat coiitenf 
of one pound of throttle steam is 1330 Biu, the merhaii- 
ical efficiency 97 per cent, the electrical effinenry 90 per 
cent, and all items are tlie same for each turbine, then 
the following is a comparisuu of the two systems: 



3 412 

Lb bteain per kwhr at turbine throtllo . 

0 28 X U.97 X 0.90 X 1,330 

Btu per kv\hr at turbine throttle 9.8[133fM0.28 + 0.08)] = 12,8(»0 

‘By-product” plant: 

Lb steam per kwhi al turbine throttle — 


3.412 


0 085 X 0 97 X 0 96 X 1,330 
Btu per kwhr at turbine tlirottle ~ 32.8 X 0.0S4 X 1330 » 3060 
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demand, the turbine should be a straight noneondensing type. Thk type is seldom 
used because the balanced conditions are seldom obtain^; however, the noncondens- 
jn g turbine may be used in conjunction with a condensing turbine, and the steam may 
then be bled off the noncundensing turbine at process pressure. If the quantity of 
steam bled off is not all required for the process, it may be passed through the lower 
stages of the condensing turbine and used to produce power. 

Figure 13-30 shows tlio magnitude of the heat quantities in the steam cycle of a 
condensing plant and of a by-product plant. As shown in the figure, a larger quantity 
of steam is required to develop 1 kwhr with by-product generation, but the heat 
energy (Btu) chargeable to power is considerably less than that required by con- 
densing-turbine generation. The percentages given sre for a specific problem but 
indicate relative proportions of uses of the gt'^ieratcd steam. 

Figure 13-31 gives the jtower fivnilahle from stoam-procesa reductions for process 
use at various turbine-inlet pressures and various extraction pressures. This chart 
is valuable for making preliminary estimates of power possibilities. 

There are many Bcheme>< of connecting equipment and apparatus for the genera¬ 
tion of by-product power from steam used later for process and heating. Figure 
13-32 shows an arrangonicnt of a turbine expanding some steam from boiler pressure 
to a process bleed point luid the reinninder passing through the lower stages of the 
turbine to the condenser. Figure 13-33 shows an arrangement using high-pressure 
boilers wliich supply two high-pressure turbines; one high-pressure turbine exhausts 
to a low-pressure condensing turbine and the second to an evaporator supplying the 
proresR steam. 


l'’io. 13-31. Power available from 
fat earn-pro fpart roductiona foj pi oceais uac. 

(iraph iH laid out for 100 per cent iur- 
l)uie cfficicMiry so tJmt conversion may 
lie dneel for substantial riuantitics. 

Actual yield in power may be taken at 
70 per rent of that for the rniij^eb plot¬ 
ted. Picasurea are shown in pounds 
ahholuto (14.7 lb hiRher than plus 
RttURe pressiiiesj. Following vertically 
fioiii any genpratfid pre.sHure and hori- 
aontally from an> exhaust or piorcsa 
lirr.'fMire, tJie axis will interHpet at a 
vdiir indicnliiig tlic kilowatt hours that 
ivould be produced by passing 1,000 lb 
ol steam from the generated pressure to 
I he piesburo used in the procesa. These 
lalups are plotted for a fixed superheat 
of lo0®F above the temperature at the 
rrueiatnd pressure. Superheat vari- 
Ijoii has a very marked effect on the 
•ivuilable power. The graph, however, 

«s for preliminary estimates of 

ptiwnr possibilities, 08 the curves per¬ 
iod ipproximatinn from figures on 
Me, '1 -pressure drop. 

IOwmplb; Dinsimilarity of condi- 
tioir.q will produce identical yields in 
power per unit weight of steam passed, 
thi I lie curve for 40 kwlir per l,0tK) lb, 

^‘01 e x,hat this power will be produced by 
fun.i 375 lb to absolute, and also the 
Mfuue production is possible from passing 
1,200 to 66 lb. “By-product” 

I nwer from pressure differences is pra<;tical only when the differences are effectively great 
'*' 'ihown by the curves, and when the quantities of steam are substantial and continuously 
u.ecL 
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C’/ommercial development of higb*preBsuro steam (1^000 lb and above) has opened 
a field of unlimited possibilities in the direct application to chemical processes, but 
possibly greater possibilities iu the field of power generation from steam later bled 
off or pxlwusted for process use at moderate pressures. 

An approach to the application of steam for both by-product generation and 
process use would be for the chemical engineers, who are familiar with the process 
requirements, to set the process pressure or pressures as low as possible for economical 
production and compile daily load curves for proccss-steam and power demand. In 





STEAM AT BCMLEB PRESSURE DIRECT TO PROCESS 

I THIS Mas generated no by-product electric power 

ELECTRICITY TO MANUFACTURING PROCESS ED] 

-~, TRICITY TO POWER-PLANT AjJX U-- 

‘ trICITY TO COMPRESSORS A REP I 


TRICITY TO 


EXCITER 


11 y L O Wtf-PRES S URE STE A M TO 
I I iNTERMEoiATE-P R ESSURE , 


PR OCESS 8. B LDG HEA TING^ |THI5 51 
[team TO PROCESS 


STEAM HAS 
ICED BY¬ 
PRODUCT POWER 


I j CO^NSER I 


irtss® 
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PUMP ^ 


L-— -fe-D 


OPEN J_1 

HEATERI I 


V RETURNS 


CONDENSATE 
PUMP 




high-pressure steam 

—— LOW-PRESSURE STEAM 
INTER-PRESSURE STEAM 

electric power 

--WATER 


Fio. 13-32. Hohcmatic arrangeinont of ‘'by-product” power supply. 


the design of plants to supply process steam and power simultaneously, this factor 
of relative amoimts of process heat and power required is one of consitierablc* economic 
influence. For each particular plant, this ratio of steam requireineiiis to power 
requirements has certain determinable limits. The pow(‘r ('ngineiT, by propi'r ron- 
sideration of these limitations with other eronoinic conditions, could assume au 
initial pressure and plot from the process-demand curve a curve of tbo by-product 
power available. The latter curve then could be compared with the power require- 



HIGH-PRESSURE STEAM 


r 



TURBINE GENERATOR 




HIGH-PRESSURE 
^TURBINE generator 



TO CONDENSER 


^ evaporator 

I 
I 

LCW-PF^^^ J 

RETURN TO FEED SYSTEM 


Fio. 13-33. Schpinatic arranEcmeiit of ‘‘b 3 '^-produot” power supply using high-prpflsur < 
boilers and turbines. 


ments, and if found insufficient at all hours during the day, the boiler pressure may he 
increased, or the tcunperature of the steam generated may be increased without *' 
change in pressure, or both the tcmjHTalure and prcnsurc of the turbine-lhrotl 
steam may be changed, until the electric power madi^ available by by-product genera 
tion w'ould balance that needed. The most effective way of all to iiicrrasc the i^ower 
output is to decrease the exhaust preasun*. 

In actual practice, it may be* more economical not to carry the pressure Lo a i>oiid 
where all the power required can be generated as a by-product of process steam. The 
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propin(luity of a contral station and»a connortion with a utility system is a good tbing 
BS H stand-by and to take peak loads in excess of power generated. Unfortunately, 
utility companies by their demand charges under stand-by conditions tend to make 
such connections unprofitable. 

Power Factor 

Most industrial-plant power is supplied by a-c systems. Entering into practically 
all considerations of a-o niacliinery and eircuits is tlie term power factor, the factor by 
which volt-anipercs must be multiplied in order to find actual jiowor in watts. The 
over-all power factor of induslrial plants is almost invariably lugging. This is prin¬ 
cipally due to the fact that the major part of industrial equipment operates at lagging 
power factor. The power factor of tyiiica] »i-c loads is given in Table 13-17. 

In the case of induction motors, the pijwor factor not only varies with the horse¬ 
power and synchronous speeds of tlie motors but also with the loads on the motors. 
How the power factor of a typical 20-hp 900-rpm induction motor varies with load is 
shown in Fig. 13-34. 

Disadvantages of Low Power Fac¬ 
tor. Low power factor is detrimental 
for four important reasons! 

1. It prevents the full utilization of 
Ihc generation and distribution system. 

The ratings of generators, transformers, 
transmission lines, feeders, and switches 
{ire limited by their current-carrying 
cujiaeity, and the maximum power 
(kilowatts) wliich they may carry is pro¬ 
portional to th(‘ power factor. Thus 
capital investment per kilowatt of load 
iiuTcasos as tlie po^^e^ factor decr(‘asf»'^. 

2. ll makes each kilowatt of po>\er 
curry a higher burthm of line losses. 

The leHlKtaiiee losses, being proportional 
to the square of the curnmt ), vary 
inversely as th<* square of the jiower 
tnctor. Losses are therefore equivalent 
to !in increase in the kilowatt load and 
iiUTcase the cost of delivering power to 
tlie utilization equipment, 

3. It may cause an excessive voltage 
ilrrtpiit the power-uliliziition equipment 
.‘ind may jxissibly alTect production by 
Kfliicing starting torque in motors, causing subnormal lighting, and slowing up the 
operation of heaters. 

4. It may iiierease the purchased-power cost because of jiowrr-factor penalties, 
'riu' d(*trimeiitni effects of low power factor make it nc'cessary for utilitie.s to incor- 
poi lie powcr-fjictor elauses in rate schedules. The power eustomer b<mefits by 
srb^tantial pow’er-bill reductions when he keejis the power factor of his plant high. 

Table 13-18 shows a tabulation of the reactive factor, the ratio of reactive factor 
to the power factor, and the conductor requirements in jier cent for various power 
ja tors. Table 13-19 shows a tabulation of the corrective kva requirements for 
ii'iproveinent of power factor. 

Methods of Improving Power Factor. High power factor is achieved by making 
Hu“ ratio between the kilowatts and kva of the a-c circuits as nearly 1:1 as possible. 
f'VvtTal means are available for improving the powTT factor of an industrial plant, 
following are the most important: 

1. Minimize reactive kva component. This is a preventive method, such as 
avoiding oversize nr low-speed induction motors and keeping induction motors as 
billy loaded as possible. 


100 


60 



of ifiduefion motor 


20 i - 


lilt 

Load on Motor 

Fio. 13-34. Power fartoi of a typical 20-lip, 
9U0-rpiii induction motor. 
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2. Elimmftte lag^g reactive kva. Many motor drives permit tke use of syn¬ 
chronous motors which require no reactive kva from the line, 

3. Offset lagging reactive kva with leading reactive kva> by using (o) leading- 
power-factor synchronous motors, (5) rapacitors, and (c) synchronous condensers. 


figure 13-36 is a diagram showing 
the typical methods of applying power- 
factor-improvement equipment. Not all 
the equipment shown or the specific 
methods will necessarily bo us(*d in any 
one given plant. As shown in the figure 
and indicated above, the principal types 
of apparatus used to effect power-factor 
improvement arc (1) induction motors 
properly select(*d to avoid oversizing, (2) 
s 3 'nchronous motors for medium and large 
constant-duty drives, (3) capacitor units, 
and (4) synchronous condensers. 

Induction Motors Properly Selected 
to Avoid Oversizing. Tlic magnetizing 
kva of induction motors remains almost 
constant from full load to no load, while 
the kilowatts vary with the load. 

Thus at light loads the motor input is 
largely reactive kva, and hence power 
factor IS low. 

Obviously then, any practical steps 
that will result in maintaining as near as 
fHiasiblo full-load conditions will be 
iicnoficial from the power-factor stand¬ 
point Observing these general riiU^s wiU 
help: 

1. Care in selection of motors for their 


Table 13-18. Power Factor, Reactive 
Factor, and Variation of Conductor 
Requirements 


Power 

factor 

Reactive 

factor 

Roartive 

factor, 

power 

factor 

Conductor 
require¬ 
ments, 
per pent 

100 

0 

0 

100 

95 

0 312 

0 329 

111 

90 

0 436 

0 482 

124 

86 

0 527 

0 620 

138 

80 

0 600 

0 7.50 

166 

76 

0 661 

0 882 

178 

70 

0.714 

1 020 

204 

65 

0.760 

1 170 

237 

60 

0 800 

1 333 

278 

65 

0 836 

1 519 

380 

60 

0 886 

1 732 

400 



Tngomctnp rplations 
C’lw 9 =• i>ovier factor 
Sm 9 — fpaptiM' faotoi 
Tan »= reactive factor/jjower factor 


jobs. For example, use of high-slip 
motors for punch presses will usually 
enable use of smaller horsepower rating 
than where normal-torque motors are 
applied. 

2 Uearrangenient of irulii etion motors 
in the plant, wdiere practical, to secure 
over-all average higher loading. 

3. Use of wound-rotor imlaction 
motor where high fatartiiig torque requires 
oversize squirrel-rage motor. 

4, Avoidance of blow-siHH'd induction 
motors, which have inherently low power 
facjor even at full load in favor of syn¬ 
chronous motors. 

"i’he possibility of improving power 
ia tor by the proper selection of induction 
motorsshould be given greatest considera¬ 
tion at the time of the original installation 
of these motors. After the motors aro 


Table 13-19. Corrective Rva 
Requirements 


Oneina) 
power fai tor 

Final power 
factor 

Per pent porrective 
kva required 

60 

66 

21 2 

66 

60 

18 6 

60 

66 

16 3 

65 

70 

15 0 

70 

76 

13 8 

75 

80 

13 2 

80 

86 

13 0 

86 

90 

13 6 

90 

95 

15 6 

95 

100 

32 9 


Corrertive kva in the abo^p amounts would be 
required to isise the power fartoi from the orhKinal 
in t'ol, 1 to the final in Col 2 For example, to 
raise thu pow«r factor of a J,000-kw load from 
76 to 90 per rent would require 
1,000 X (0 132 -I- 0 130 + 0 136) - 398 kva. 


iintalled, it seldom pays to purchase new 

niolors of a diffenuit type or rating or to switch motors from one machine to another, 
except in the hirger horsepower sizes, say, over 75 hp. In the ca^* of small motors, 
Ihe Post of the changes, including ehuiiging the foundations, etc , makes the cost per 
Inactive kva gained quite high. Loss expensive means, eg., the use of capacitors, 
fan usually be found for obtaining the same power-factor improvement. 
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Synchronous Motors for Medium and Large Constant-duty Drives. Synchronous 
motors are standard drives for the larger compressors, pumps, fans, blowers, crushers, 
grinders, line shafts, motor-generator sets, and for mills and rolls in cement, rubber, 
metal, mining, pulp and paper, flour milling, and other plants. Wherever there are 
suitable drives in the plant, synchronous motors may be advantageously used for they 
perform the double duty of driving the load and improving the power factor at a very 
low unit cost. There are two types of synchronous motors, unity power factor and 
leading power factor. 


Power supply 



Note' Improvement in power factor takes 
place only From the point of 
application bock toword the source 
of power 




Unity or leading p f synchronous Group capacitor for a group of 

motors on any suitable loads Induction motors 

Fig. 13-35. Principal t>pes of apparatus used to effect power-factor improvement m 
iiidutatrial plaiitb. 

A unity-power-factor synchronous motor operutiug at full load does not actually 
deliver any leading kva to the system, but its substitution for a laggiiig-iiowor-ffictor 
induction motor or its addition to a load whose power factor is already lagu"ing obvi¬ 
ously iner(‘ases the ratio of kilowatts to reactive kva ajid thereby improves the powTr 
factor. 

A leaJing-power-faelor s>nchroiiuuri motor will deliver leading kva propor+ifma 
to input power, which depends on the horsepower delivered, and proportional to the 
ratio of input rcaclive kvti to input kilowatt ptiwei, this ratio depending upon the 
power fact or. 

Thi* <*urves of Fig. 13-3fl show the approximate leading kva draw'll by Hynchronou'? 
motors operating at partial loads with full-load excitation maintained. When 
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operating at partial load, a synehronona motor will deliver more leading kva than 
when operating at full bad. Thia is a result of the lower reaetanco drop m the 
marhine at light loads. Kote that unity-power-fw^tor synchronous motors operating 
at partial load may actually draw a leading kva. 

The principal advantage of the use of synchronous motors to improve power 
factor is that, over a large range of horsepowers and spetds, [mrticularly alwjve 100 hp, 
synchronous motors provide leading kva at a very low cost. For motors of wverol 
hundred horsepower, this cost reaches a value as low as 81 per kva gained by the 
use of a syiichroiiouB iriotor iiiatea<l of an iiiductit)n motor. Then' is no other avail¬ 
able equipment that has such a low initial cost per unit lea ding kva fumiahed. 

The principal diaadvaiitnge, or rather limUiitlon, in the use of synchronous motors 
for power-factor improvement is that it is economical only for a more or leas constant- 
duty eonalaiit-apeed motor of moderate or large size when such is rtMpiirtd tor a plant 
drive. The cost per kva correction 
gained in the small-horsepoTver ratings 
is high—about $20 for each reactive kva 
gainerl using a 50-lip 80 per pent power 
factor 1800-rpm synchronous motor. 

Also, ill general, synchronous motors 
arc usually economical only for applica¬ 
tion to new drives. The advantage in 
low cost per kva gain which is olilained 
by using synchronous molors is gener¬ 
ally lest if the motor is to be substituted 
in place of an indiiclitm motor already 
installed. 

Wlierc there are no suitiible drives 
for synchronous motor applicHtions and 
vheii a completed plant requires power- 
factor correction, it is usually neci'ssary 
to resort to capacitors. 

CapQciUyr Vnits. C^npacitors are 
stiilionary devices, the sole function of 
which is to deli-’er leading reactive kva 
for the magnetizing requirements of 
induction motors and other iiiduetion 
<*quipment on the plant system. These 
units deliver leading kva proportional to the square of the impressed voltage and 
inversely proportional to their reactance. 

Advantages of rnpacitors include the fcdlowdng: (1) being static devices, they 
reijuire little ntteiitiou for maiiiteiiaiiee or operation; (21 they eaii be installed in con- 
vcMiient locations with in the plant without dLsturbauro to production at Tcafloiiably 
low installation charges; (3) installation may be made at any time the power-factor 
conditions warrant and in a wide variety of eaparities to ht the power-factor require¬ 
ments of eireuits or individual motors; (4) losses are low—one-sixth to one-fourth of 
1 P' l' cent of the kva rating. 

'rhe initial cost of capacitor units per leading kva is fairly high as compared with 
Ihe {‘ost per kva of sj'ncliroinuis motors or synchronous condensers. The use of 
CiiUimitors for pow'or-faetor improvement is most eronomicnl under corinin conditions. 
Installed cost of 460-voJt capacitors averages about $10 per kva with 230-volt unite 
costing about twice as much. Other voltages and ratings vary from $10 to $15 per 
The reason for the higher cost of the low-voHage capacitors that the capacity 
^Cijuirod, as noted above, varies inversely as the square of the* voltage, and at low 
voltagi‘, about 4lt0 volts, the thiekne.ss of insulation can no longer >»e ri'dueed with 
liie result that it is nei'cssary to increase the size of tlie unit in order to obtain the 
capacity for the lower voltage. Ratings of capuciforK are proiMirtiunai to the fre¬ 
quency, and this makes the use of capacitors extremely high for installation on 26-cy<ile 
systems. 
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Syncfanmoiis Condensers. A synchronous condenser is siimlar to a synchronous 
tnotcNT, built primarily, however, to operate without mechaniral load and to correct 
power factor or regulate voltage by drawing a lagging current component from or 
supplying a leading current component to the power system* 

The cost of synchronous condensers is considerably less than that of capacitors, 
particularly in the larger sizes. The cost varies between $5 per kva (5,000-kya 
rating) to about $10 pi^r kva (500-kva rating). They are seldom found to be eco¬ 
nomical in sizes below 500 kva and for this reason are seldom used in industrial plants. 

Synchronous condensers are used particularly by power companies, where very 
largo amounts of leading reactive kilovolt-ampere component are requir^ and where 
regulation of voltage, by changing the condenser excitation, is desirable. 

Amount of Investment Justified for Power-factor Improvement. Most purchased 
power schedules contain power factor clauses resulting in the adjustment of billing 
demand based on average power factor. The essential items of a typical utility’s 
company rate schedule arc as shown in Table 13-20. ^ 


Table 13>20 


Demand Qhargo<i 

Energy r bar res 

Fimt too kw of BD 

S2 15/kw 

1 

] irat 5,0t)0 kwhr 

1 OfS/kwhr 

Next IDT kw of BD 

1 65 A w 

Next 100 hr or BD 

0 S^Avhr 

All o\CT 200 kw of DD 

1 40Aw 

Next 200 lir of BD 

0 TeAwhr 



Kxcew . 

0 6|t Awhr 


Bl> «= billing demand => (90/pf) X nn‘tered demand 


The monthly power biU under Ihe above rate may be set in a formula as follows 
if the demand is over 200 kw and the k^hr use reaches into the 0.6per kwhr rate. 

Power bill/month = $200 + $1.9 [90/power factor X demand] + $0,006 X kwhr 

The factor $1.9 f90/power factor X demand] is the only factor affected by power 
factor and is the only item necessary to consider for the following example: 

Assume wc have four 500-kva 4,l6n/480-yolt substations at a plant supplying 
associated feeders fully loaded for the demand periods and operating with a high 
ratio of average load per maximum demand atra monthly power factor of 85 per cent. 
The metered demand would be 1,700 kw and the billing demand, 1,802 kw, at a 
monthly cost of $3,423.80. 

The addition of 495 kva of capacitors would improve the power factor to approxi¬ 
mately 95 per cent at an estimated total installed cost of $5,000 for 33, 15-kva 460- 
volt capacitor imits and associated equipment. The metered demand would be the 
same as before (1,700 kw), but the billing demand would be reduced to 1,611 kw at a 
monthly cost of ^,160 90, or a saving of $262.90 per month. 

Thus, the investment required fur the 495 kva in capacitors would pay for itself 
in 19 to 20 months through savings in the power bill. 

In addition, the installation of the capacitors has made available 200 kva extr^i 
capacity in transformers and main feeders plus the voltage improvement. This in 
the reason capacitor units can sometinies be justified on plants generating power 
locaUy. In the above example, 200 kva of generator, transformer, and feeder capacity 
is obtained at a cost of $5,000, or at the rate of $25 per kva* 

Such economies as these are not out of the question. It is not economical to 
improve the power factor much above 95 per rent because of the large amount of 
capacity in eorreetivc kva required for the gain. In plants that undergo rapidly 
changing methods and ffuetualions in production, the investment for power-fact tr 
correction is expected to pay for itself in 2 years. In stable mdustriet, large office 
buildings, public institutions, etc., which expect to operate in the similar manni^ 
for a number of years, an investment would be considered satisfactory if it paid for 
itself in 4 or 5 years. 

Sometimes switching is necessary to keep light-load voltages within aoccptablr 
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limita. Xf automatic meana of switqbing ia provided thia would iucrcaae the cost of a 
capacitor bank $2 or 83 per kva. 

The modem capacitor’a reliability, reladve cost level, and flexibility have reetiHed 
in one of the most economic tools that is now available to the industrial electncul 
engineer. However, it should be noted that most power-factor clauses in utility 
rompanios’ schedules are based on average power factor< For this reason there is 
UBUcdly a certain point beyond which it does not pay to use rapaoitors to improve 
power factor alone. For example, a majority of industrial plants have a high kilo¬ 
watt load during the main working shift and possibly a load of one-quarter or less 
during the remainder of the day. If capacitor miits were installed to correct for a 
high power factor at peak load, they would be effective only part of the time (reactive 
kva meters are provided with a ratchet arrangement which prevents them from 
running backward in case of leading kva). For this type of plant, it should be neces¬ 
sary to plot a graph of the reactive kva load-time curve to determine the marimum 
kva of capacitors wluch would be economical to install. Any further improvement in 
power factor desired should be obtained by the use of a synchronous motor or possiblj 
a condenser, since its cost per kva is much less and would probably be operated only 
during high load periods. 

In order to obtain the most satisfactory and economical means of power-factor 
improvement, it is necessary to (1) make a system survey of load and power factor 
and compare with a log of plant operations; (2) check possibility of reducing demand 
peaks; (3) rearrange large motors, if practical, so they will operate at or near full load; 
(1) formulate a decision on the type of equipment and arrangement that will best 
serve the plant requirements (see Fig. 13-35). 

PART 2, INDUSTRIAL-PLANT LIGHTING 

Salisfactory industrial-plant lighting ran be obtained only through inteUigent 
engiueering. Lighting is complicated by a diversity of many possible light sources, a 
vanety of fixtures, and equipment arrangement. Engineering is more needed now 
than ever before so that advantage may be taken in selecting the best for eAch 
application. To provide satisfactory industrial-plant lighting it is necessary not only 
In have an intimate knowledge of the illumination problems but also of process 
r(*quireracnts. 

Eyesight conservation is concerned not only with proper lighting to aid human eyes 
to yierform seeing tasks without undue eyestrain and fatigue but also with the care of 
eyes through medication and eyeglass correction if nere-ssary. Before discussing the 
actual mcehamsins of a satisfactory lighting installation, it is most desirable to review 
hnefly the fundamental principles of the characteristics of light and its action on the 
eyes. For proper seeing, these two items are of great importance. Some under- 
slariding of the influence of lighting upon visibility, the ease of seeing, and the relation¬ 
ship of lighting to ease of seeing are essential factors in judging the results obtained 
^ ith artificial illumination. 

Light, vision, and seeing are commonplace, but the effects of seeing extend far 
Ix'yond the eyes into the realm of human beluga, eventually affecting their behavior 
and fuially their efficiency and welfare. This is not an accident. It is due to the fact 
that lighting is a part of so much of our daily routine activities. 

The importance of light, vision, and seeing cannot be overestimated. The success 

most industrial occupations depends upon man’s mind aided by his five senses: 
Mgiit, hearing, totich, taste, and smell. Of these senses, sight is by far the most 
»ducativc, educated, and useful sense. It is responsible for 75 to 90 per cent of the 
usefulness of most civilized adults. The industrial worker’s efficiency is, therefore, 
greatly affected by the lighting conditions under which he works. In addition, good 
i^eeing conditions have a dual significance to good workmanship since they affect, 
directly, the particular job being done and, indirectly, the workman’s entire attitude 
toward the job. This results in better health conditions, less labor turnover, fewer 
*H’cident8, and decreased material spoilage. 

Because adequate lighting can contribute much to efficient production, lighting is 
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now accorded a luucli more imixirtaiit place in production than ever before in our 
industrial history. 

After deiming sonic of the more common illuminiition terms, the important items 
that must be considereil in planning a lighting layout will he diBcussed. 

Definition of Common Illumination Terms 

As in the gradual development of any science or woik, a pertinent phraseology has 
grovtn vith ttie science of illuiniiiatioii. Certain of these terms will be used in sub¬ 
sequent discussion. Listed below are the more common tenns used, together uilli 
their detinitious. 

Abaorption. A certain amount of the light which hits an oliject is absorbed by that 
object. The amount ahsoibcd depends upon the reflection factor of the surface. 

Brightness. The linglitness of an object di^pends upon the intensity of the 
illumination on it and the percentage of light it reflects, emits, or traiismits. Bright¬ 
ness is one of the fundamental factors in seeing. When brightness values are lo^\, 
seeing becomes difficult and slow. Extremely high bnglitness f>r wide variation in 
brightness in the visual fudd can cause glare and eye fatigue. 

Diffusion. IMaiiy surfaces, such as plaster and opal or inisiriMlie glass, break up 
the incident light from a point source and distribute il inoie or less over an entire 
surface. Diffusion tend.s to enlarge the Image of light source and reduces its brightness 
by breaking up its outline. Glare is, therefore, reduced, and seeing beconi(*s easier. 

Fluorescent. Fluorescent lamp.s arc electric-discharge lamps in which the radiant 
energy from an electiie discharge is transferred by suitable material (phosphors) into 
wave lengths giving higher himmosity 

Filament. I'llaineiit lamps are light sources that consist of glass bulbs eoiitainiiig 
a coiled filiunent (Jettrieally niamtained at incaiideseence by heat cneigy created by 
the electric current. 

Foot-candles. A foot-candle is the measuie of illumination on a surface which i^ 1 
ft distant from, and perpendicular to, a source of illumination of 1 eandlepower. Tliis 
IS the term used to deterniine the illuirnnalion on a working surface. 

Foot-lambert. A foot-lambcrt is a measure of brightness. iS’umerically, it is 
approximately eijual to the product of the incident foot-candles and the reflection 
factor of the surface, the degree of brilliancy of any part of a Hiirface or medium of 
transmitting light. 

Glare. Glare may be deflnod as brightness out of place. The degree of brilliancy 
of any part of a surface or light source, wlieii vicwi'd Irom a designated diri‘ction. 
determines the amount of glare. Glare may be diri'ct or refleeted from any surface 
and is injurious to the eye. 

Illumination. Illumination may be temieil the effort or resuH of light. 

Incandescent. S<*e Filament, 

Light. For the puPiKjse of illumination engineering, ligld is radiant eneigy 
evaluated according to its capacity to produce visual sensation. 

Lumen. A lumen is the unit of light flux representing a quanlily of light. f)n' 
lumen is the total amount of light falling upon 1 sq ft of surf are, every part of which i, 

1 ft distant from a point source of 1 eandlepower. 

Luminaire. liumiiiaire is a term broadly used in imlustry to designate any type of 
lighting fixture, poiiiplete with globe, reflector, refractor, and housing. 

A luminaire designed to distribute 90 per cent or more of its light output down¬ 
ward l>elow the horizontal is classed os direct 

A luminaire designed to distribute from 90 to 100 p(*r cent of its light outjnit 
upward above the horizontal is classed as indirect. 

A luminaire designed to distnbut^ from 60 to 90 per cent of its liglit output dowi 
ward below the horizontal and from 10 to 40 per cent of its light output upward above 
the horizontal is classed as eemidirect. 

A luminaire designed to distribute from 40 to 60 per cent of its light output upward 
above the horizontal and the balance downward is classed as direct-indirect. 

A luminaire designed to distribute from 60 to 90 per cent of its light output above 
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the horizontal and 10 to 40 per cent of itts light output below the horizontal is classed as 
sertn-indired. 

Mat Finish* Mat finish is a dull finish oppc»sitR that of specular. Light hitting a 
mat finish has a iniuimuin of refiected glare. 

Mazda. Mazda is a trjule name formerly used by General Klectric and Wosiing- 
hoQSC for most lamp bulbs made by them, both incandescent and fluorescent. The 
term is taken from the Persian word meaning “God of Light.” 

Reflection. Light is reflected from any given surface, depending on its finish. 
The ratio of the re fleet e<l light to the incident light is termed “reflection factor.” A 
bright, shiny piece of metal, for example, will reflect much more light than a darkj dull 
piece of fabric. 

Refraction. IJght in passing from one medium to another passes through the 
secuud medium at an oblique angle and might hr* r(‘ferred to as ”l)r‘jii” light. 

Specular Surface. A specular surface is a bright, shiny surface, opposite that of 
mat finish. Light hitting a specular surface is reflected tlU'refroni at an angle equal to 
the angle of incidence. The light reflected from a specular surface is usually very 
Ijrighi and has much glare. 

Surface Brightness. Surface brightncKs is the df*gree of brilliunry or luminous 
intensity of any part of a surface when viewerl from a designated dirr'ciion. 

Transmission. TransmiabJon desenhes light going through a transparent or 
translucent medium. The ratio of light transmitted to the incident light is termed 
“transmission factor.’-’ 

Watt. A watt is a unit of electrical power in which all lamp bulbs are rated. 

Characteristics of Light 

Both light and vision arc essential for smng. They may hr* (Considered as a 
pariiK-rship m which one is essential to the usefulii(»Rs of tin* other. 

Light is a form of radiant energy which is tnuismitted -is a transverse wave motion 
from the source to the receiver and travc'ls through space in the form of electro- 
iiiagnetie wave's similiir to radio, X-rays, and gamma rays. All elc'ctromagnetic 
ladiatioiis have a common rhararterihiie m that they are propagated through space at 
the same rate. The only difi'erenee is in tin* wave lengths. The visible octave is only 
a small portion of tlie energy omitted by the light sources or sent out by glowing solids. 

Figure 13-37 is a graph of the el(*etromagnetic spK-ctruin and shows the waves which 
iimnifest themselves in a variety of ways as noted above, depending upon their wave¬ 
length eharaetenatics. Beeaiise seeing icbiilts only when ladmnt energy wdthin the 
limits of the visible spectrum enters the eye, it is interesting to note the extremely 
limited range associated wdth vision. Some rays do not react uiKin the eye at all, and 
others are trauaformed into heat which may irritate the eye. Th'cn in the visible 
laiigps, the average observer will find that the colors m tlie spectrum of sunlight do not 
appear to be of equal brightiH*ss even tlioiigh they may leaeh the ey(' with equal 
intensity 

Figure 13-38 shows a curve indicating the degree of eye simsitivlty to the various 
wavelengths of visible light. Those in the center portion of the visible spectrum 
provide normal high visual sensation Tests iiulieiite that the yellow-green light of 
5 oA has thf* greatest lirightncbs If the visibility for this wavelength is designated 
a 100 per cent n'lati ve response, t he i*urve rejiri'sents the r(*speetive visibility with the 
ether sjieeular colors expn'ssed in iiereentages of this wavelength. The curve is based 
o'l !h(* average levels for daylight vision with the cones of the retina of the eye chiefly 
( iiicerned in the seeing ])roeess. 

At very low Ic'vels of illumination, approaching moonlight, only the rods of the eyo 
an involved, and the eye-sensitivity curve wmU no longer have a jwak at 555oA. The 
whole euTve bhifts toivard the blue part of the Bjicefrimi by about 48oA or to 6070A. 
The wavelengths at this low level are seen as colorless only, those at the blue end of 
1 he Hp€»elruiii appearing brighter than those at the red. This has proved im):>orlant in 
mstallations involving very low levels, such as those required for “blackout ” purpoaea. 
The eye is, therefore, capable of adapting itself under illumination values w^hich range 
from a fraction of a foot-candle to several thousand. As mentioned before, the eye 
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be 7,000 fUc from the sun and 1,000 ft-c from the vault of the sky—a total of 8,000 
ft-c, Tho horizontal intensity at the eye level will be about 1,000 ft-c, The light in 
the shade of a tree will be 800 to 500 ft-c. 

2. Average daylight uppenrs practicaUy white or colorless. Skylight is definitely 
bluish because of the scattered rays of sunlight. 

8. Daylight varies greatly in spectral character with the time of day and with the 
point of the compass. It ranges from one extreme, a combination of direct and 
indirect lighting on sunny days, to totally indirect lighting when the sky is completely 
overcast. 

4. Direct sunlight has in December less than half t Ik* light value that it has in Jimc. 

5. On the average, in the United States, about one-third of the daylight hours 
throughout the year are cloudy. The sun shines an average of only live hours per day 
during the months of l)ec(‘mber and January. 

6. The seeing conditions outdoors are the result of the brightness level and the 
distribution of brightness and color. The same seeing* conditions can be produced 
indoors with artificial lighting, the chief difficulty being to supply the high level of 
illumination required to produce the necessary brightness of low-reflection-factor 
surfaces. 


Action of the Eye 

To understand the relationship of light to sight and its final result, seeing, sonic 
knowledge of the strui'ture of the eye is needed, not necessarily knowledge of the 
disorders of the eye and visual nervous system but rather of the mind’s ability to see 
as rclalt'd to the character of the lighting. 

The eye is one of the most d<*licate and miraculous organa in the human body. It 
is most frequently compared with a camera having compound lens (the eoniea and 
lens of the eye combine to focus tht* light), a shuttei (the ins), a black box (the eyeball), 
and a photographic plate (the* retma) on which the pictures are recorded. 

l*aradoxically, we do not see with our eyes at all but with our lirains. The image 
on the retina is the picture that the mind sees. Seeing is ont‘-half physical and one- 
half mental. It is, therefore, more accui-ate to compare the eye with a television 
camera, for it takes light waves and transmits them to electrie waves which become 
images. The eye is mcn'ly the device which turns light into the little electric current 
that the brain sorts to tho ordered images we see. Without the brain or the optic 
nerve, the image on the retina is as useless as an undeveloped film. 

The process by which the eye is capable of receiving impressions from waves oT 
light and passing them on through the optic nerve to the nerve cells in a definite area 
of the cortex of Ibe brain remains one of the mysteries of the human body. 

The eye itself is a globe eompoK'd of throe layers of nmmbrane called the scl(‘ra, the 
chorioid, and the retina. Tlie eye is divided front ami Imek into twro chambers. In 
the front chamber are the crystalline lens, the iris (m the center of wdiich is the pupil), 
the aqueous humor (a clear w’^atcrlike fluid), and the cornea. The posterior chamber is 
filled with a semifluid, seniijelly substance, called the “vitreous humor.“ The inner 
Iming of this chamber is the retina, and the back of the rntiiia is the layer of pigment 
which gives the e^^e its color. Figure 13-30 show's a cross section of the eyeball and 
the position of the various elements of the eye. 

The eyeball is positioned in a bony depression of the skull w'hirh iifiords it much 
protection. The depression immediately back of the eye is filled with fat, giving tht* 
eye a cushion on whirh to turn. The eye can be moved in all directions by muscles 
attached to the eyeball and the bony socket. The exposed surface of the eye is 
covered b}*' a highly sensitive nitmibrano, the conjunctiva. The eyelids, which are 
quick-acting shutters ready to protect the eyes, are also lined with conjunctiva. The 
circular shutter over the li*ns, the iris, closes in over the lens in response to a stronf, 
light and to messages sent along a nerve. 

Ml these meehaiiLsuiR are a great protection to the delicate organ, but, in spite of 
these precautionary features, disease, deformity, and sometiines merely the strain of 
civilized arlivities hurt the eyes and reduce the efli<*iency of living. Inadequate food 
and air are quite iinmediutely obvious in their effc*cts, but this is not true with light and 
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vision, sin re tlio pycs arc much more patient and Less oomplaiiiing than the lungs or 
stomach. Tltc correct principles of eye healih arc deeply rooted and fixed by nalurei 
and anything that affects the general health of a person can't fail to have an effect 
upon his eyes. Most persoiiB refuse to take as good rare of their eyes as they do of 
their digestive systems. They suffer eyesifain without always knowing it and rebel 
at the suggestion that something else beside the lighting is the cause of the oomplaint. 

The eye is admirably equipped to protect itself and function under widely varying 
light conditions. However, the prolonged use ot the eyes at work, at home, or at play, 
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under inadequate or glaring lights, leads to a strain on the physical reactions that can 
sciiously affect the worker's health and well-being Under proper lighting conditions 
^lie nonual eye may sec without si ruin. It is, therefore, the obligation of the lighting 
' ’igineer to determine proper light sources, favorable lighting conditions, and adequate 
I ght intensities that arc ne(‘essary to meet satisfactorily the requirements for the 
' LI ious visual tasks encounteTiul in industry, 

Kyentrain arises through muscular and not retinal activity. Ijow iUumination 
1' vels or poor lighting conditions will result in poor visual acuity, and the balance 
hptwe<*n nceoinniodation uiul convergence is likely to he disturbed. The efficiency of 
I'le o>es depends on their freedom from errors of refraction, defects of fixation, and the 
t^anspanuiry of the cornea. 

The first steps in reaching right seeing conditions are 

1 Have the eyes of all einployeos examined at biennial intervals in order that 
ri'iractiyc changes within the eye may be discovered and corrected before serious 
eyestrain develops. 
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2. B;eoommeiid that all empluyocs who have viauiil defects be equipped with proper 
corrective leaseB. 

Soioe nilee for eyesight oonsorvation of actual preventive values, such as means of 
givkig respite for near vision) good lighting, eye exercises, and generally better se^ng 
conditions, will be discussed under Illumination Yardsticks. 

The most important facts concerning vision arc enumerated below: 

1. Relaxation is very closely associated with vision^ It is estimated that the lack 
of rdaxation is the cause of SO per cent of defective sight. Tension of any kind blurs 
the brain and pulls the eyes out of focus. 

2. About S2 per cent of all persons in this country over 50 years of age have defec¬ 
tive vision. 

3. Fifty million people in the United States either wear glasses all or part of the 
time or, in the opinion of eye physicians, need to wear them. 

4. The eyeball is held forward in position by a fatty pad and can be operated in 
any direction by six muscles. 

5. Four of the six muscles (knovTi as recti muscles) are evenly spaced around the 
eyeball and pass directly back of the cavity. 

6. The two remaining (oblique) muscles, which pass partly around the eyeball, 
then through a ligamentous loop before going back to the cavity, give the eye power to 
see at varying distances by squeezing the eye and changing the balance of pressure 
within the eyeball. 

7. When the oblique muscles are tightened, the eyeball is elongated. W'hen the 
recti muscles are tightened, the eyeball is shortened and thickened. This changing 
balance gives us our change of focus, the former when the eye focuses for the near 
point, as in reading. 

8. The normal human eye forms without effort clear images of objects 18 or more 
feet away. Closer objeetM require accommodation by tlie recti muscles. The 
extrinsic muscles of the eye are means of accommodation. It is when these muscles 
tighten into habitual tension that eye trouble develops. 

9. Eyestrain is the cause of impaired sight, not the result of it. Strain is caused 
frequently by improper lighting conditions. However, other circumstances result in 
improper use of the eyes and produce eyestrain. 

10. The retina has two distinct types of vision: (a) central or the positive, clear 
vision only in the exceedmgly small area in the center of eye; (ft) collateral, or vision 
only to the extent of general form, general motion, and color which is progressively 
reduced beginning at the center of the retina outward until at the periphery it is very 
poor. 

11. The eye sees only while it is at rest. There are no ‘^sweeping glances'' so 
frequently mentioned. The eyes do not move continuously, but in little jerks, jump¬ 
ing from point to point. 

12. Our usual appreciation of the solidity of objects is due to the cooperation of 
both eyes. Each eye, taken separately, yields a slightly different impression, but the 
two impressions together combine to show what is known as ''Btcreoscopic effect," a 
three-dimensional effect. 


Comparison of Light Sources 

Within the past few years we have witnessed a phenomenal increase in the multi¬ 
plicity of light Sources and control materials. Twelve years ago there were only two 
common light sources available: the incandescent tungsten-filament lamp and the 
Cooper-Hewitt mercury lamp. Newer light 5ource.s now include hot- and cold-cathode 
fluorescent, high-intensity mercury-vapor, and sodium-vapor lamps. All the newer 
sources have longer life and deliver more lumens per watt. 

The choice of the light souree tg be used in a lighting installation deserves os much 
consideration as the choice of any of the other tools used in industry. The use of any 
light source is to convert electrical energy into light for the purpose of making the 
process of seeing easier and more comfortable. The possibility of carrying on work in 
industrial interiors depends upon lamp jierformance based on throe factors: light, life, 
and uniformity. The economic factors involved in lighting will be discussed farther 
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on in t)iis subiectum. At this it in suffidient to Bt&te tlmt the eoet of power oon- 
sumed during Uie life of a lamp la, in almost ail cases and particularly in the case of the 
incandescent lamp, many times the cost of the lamp itself. Furthermore, it must be 
borne in mind that lamp life and light aie interdependent. If the quality of light 
given by more than one type of lamp is considered to be suitable for a given industrial 
process, the final choice of type should depend on relative costs. 
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is broducod. 

\ 

\ 

\ 


i Electron omitted by oioctrodo \ 
at ona and of ftuorascant tamp \ 
travels at high spood in tubo ^ 
unfit if cotUdos with one of ^ 

the eioefrons of tbo morcury 
atom. 



-Visibto tight 


-Atom of vaporisod 
morcury 


Mow Q Fluorescent Lamp Produces Light 


Visible 

morcury 

tight 



Fiu. 13-40. How a fluoreeoent lamp produces light, and its distribution of energy. 


All light sources are generators of radiant energy. As mentioned before, the 
gi*neraiiou of light lias until recently been generally limited to the incandescence of hot 
''(‘lids. Much of the energy radiated by the tungsUm filament lies outside the visible 
"rtave, and for this reason, it is not very oflicieni as a light source. The heat losses are 
on the order of 90 per cent of the total input. For a commercial tungsten 200-watt 
lamp, the efficiency is but 18 lumens per watt. In the relatively short period of 40 
years, we have advanced from a carbon source producing 3.5 lumens per watt to the 
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Sec. 13] INDUSTRIAL-PLANT POWER DISTRIBUTION AND LIGHTING 
TaCble 18-21. Compuiion of Present-day Lig^t Sources 

CharaetMutili Inoiuiiiesoimt FlunreHCcnt Mcrcuty vajior 


1. Type uf aoijtRp. Puiiil nr conrentratoil Tiinear Point and linear 

2. Color quality of 

produced .. lliuli in Ili(* >idlon and Daylight, 4500°K Almuai a monoohri)- 

Tod porlionp oF the white, white, warm inatic light is the blue 

speelriimvarvingfrom tone, iitid soft white. ami green portions of 

randle-nanie yellow to Also ntade in rolors: the spectrum, which 

light yellowish white, blue, green, pink, gold, is particularly well 

Also made In colors and red adapted to lighting 

the neutral tones in 
inclal working 

3. Bulb finishes .Clear, iiiMdc frosted, Daylight, 4500"K Clear 

while bowl, daylight, white, white, aarni 
silver bowl, silver lone and soft white, 
neck, color coo tod. Also made in colors: 
and natural colored blue, green, ]mik, gold, 
glass and red 

4. Rateil operating life.. . 750 hr up to 1,50 waits. 2,fi00 to 7,500 hr, vary- 2,000 to 4.000 hr, var,\ - 

1,(X)0 hr over 150 ing and inereaHing ing and iriercBsiiig 

watts. Also sjiecial- with longer operating wdth increoHed uperat- 

life lamps hours per start ing hours per start 

B. Lamp elliRipiicy 10 to 20 lumens per 30 to 02 lumeiis per 30 to 40 lumens per 

watt, depending on watt (not inchidnig watt (not including 

lamp sise (average of au'dliaries), with aux- auxiliaries) 

IS-in, range of GO- to iliaiies produces alum I 
200-watt sizes) 2 to ,3 times as much 

light per watt us in- 
caiulesrent 

6. Lamp wattage. «, 7}i, 10, 26, 40, 00, 4, 6, «, 14, 15. 20, .'10, 100, 250, 400, 1,000 

100, 160, 200, .300, 40,65,85. Also .Slim- (water-cooled), 3,000 

.500,7.50,1,000,1.600, line unils IK to 06 
2,0(K) in standard sizes watts 

7. T<amp size ami shape .. 2-to diam. iii Tubular ^4 to 2^ in., 260- and 4f)0-wat1 

tear-drop and pear 6 to f)6 in. long, rir- short tubular; 3,000- 

Hhape;alsoahorttubu- eular 2.5 wti(t.h, I' watt long tuhular 

lar in. tube, 12*iii. diam suurec 

8. Kelatlve ijistalled eusis 

for equal lighting in¬ 
tensity 40 to 5fi fl-r too per cent 10.5 per cent ISO per cent 

9. Helativc nuiinlenanee 

costs 

a. Lamp replacements 

including lalmr 100 HO 10.5 

b. Cleaning and main- 

ttmanee. 100 3(H) 130 

10. Ro1ati\'e power eosls 100 40 06 

11. Relative cost lu'r font- 

candle year. 100 75 86 

(See notes at end of table for basis of eompArisons) 

12. Advantages. Availability and eon-Mligh lumen output per High lumen output per 

vciiioncc- Requires wait. Jie.ss heat isol>- w-att. Useful for hii ( 

no conlrol pear, bal- tained. Surface hay mounting. J-iigl 

last, or starteis. brightneus i.s low. iKofpartirularadvan- 

LiglLtdidtributionsub- Long lamp life. tage for i-ritieal in- 

jeeb to beam or spread Lower current eon- spertion work. Bf- 

control. Starts in- aumptiem for a given cauHe of green colot, 

staiitly when turned light output. Mttre operating coat rela- 

on. Will withstand jllumination oan be tively low 

reiicated starta better obtained from nldwii- 

tlian any other source, ing by a change to 

("an be used in all fluorescent 
kind>4of weatlu^. In¬ 
stallation ruHt>4 rela¬ 
tively low ! 

13. Diaailvantages. Color ia too rich in the Arrurate beam control Color of light ia the 

redand yellow. ICPfi- from the tuVmlar lamp chief objection to 

eieney per wait is rela- is not pOHsihle. lie- widespread use. He- 

tivoly loWfcr tluin fiuo- quires auikiliary equip- quires auxiliary equi|>~ 
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TAMe 1841. OmnpaTiiBii tS. Preaent-d^y Light Sources 


Charaeteriatic 

Inoandesoent 

VluoreeceBt 

Mercury vapor 


reacpni ur morcury. 
Much heal has to be 
disperseil or rhsoi- 
pated; oharac(pnBti.08 
of upnration are 
greatly affppted by 
voltage vanatinnfrom 
normal rating 

» 

in nut, ballant. startera, 
condeneers, all of 
which complicate 
maintenance and in- 
creoRC weight and bulk 
rif 1 net allation. Stand¬ 
ard unita will not give 
satisfactory operation 
in pold or high-tem¬ 
perature locations. If 
operated with a single 
lamp ballast, strobo- 
Bcopir effect may be 
present. Can be 
op<‘rateil on direr t- 
current but at de¬ 
creased lumen output, 
lamp life, and starting 
ndiabiUty 

ment. Delayed start 
of 3 to 7 min, Cost 
of equipment id rela- 
tiycly tugh 


Notbh. Itonis 8. 9, 10, and 11 aro given as a luisis of ronipariaon of lighting rosts for providing a 
grnde B (4(1 to 50 ft-<» in serxirv) lighting intensitv in an area 100 by 100 ft squaro under the following 
eonditiona: romplete wiring and conduit lustaltation including incoming line aervieea, liansformen, 
fisriels, etc ; 500-watt inrandescent glassteel diffusiTs, 150-wutt flunietceiit RLM reflertorb (3 to 40- 
watl lamps); 260-watt mercury enclosed HLM luminaire; 8 000 hr total operating time per year; 20 per 
I (>nt annual owning eoat per year (S-year amorlirntum). All relatne p(‘rer nlage coats are established, 
ii'iug the ineandeseent sysbun as the base The ratio of relatne eosts will ehange for each and every 
Ivpf of inatallaliun, depending upon various eronoime factors and their relative infliiencps. Data 
based on a composite of plant expeneiiee Cost of allocated faeilitieb not included. Electric energ\ 
based on purchased cost of 90,01 per kwhr. 


40-watt fluorescent lamp thirteen times as efTicient, With these illuminnnts the elec¬ 
tric energy is transferred to ultraviolet and visible radiations without incandeseenre. 
Figure 13-40 shows how a fluor(*scent 


lamp operates and its distribution of 
('Jieigy. 

TJu* ultimate eflficic'nry that may be 
cxpi'rted for wliile light is approxi- 
iiijitely 200 lumens per watt. Figure 
13-41 is a graph slmwiiig the coinpara- 
tm* efficiency of light sources. Today, 
\\i1h gaseous-discharge lamps, we have 
(‘ITiciencies of 40 to 60 lumens per watt. 
^^'lthln the next few years, with new 
illuminants or higli-pressure mercury 
arcs, the efficiency Jnuy advance to 100 
lumens per w'att. 

IiiteUig('nl use of light to meet indus- 
" I at man-powor-prod\iction leqmro- 
1' Mits calls for an understanding of the 
‘'aracteristicH of light sources. Incan- 


6S0 


200 


150 


Theorsticol moidmum,IOO% energy at 
opproximotely 5550 angsironu to 
which the eye h moet reepontivo. 


^Polychremotie light (white) with infra¬ 
red and ultro-violet eliminoted 



— White light - temperature 5500* K 
—Gretn fluorescent lamps 


ili'seent, fluorescent, and nierrury-vapor 
lamps are briefly appraised and reviewod 
m Table 13-21 to assist in an uud(jr- 
standing of the many opportunities they 
offer in installing lighting to meet pre- 
sent and future iruin-power-produetion 
I ('(luiremeuts. 

The incandescent filament lamp will 
alw ays fulfill some purfioses better than any other light source. Also, because of 
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~Mereury vapor, sodium vapor and 
^ Whitt fluorescent lamps 

Incondescsnt tungsten- 
filament lamp 

Coitiparative efficiencies of light 
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economy of inetallation, flexibilityi ease of xnainteimnee, and convcnienco of lamps and 
Incandescent lighting equipment, it will always have a wide application. 

The duoreaccut lamp has a much longer life than the incandescent and will provide 
approximately two to two and one-ha]f times as much light per watt as the latter type. 
Wartime lighting levels made possible by the use of fluorescent lamps have been 
carried over into civilian uses. With the return of peace after the Second World War, 
the range of colors, the quality, and simplification of equipment improved. It is 
expected that fluorescent lighting will assume the major place in general industrial- 
plant lighting. 

The fluorescent Slimline is the newest lamp development. This lamp is appropri¬ 
ate for any fluorescent lighting installation. Its small diameter makes possible its 
use in places where space is limited. The 72- and 96-in. lengths give longer lines of 
light with fewer intcmiptions, as they are instant-start and have single-pin terminals, 
which make for simpler wiring. The long lengths help appearance and reduce the 
number of lamps, sockets, and ballast needed. The curr^t range, allows low, m edium, 
or high lamp brightness through the control of current varying from 120 to 600 ma. 

The mercury-vapor long has been the most economical light producer. The blue- 
green color is the chief objection to its widespread use. In many large industries, 
chiefly metal work, the color has its advantages. Combined with incandescent lamps, 
the mercury source promises to be more widely used, especially where large areas arc to 
be lighted from high mountings. 

For plant road and street lighting, the mercury color is not unlike moonlight, and 
its high efficiency provides more adequate illumination for the same expenditure. 
The sodium light will be used as a warning of danger, at heavy-traffic intersections, 
approaches to bridges, underpasses, and to indicate similar hazards. 

Effects of Voltage Regulation on Lamp Operation 

Industrial distribution Byst.*Tns and utilization equipment are designed on the basis 
of a nominal constant voltage. Lamps are deKigncd to give the most economical 
combination of characteristics at rated voltage. In the case of incandescent lamps, 
the light output varies directly as the 3.4 pov er of the rated voltage, and the average 
life of the lamp varies inversely ns about the thirteenth power of the rated voltage. 

Fluorescent lamps are not affected so critically by voltage variation as are incan¬ 
descent lamps. This is one of the advantages of fluorescent-lamp sources. However, 
undcrvoltage (below 105 volts for standard lamp) will decrease the light output and 
result in uncertain starting and operation. Overvoltage (above 125 volts) causes 
inferior lamp performance and danger of overheating the auxiliaries. 

Mercury-vapor lamps are affected in light output very much the same as are 
incandescent lamps. Abrupt dips in voltage may cause objectionable light flicker in 
any t^'^pc of lamp. 

The Lighting Source for the Job 

Adequate lighting may be provided by incandescent, fluorescent, or mercury-vnpor 
lamps. It is assumed that each of these three types has its specific basic applientk i 
and that there is one type of lamp best suited to any one job. As a matter of fact, this 
is seldom the case. More often there are two types of lighting sources each of which 
may serve equally as well and also some problems that will require the combination of 
all three sources to provide adequate lighting. 

The final choice of a lighting source for any particular application may result from 
one of the following factors: 

1. Some local physical limitation, such as machinery and structural members 

2. Some economic factor pec\diar to the job 

3. Some operating condition, such as gas and explosion hazards, dirt, and conosiv(i 
vapors 

4. The psychological reactions which differciit persons have for the effects of the 
various sources and types of lighting 

It may be asked which lamp is boat suited for a machine shop. Machine-shop work 
covers every grade of work from reading the fine calibration on a gauge to the visual 
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task of ft oraoe operator or a welder. Cleriainly* hei^ ftare extremes that do liot 
ueeeesanly peed tbe same type of lighting. Also, an o^ce or salesroom may be paying 
3 to 4 oents per kwhr for a small power usage, or lens than 1 c^t lor a large usage. 
The same type of lamp may not be the most economical in each cane. 

Agaio, two majiufarturers may be making the namo typo of product with about the 
same machinery layout, but one may be making a qimlity-line product in which 
iuBpertion may be the most important item in the manufacturing process, while the 
other may be making a price-line product in which low-cost production outweighs 
quality. These two plants would require vastly different approaches to their lighting 
problems. 

One process may be experimental in nature and considered more or less temporary, 
while for a similar process the plant may be l^uilt for long-term usage. These lighting 
problems will most likely be different. 



Ill an office building, certain aieas such as corridors and general conference offices 
may he adequately lighted wdth incoiidesceiit lamps, while tUe more detailed work will 
require lighting levels which can only bo produced satisfactorily bj" fluorescent lamps. 
TJic latter are particularly effective in court offices because they help to overcome by 
psychological means the cramped feeling brought about by tin* lack of an outside view. 

The one requirement which nil lighting installations should have in common is that 
the maintained lighting level and conditions should be adequate for the various indus- 
t» ul seeing tasks. 

In general, disregarding somewhat the economics of the problem, the three light 
s.' irces may have their specifle basic applications oonsidered as follows: 

1. Incandescent ligliting for illumination levels up to 20 or 25 ft-c. For higher 
levels, wattage requirements and resultant energy cx>sta will be excessive. Also the 
lu‘at radiated may bo a problem, 

2. Fluorcsc^rent lighting for high illumination levels from 25 ft-c up. Fluorescent 
lumps illuminate with less glare and less heat and produce many more lumens per watt 
1 han do the incandescent lamps. Engineered fluorescent lighting is the most practical 
form of illumination for precision operations and is particularly effective in inspection 
'leimrtmentB, machine shops, drafting rooms, and other departments where seeing 
laal^ are most precise. 

3. Mercury lighting for high illumination levels where high mountings are involved- 
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U will prove most BatiAfartfjry in {oundneg^ forgo ghopg, gtccl millg, and large factory 
areas where the room proportiong are excessive Tt may be combmed with mcandes- 
oent lamps to bniig ba(l\ Ihe red and orange tones mto the over-all lighting spectrum 
and permit moie natur tl irU ntihr ntiun of r olors such as the worker's skm and produe- 
tion matenaJ 

Table 13-22 hgls tlie gone ral industrij,! applic atioiis for \ arioiig light sources within 
the limitation of standard prcseiit-dav ligfit sounes Ihis table shows the o\pr- 
lappmg usages of light soui ces as me ntiom d above The grades of illumination noted 
in Table 13-22 aie outline.d m Jig 13-42 

This figure is not nei ess inly the recommended foot-eandlc illumination level for 
tlie various visual tasks shown Visual acuity i& tlu* ability to see minute detail 
Using as a basis 8-point liodoni Tkiok type (8-point Uodnni Book) lUummati d to a 
level of 10 ft-e and \icA\ed it i distant i oJ 11 m , the other tasks will have the same 
visibdity under the vinous le^ els indie ite d 

In most cases the le\tl of illurnuiatiem is not uitical within 25 to 50 per cf*nt 
Aetually, there is no substantial diffemite between 4 and 6ft-r , 15 or 20, etc Seeing 
is a very eomplit ate d pi o< t ss, nrid e ise of se e ing is, in some r ise s, more important than 
visutI aciiit-v 'lilt two do not go h iiul in hind The fiiiil ipprusil of a lighting 
system rests on comfort and si e- ibiliti wlue h v\ill be discussed under the mam titles 
How Much Lighting Is Lnoiigh foi Optiiiuiiu Siring? and Illumination Vardstieks 
For gcneial puiposes it is neressir^ to icfn not to rxut levels ol illumination but to 
grades of illumination, is iiidic ite d in I ig 13-42 

Table 13-22. General Industrial Applications for Various Light Sources 


(W ithiii ti t limits )f St iniloi I i rt nt r' li*.ht s >» ) 

Ligft^ou (H i d ^ jrt t h 

Incande<ic( nt Rlainenl lumpu I 

J* lunrebrt nt 1 imj. s I 

Mmun Umrs H 

Coinbinatun f ii ii es i i u i in i i hi t T£I 

C omliuialion of jik ii hsm t md flu n sidit lamj s II 

fenubstaiidaTtl ( 1 a| | linil li) \ 

Realm for spt iial III. unui lal i h f i iir < 
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Newest Developments in Lightmg Sources 

A new type of fluonstrut lamp called Shinline ib approximate^ m , 1 in , 
and m outside di inn tci, 42, 64, 72, and 90 ui nomuial length and rated 1,070 to 
5,000 lumens Some of the features of those new lamps are 
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1. InstantaaoouB startmg; no fitaTi«r iioodt^d 

2. Tx^zifrer life than ordinary fluorescent 

3. Higher clficiency; average of 60 lumens per watt 

4. Ready adaptation to certain architectural treatments bc</auBc pf its small diam^ 
i>ter and longer length 

5. Adaptation to flashing 

Despite their effieienry, the shape of the present fluoTeseeiit lamps prevents their 
use in ordinary portable units in which a long tube eould not easily be accommf>dated. 
The lamp manufacturers have developed a circular fluorescent lamp calh^d the 
“Cireline,” rated at 32 watts with a 1 Ji-in.-diam tube and an outside-ring diam of 
12 in. This lamp, in addition to being adaptable for use in portable lamps, is being 
used in industry for inspeetion lighting. 

Other types of light sources may come into use in the near future. Most assuredly, 
drastic improvements will be made in some of our present systems, 

Comparison of Lighting Fixtures and Systems 

Lighting Fixtures. An efficient lighting system requirf‘8 reflertors or luminaires in 
order to control the light distribution and to reduce the high surface brightness that is 
produced by the various light sources. For general purposes today, tlie lighting 
quality of an installation is freciuenlly judged not S(» much in t(‘rms of lighting inten¬ 
sities or the quantity of liglit as in the degree of shadow and the amount of direct and 
reflected glare. The Imniiuiirc which controls these factors is the backbone of the 
lighting system. The typo of unit, the desired distribution of light, and fixture 
suitability for the particular inferior depend upon the type of work coudueted and the 
room proportions. 

In any given interior or for any type of marhine arrangement there may be several 
iiK'tliods of illumination design that will produce effective results. With the dovclop- 
raciil of the mercury lamp in 1035 and the fluorescent lajiip in 1038, the problem of 
selecting the types of lighting sources and lighting fixturt^s for a given design or condi¬ 
tion has been greatly multiplied. To ensure that the elements of quantity and quality 
of lighting will be right, the system of lighting and the typo of fixtures should bo care¬ 
fully selected. The choice deserves as much, if not more, consideration as the choice 
of any of the other tools used in industr}". 

lOxcept for the standard RLM type of lighting unit, manufacturers have made 
practically no attempt to standardize fixtures. Their catalogues show thousands of 
Miricjus LyiM‘s and sizes of units, varying from the open-lanij> unit to dec.orative 
trollens. Ilow'cver, an aiiiUysis of the many designs shows that many makes ore used 
tf» .qerve a definitely limited lumiber of lighting situations and that practically all the 
units may be classified and put into a few groups to meet specific installation conditions 
and seeing tasks. 

The different tyjK^s of refler'tor and luminaire equipment used currentlj’’ in the 
various areas of iiidubtrial plants arc listed in Table 13-23. This talde is an outline of 
the several claB.ses of fUturc's us(*d with thf* three principal light sources; incandescent, 
fluorescent, and mercury. After classification, the choice of the particular make may 
ho made, wdth coiisideratioji given to quality, appearance, and ease of installation and 
inaintenance as prime rf*quiajtpH. It must he rejnctiibcrcd that the best type and sixe 
‘ f lighting unit is the one wdiich meets the need for lighting, contributes the most to aid 
f'ie worker aeeompiI.sh his duti(‘S, and provides the decorative effect desired. The 
< ugineer should not make the choice of lighting fixture or installation on a cost analysia 
until it is first reduced to a comfort and see-ability basis of comparison. Theso factors 
uill be discussed later in this subsection. 

Ever since the technique of lighting has been a problem for serious consideration, 
Ihore has been a tendency to use larger surfaces of lower lirightness for the distribution 
of light. Any brightnc'ss in dose pniximity and in the line of vision greater than 
1,(^ ft-lamborts will t(‘iid to be uncomfortable. The beat system of lighting confines 
hrightnpBses in the usiuil field of vision to 300 fi-lamberts or less. The general order of 
brightness of the various light sources and some of the more common types of fixtures 
Q fe given in Table 13-24. These figures show the necessity for shielding practicaUy all 
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Table 18^. Present Types of Lighting Sqnipment and Systems 


Group 

Deauription 

WatUge 

Ificandcncent Industrial 

A 

RliM metal-^nme reflortora—three Bians. 12 to 2(1 in. with 
porcelain enamel reSectang surfaces iliat provide well-dis¬ 
tributed light for simple-factor seeing tasks 

Six wattages—150- to 1,5UU- 
watt inside-frostod lamps, 
tliree wattages—150- to 

SOO-wratt wliite-bowl lamps 

13 

Glass- or metaUbowl refleoiurs providing concentration or reflec¬ 
tion for more exacting tasks 

Six wattages—200- to 1,500- 
watt; clear or inside-frosted 
lamps 

O 

Olasstee] diflusers—three sises eombining 10-, 12-, or IG-in. 
diffusing globes with KLM-type roflertor to provide high- 
quality diffused lighting for more exacting ta^ikB 

200- to 1,000-wati clear 
lamiis 

D 

Deep-bowl high-bay units with sprrular reflectors to provide ^ 
lighting in diflficult areas where fixtures must be mounted 20 ft 
or more above floor 

Five wattages—300 to 1,500 
watts 

E 

Special dome or trough reflectors with silvered-bowl latnjts for 
diffused lessened-glare lighting couditioiis 

Four wattages—150- to 500- 
wati silvorcd-bowl lamps 

r 

flupplementsry uiiits of many sixes, designs, and uses. Avail¬ 
able in many types of adjustable mounting. Used only to 
supplement general lighting 


Fhiorpsfcnt TnduBtnal 

c; 

RLM and open-end units with iiorcelaiu-enamcl slerl reflec¬ 
tors for general lighting in ordinary industrial interiors 

Two- or three-lani]) 40-wait 
units. Two-lamp 85 watt 
units and two- and four- 
lamp Slimline—120 to 600 

ma 

H 

Continuous trnffer for flush riiounling. Furiii of RLM tyjie 
unit designed for end-to-end mounting; used to pi ovule high 
level of general illuininatiun in large factoiy' areas or Ix^nrh 
lighting. Plubh mounting used for installation in acoustical 
tile or plastic ceilings, parLii'iilarly in areas where runditions 
are controlled 

Two- or three-lamp 40-watt 
units. Two-lamp 85-watt 
units and Slimline 

J 

^ Supplementary units of many sizca with fliffused or ronrenirat- 
ing reflectiirs. Used in lighting small aieas fur liigh lighting 
levels above 100 ft-c without heat discomfort 


M(*rdir\ Industrial* 

K 

RLM standard dome nr glassiecl units with porcelain-enamel 
steel reflectors. L^sed for general lighting in indu.strial iiitc- 
riors where color and strobosenpic effect are not important 

400-watl A11-1 lamp 

250-watt CK-5 lamp 

100-watt AIf-4 lamp 

T. 

, Dccp-bowl liigh-bay units with metal, mirrored, nr priainotir 
glass reflectors. Used to jirovule economical lighting in areas 

1 where fixtures must be mounterl 20 ft or more above four 

400-waii AH-l lamp 

M 

Trough reflector units fur higli-hay mounting—10 ft or more 
above floor 

3 000-w'att H-O lamp 

Incandencent Comm^rrial « 

N 

Direct-lighting uniis with eontrolled diHiribuiion and equipped 
with louvers or lens plates to recluoe the unit brightness. Re- 
oessed units give uniform illuriiinatJun in low ceiling areas and 
may be used in combination with other units to variety 

and achieve unusual lighting effucts 

Frnir wattages—100 to 500 
watts 
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Table IMS. Iteteot “typtM of LiShtiBC Bqul^awiit and Byetem* (CotU.) 


Group 

Description 

1 Waltaee 

P 

Bcmidirect or se mi-in direct units includinx b variety of lumi- 
nous-bowl or prismatio-alMB fixtures. TJsod to provide illumi¬ 
nation fairly well distributed on both honsontal and vertical 
work surfaces. In iisinK this unit it is ncressaxy to guard 
asainst brightness in the field of view whenever prolonged 
visual tasks are encountered 

Five wait*gee^200 to 1^)00 
watts 

Q 

Indirect lighting units with metal, glass, or plastic bovls which 
direct most or all the light to the ceiling lor refleetum to the 
working plane. This type of unit is inherent^’ inofllcient but 
has the advantages of low brightness, inconspiruous appear- 
anre, and almost shadowlefe, uniform distribution of light. 
Very uneconomical for lighting levels above 30 ft-c 

Four wattages—'300- to 

1,000-WBtt inside-frosted 
lamps 


Fluorescent Commercial* 


R 

SuspenMion-type Hemidirect or so mi-in direct unite with glass and 
plastic diffusing panels or metal louvers to reduce brightness 
and shield the lamps from the eye. May b- used singly or 
continuously for high ceiling areas. Distribution of different 
units varies, but the majority of fixtures light both up and 
down 

Two to four lamps. 40 and 
85 watts, and two- or four- 
lamp fUimline—120 to 600 
uia 

S 

Surface-mounted units similar to group R oxeepl that they are 
designed fur mounting ihrectly on the ceiUng. For gt'neral 
lighting in all rooms with low ceilingn (appioximately 10 ft or 
less) or in any room where the width is equal to or greater than 
the ceiling height 

Tno to four lamps. 40 and 
85 watts and Blimliue 

T 

Keressed troffer units fdr inslAllation fiusli nith the crilin/hiir- 
fare and cquiiiped nilh lonveia or glass diffusing or lens panels; 
designed for use with ueoustir-tile ceilings or Mni|ileinBtallatiu>n 
in lines or rectangular foriiis in any suspended ceiling. 1 ixture 
apppurs to lie part of ceiling and h only type of direct lighting 
unit Sj^tUfactnry for office use 

One and two lamps. 40 and 
85 watts and Slimline 

r 

Indirect lighting units with metal or transluceiit gloss or plastic 
bowls which rlirect most of the light to the ceiling for reflection 
to the working plane 

Two and more lamps. 40 
and 85 watts and Slimline 

V 

.SusppiiBion-tvpe direct unit with metal or low-trausmiHsioii-fac¬ 
tor glass. Similar to grouT) R and has characteristics of ginup 
Q except that this unit may be used to produce lighting le\rlB 
up to ino ft-e cconuinically 

'IVn and three lamps. 40 
and 85 watts and Slimline 


* There are inaiiy coDiluiialioiia of inrandeEcent and mercury iiiduRl rial 83 BlnmA. The moHl papular 
IB an aliernate npacing of incandeBcent and mercuT>' luminaires. Other uniia are combination ronectors, 
either metal or pclanBp with onn mercury lamp and one or more incandoAcept lampn. 


l imps in an industrial system designed for maximum romfort and see-ability exeept 
tv hen the fixtures are mounted high and outside the normal viewing angle. Table 
• '»-24 also shows that, with reference to brightness, frosted incandescent bulbs are 
.'luperior to clear ones for general lighting. They reduce the shadows cast by small 
i>ljjocts because the entire surface of the frosted bulb acts as a light source, The larger 
the light source is in relation to the obstruction, the smaller and less pronounced will be 
i he endows* 

Figure 13-43 is a chart which, indicates the approximate wattage load per square 
foot required to produce different light-intensity levels with the various types of 
hghting fixtures listed in Table 13-23, On the chart, follow the liorizoiital line begin¬ 
ning at the maintained foot-candle value desired, until it intersects the curve corre- 
s^nding to the fixture tiT»e. The watts pttr square foot may be read directly below 
the intersection point. For large rooms (50 by 100 ft) higher horisontal intensity 
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levels may V>o expected; for small rooms (12 by 15 ft) lower values will result. This 
chart should be used for ostiinatiTig loads to detennine the order of magnitude only. 
The quantity and quality of lighting that will be obtained in a working area under 
normal working coniUtions will depend upon such important items as brightness, color, 
contrast, room proportions, and the size and shape of tlie objects in the room. 


Table 13-24. 


General Order of Brightness of Various Light Sources and 
Luminaire Equipment 


Light wurre or rguipment 


Expoard hrightnetta 
approx ft-lambtria 


1. Incandescent lamp^ 

a. Open domp and boal refleotars 

Clear bulb—fila ment 3,000,000 

Ineidc-froeiril bulb—1 000-i»ratt lamp 120 000 

Tiwidn-fruntc d bulb—500-watt lamp 05,000 

Ineide-fritittfd bull)—200-watt lamp v 65 000 

InsUle-f»listed bull*—lOfl-wait lamp 50,000 

Inside-/rusted bulb—60-viatt lamp 16,000 

b. BliM iloineH and white 

Bowl lamps—300-watL lamp 10,400 

Bowl lamjis white—200-watl lainp 0,300 

Bowl lamps white—15fl-watl lamp 9,500 

c. Glajutei'l difluserH 

15-in. alobe—1 000-watt lamp 0.300 

IG-in Rlnbe~750-wait lamp 4,800 

12-in globe—500-watt lamp 5,400 

12-in. glnl*f*—300-watt lamp 3,100 

10-in globe—200-watt lamri 2,860 

d Open dome and trough refleitnrh (mat fiiiislud witfi sihen d-bowl laiupsy 

25-in diam wide of ri Hector— 500-wntt lamp 1,820 

10-in diam side of rede* tor -300-watt lamp 2,100 

19-in diam side of red( ctor—200-watt lamp 1 720 

2 Type-H merrurv lampe 
a. Open dome and bowl 

400-watt t\pe-H-l lamp 407 000 

260-watt t'^ pe-H-9 lamp 390 000 

b Glasflteel difluseTe—16-ni globe 

400-watt II-l plus till PC 150-watl lllcnIu]^s^ eiit 7 200 

400-watt H-1 lamp 6 OnO 

8. Fluorescent lamps 

a. Open enameled-trough ledertors 

85-watt 3500® white 00-in l-bul»i 2 IM) 

40-WBtt 350<)® white 48-in T-bull) 1 750 

40-watt 4500® white 6O-111 T bulb 950 

b. Lenses and lou\crs wlien prorierlv apulied will ridiiir the suifan hrighlneso tu 
300 ft-lainbeits and less 

4. Natural bnghtnene 

a. 8un at zenith. 450,000 000 

b. Cloudless sky 2,600-5 000 

c. Moon (full) 900-1,300 


Lighting calculfitioiis and ta})los giving light-intoiisitv lovrls for pontinuous-row 
40-watt fluoresrent lighting units may bo usimI for ihr 425-Tua Slimline lighting units 
as their lumeiiHiutput value per foot of himp is approxniinlelv erpiul. 

The most important facts coneorning the seleetion of lighting fixtures are listed 
below: 

1. The luminaire is the barklione of any lighting system, for upon it eombined with 
the light source depends the quantity and quality of the illumination. 

2. The lighting installation 111 Ixitli eommerrial and indust 1 ial plant areas should 
made as ineonhpiruous as possible. 

3. Lighting hxtures should be caTefullv designed with proper shielding and made of 
materials to provide high eflu-ieiiey aiid ease of inumtenanee 

4. In planning a lighting system for any ])n»jiH*t, the lighting reHult should hi 
selected. The subject of "lighting result*’ is very ^woad in scope and eovors 

а. The aesthetic effect, arclnleetuial treatment, and decorative scheme 

б. The type, size, and color of the light souree 

c. The type of luminaires, refleetors, or lighting equipment 

d. The wiring method to be used 
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5. The incandeseent lamp is a highly eoneenla^ted light fiaurcGf and When uned for 
general lighting, even in indirect equipment imder the most favorable lighting condi¬ 
tions, the contrasts in brightness are usually so great that lighting levels in excess of 30 
or 35 ft-G arc seldom comfortable. 

6. The fluorescent lamp is a diffuse light source and has a low surface brightness. 
In the standard lamps the order of brightness is about four candlepower per square 
inch, and while this is too great for coinff»rt when usccl unshielded, it is quite simple to 
reduce the brightness to safe limits b,y .simple liiininaire construction. 



2 3 4 5 6 7 8 

WQtts per 5q. Ft 


This chan Is Intended as a quids in sstimating load and Mviring cQpaciN 
les for foot-candle levels with various types of lighting fixtures.When 
planning layouts for selected fixture, the niumlnation should be coicul- 
oted using photometric distribution curves for that particular figure. 

1 » i. l;i-43. Approximate load required to produce different lightdntoaeity levels with 
^ iHoiih types of lighting fixtures, 

7. By properly combining several fluorescent lamps within a reflector or behind 
diffusing panels, it is easy to create an extended low brightness source. For this 

ason, direct-type fliioroACcnt-iightiug units ran be made to produce just as effective 
lighting chara(*teriHtirs as an indirect incandusreiiMightiiig installation. 

8. When he.ating from the artificial lighting source is a problem, the fluorescent 
jamp actually directs less radiant heat toward the worker than does an incandescent 
lamp of the same wattage. 

0. Loss of human life, as well as property by explosions and fires, warrants careful 
study where the applioatiou is to be made for hazardous chemicals, prooesses, and 
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laduetriefl. The increaaed expense incident to vaportight, duGriwtighi, and explosion^ 
neoBtiiig equipment inataUations is justified for hazardous locations. 

lll^rting Systems. In general^ there are three types of lighting systems; direct, 
semidirect, and indirect. liisted below are the advantages and disadvantages of each 
as^stem. 

The general advantages of the direct type of illumination are 

1. First cost is lowest. 

2. Efficiency of power utilization is best. 

3. Maintenance upkeep is lowest. 

The disadvantages are that it is 

1. Not BO good as other systems as far as direct and reflected glare is concerned. 

2. Worse for the production of shadows but, with proper equipment and proper 
installation, may be made satisfactory. 

3. Not so favorable in appearance a.s other types, Tlie direct ty 3 >e of illumination 
is applicable for most industrial installations, but for eye comfort such installations 
must have louvers, reflectors with proper light cutoff, or diffusing glass plates and 
panels. 

The advantages of aemidirect are 

1. Favorable appearance 

2. Good for elimination of shadows and glare 

3. First cost intermediate between the other two types 

4. Second in efficiency as far as power and maintenance are coneemod 

The disadvantages are that it is 

1, Not so good as indirect lighting so far ns direct reflected glare is eoncernod 

2. Not so efficient for use with dark ceilings and walls 

The advantages of indirect arc that it is 

1. Best for the elimination of glare 

2. Best for the climinHtion of shadows 

The diaadvanUges are 

1. Poor efficiency as far as power and maintenance are roni'cmed 

2. Highest first cost 

3. Cannot be economically used with dark ceilings and walls 

In making a selection of lighting fixtures, various factors must be considered with 
respect to the particular problem at hand. For instance, in an office the major factors 
rank as follows: 

1. Freedom from direct and reflected glare 

2. Adequate illumination levels on the horizontal w orkiiig jilanc 

3. Pleasing aesthetic or decorative results 

4. Utilization factors, such as economics of installation and maintenance 

In general industrial-process areas the order of impoii»ance might be 

1. Adequate illumination levels on both horizontal and vertical working planes 

2. Freedom from detrimental direct and reflected glare 

3. Utilization factors 

4. Aesthetic or decorative results 

Many needs for lighting around a plant, such as stairs, storage areas, loading 
platforms, and like areas, are well satiafled by the simplest and cheapest expedient. 
Comfort and see-ability, as far as a lighting quality is concerned, will be discussed 
under Illumination Yardsticks. Installation hazards, such as explosion-resisting, 
excessive corrosive conditions and dust, call for different forms of fixture oonstructio'» 
and location, all of which reduce the lighting output which must be charged against 
safety and/or ease of maintenance. Even dear-glass covers reduce the light output of 
fixtures 10 to 20 per cent. 

Chemical-process plants in almost all cases have a particularly difficult problem ot 
lighting. The dangerous nature of many of the chemicals requires dust-tight and 
exploBion-resisting lighting fixtures. Also, there is a need for special lamps and equip¬ 
ment for applications: (J) wffiere high ambient temperatures prevail, (2) where there is 
excessive vibration, and (3) where the service is too rough for the standard lamps. 

In general, there are three mam methods of lighting for explosive or highly flammable 
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atmoftphera, «ndi the choice of the method depends upon the eemuamess of the ridk 
involved, 

1. light sonroes placed external to the btiilding and arraiiged^to thioMr their light 
through a glaas roof or window direct on the working plane or by reflection from light- 
covered surfaces 

2. Light sources placed outside the danger zone but inside the building aju in the 
walls BO that rclamping can be done in a nonhazardous location 

3. Flameproof fittings or lighting units under a small ineii>gas pressure empbyed 
for those hazardous gas areas where it is impractical to light the working area from 
sources listed in (1) or (2). 

In most explosive^lust locations it is sufficient to use a well-gasketed dust-type of 
fitting which effectively encloses the lamp, has a smooth contour which prevents an 
excessive accumulation of dust, and which is designed to hold the temperature of the 
unit within safe limits. 

In addition to installations in chemical plants which require treatment for explosive 
materials, fumes, and vapor, there are other areas which require vaporproof units for 
installation in areas where excessive moisture, alkali fumes and vapors, and acid fumes 
and vapor are prevalent. Fittings or hoods for use with vaporproof imits are made of 
black or galvanized cast iron, silicon aluminum alloy, or bronze. In general, in loca¬ 
tions whore explosive materials, acid fumes, or excessive moisture are present, either 
the cast iron with an asphaltum-base-paint finish or the silicon-aluminum-alloy fitting 
will give good service. In places where alkali vapors are present, galvanized cast-iron 
fittings are preferable; aluminum fittings should not W used. In some extreme acid 
conditions, lead-alloy or plastic fittings should be consideied. 

Some of the significant facts concerning the selection of a lighting system for use in 
\ 'irious plant areas are as follows: 

1 The best type of natural lighting is that which is n*flected from a cloudless north- 
cTTi sky. It is uniform and diffused and produces no highlights, glare, or shadows. 

2. The closest approach to natural light obtainable with artificial lighting is by 
means of a large-area low-bnghtiifxss light source. Properly applied indirect lighting 
ajiproaches the natural condition noted in 1 if the lighting level is adequate for the 
work involved. However, the broad expanse of the illuminated ceiling is by far the 
hnghtcsl area in the room. Glare may not be eliminated to the point where it is not 
objectionable, 

3. All local lights for a machine should lie built in and made just as much a port of 
(he machine as any of its working parts. Very few local lights will prove satisfactory 
\s hen they are under the unguided ixmtrol of the operator. 

4 . With incandescent lamps, indirect-type lighting is usually considered essential 
tor satisfactory office and drafting-room lightmg. The lower brightness of the 
tluorescent lamp permits the use of senii-iiulirect equipment to give similar lighting 
quahty, with the result that an increase of lighting efficiency of about one-third is 
gamed because of the differeiiceH in the utilization factors of the semi-indirect equip¬ 
ment over those of the direct typi\ 

5. The fluorescent lamp has little competition in any industrial application so far 
as brightness, wluch may cause uncomfortable direct or refk'cti^d glare, is concerned. 
It IS easier to achieve all the objectives of adequate lighting with a fluorescent-lighting 
^ > ‘‘tern than by any other means. 

6. The larger the light source, in relation to an obstruction, the better. Shadows 
v' ill be smaller and much less pronounced. 

7. Often the fluorescent lamp has l>eeii referred to as a large-area low-brightness 
s mree. This claim is not entirely true, since the lamp itself is a slender linear source 
whose width is very small in comparison with its length. However, with referenee to 
i rightness and glare, fluorescent equipment can be designed, fabricated, and engi- 
lif^erod for installations which make it an excellent low-brightness source. 

Exterior Plant Lightmg. Exterior plant lighting is used in industrial plants for 
(0 protection; (2) passageway, roadway, and yard illumination; (3) outdoor work; 
^4) advertising, stack lighting, etc, 

Ftotcctive-^lighting instaUaiions must be completely reliable and resistant to 
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weather, damafcv'r nabniaKe. A failure of a part of the system should uot leave a 
vulnerable area uiipruteeicd. 

Most exterior plant lighting is done by hoiug form of street-lighting unit or flood¬ 
lighting equipment. The following classes of equipment are available: 

1. Street-lighting nnits \^ith disiributioii controlled by reflectors and lonscs 
mounted on poles for ligliting fence lines, roadways, wide passageways between 
buildings, etc. A Fresnel-lens unit developed specifically for fence lighting provides a 
uniform level of ilhiminatioii w'ith good utilization in a vertical plane—a most impor¬ 
tant feature in protective lighting. 


Unit is back 
of operator 


Lamps are nat 
\fisibtB as unit 
is above tine 
of vision 


Lights in this 
unit and ait 

Lamps are visible others beyond 
when workers are completely 
took up ^ shielded 



Continuous row of luminaires 
form a "line of light " 

, lU ,, JV ' " I 


/' / 


Luminaire 


Light from \ / | -^ 

section tins in 

beneath object to ^^^Lang opaque object shadow 

prevent shadow. ^ formal to tuminaire J|||| 


lb) (c) 

Fig. 13-44. rhiorchooiit light torhiiiques (a) Luiniimiie^ placed normal to the hne of 
aight provide inaxiniuiii hluelding of lampa. (f>) Linnniaiics ruu ]>eiptMiilirulai’ to long 
opaque objects tend to oliiulnutc fc>liadow«. (cj Luiniiiair»’'5 run ovei and parallel to objects 
tend to create sharp Imc .sii.ido^b. 


2. Floodlight projectors, either opi'n or elosed units, for gcnernl illumination of 
large areas, for high levels around gatehouses, for particularly vulnerable positions, iind 
for high-mounting long-distance pi-ujection. 

3. Searchlights, high candlejKJWer, narrow lH*am, with pilot-house controls 
mounted on sentry boxes and guard towers. 

4. Symmetrietd or elliptical angle reflectors or reflector lamps with flood or spot 
distribution for sign lighting, gates, doors, control stations, or other small areas. 

The design of the exterior plant lighting arrangement is dependent upon th'‘ 
character of the installation to be illuminated. For close-up illumination, it is 
immaterial whether or not broad-beain floodlights or street lights are used. However, 
experience indicates that street lighting is usually more economical and efficient for 
general outdoor illuiniiiation than are the other types of installation. A row of 
modern 6,000-lumen enclosed street lights, spaced at approximately 125 ft and 
mounted at a height of about 23 to 25 ft will provide an illumination averaging 0.2 to 
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0.3 ft-c. in a strip 1>etweei] 60 and 100 ft widd. HeaunnaMe estimating costs of stroot- 
lighting installatidna are $100 per 100 ft whew poles have to bo supl^iod or $60 per 
100 ft whore the units and aerml wiring may be mounted on existing poles. 

Future Developments in lighting Installations 
Industrial plants present an infinite variety of processes^ machinery lasmut, and 
materials to be handled, but these all combine with some modifications the same appli¬ 
cation of illumination to machiiicH, bench work, inspection, office areas, etc. Flach 
individual problem must bo studied to determine the proper type of lighting system tn 



I'm. 13-45. Two methods of liibtalling coiitinuoub-row luiiiinaiioii to produce maximani 
visibility results. 

1' installed. To prove .sntisfaelory, the system must be engineered on the basis t>f 
' e'tain fundamentals, such as the purpose for which the lighting is needed, the physical 
' i» iracferiflties of the area to bo lighted, the illumination intensity necossarj', and the 
^'^pected results to be attained. 

The days arc past when any Hymmctrical paltem of outlet spaoitig would do and 
I’e.tiireB were chosen after construction was under way. The present tnmd is tov ard 
boill-in lighting and functional lighting treatment from large-area low-brightness 
light sources by properly combining several lamps within a reflector or behind diffusii^ 
glass or other shielding material. Line of light, using fluoreseent eontinuoua-strip 
hiTmiiaires, will h© most useful in developing liglitiug systems. The advantages of 
tiiis system are illnstraied in Figs. 13-44 and 13-45. 

Figure 13-44 j 4 shows that, wdxen fluorescent lighting si rips are run ut right angles to 
the normal line of sight, maximum shielding will be produced 
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Kgtunes IM4B and 44C show the neoeodt^r of locating the lines of light with 
FefeDOiice to the machines and work in order to prevent harsh shadows. 

1845 shows two methods of instailing contanuous-strip luminaires to 
produce maximum visibility results. 

Figure 13-454 shows a system with the luminaires strip running in two directions 
to form a grid system of lighting. This type of system, when properly located with 
reference to the machines and work, will almost entirely eliminate shadows. 

When direct-type lighting is used in offices or drafting rooms, the fixtures should be 
equipped with louvers or lens plates to improve shielding. Figure 13-44B shows 
a scheme where the machines or drafting boards are set at an angle to the lines of 
light. This system will minimize shadows and produce maximum visibility of scales 
and dials. 

There will be new lighting developments in the future. There is every indication 
that the present light sources and luminaire designs offer great opportunities for sound 
and constructive planning in the field of illumination. There will be little danger of 
obsolescence provided the intensity level is adequate for the fundamentals discussed 
under lUumiiiRtion Yardsticks and provided these fundamentals are not ignored in 
planning the installation. 

Combined light and power systems, using higher voltage lighting circuits, supplied 
from load-center distribution systems will provide a leas expensive over-all electrical 
system for some types of industrial plants. 

For incandescent lamps, 120-volt systems have been used almost univcrsiillv. 
Higher voltage incandescent lamps arc fragile and ar<‘ generally not satisfactory. All 
fluorescent lamps have ballast in scries vith them. By combining a slight trans¬ 
former action with the ballast, the fluorescent lamp can be operated on circuits from 
120 to 265 volts. Standardized ballast ratings are 118, 208, 230, and 265 volts. For 
general lighting, the introduction of higher voltage fluorescent-lamp ballast has 
opened new avenues to higher voltage lighting circuits, thereby reducing the cost of the 
system which supplies the lighting load. The 460/265-VDlt three-phase four-wire 
grounded-neutral system can supply not only the 460-volt iwwer but also the 265-volt 
power for general area fluorescent-lighting circuits. FluorescenWamp and starter 
voltages are csstmtially the same regardless of the voltage rating of the ballast. It is 
therefore bebeved that no sacrifice in safety is made with the higher voUage circuit 
opera<ion, since in changing ballasts the circuit .should be deenergized regardless of 
circuit voltage. Voltage's as high as 260 should bo used only in fixtures for general 
factory lighting where the mounting height is more than 8 ft. The National Klectrical 
G)de requires that all lighting for olfices, individual local units for benches, machines, 
etc., shall be operated at a maximum nominal rating of 120 volts. 

Amount of Light for Optimum Seeing 

Tlje main problem of illumination engineering has to do with long hours of close 
attention to more or less severe seeing tasks in the plant, shops, offices, and drafting 
rooms. Lighting intensity is only one factor to consider in the matter of good lightinf. 
practice. However, in a large majorit}' of cases, improved seeing demands highei' 
levels of illuminations for llie visual tasks involved. Speed of vision is directl: 
proportional to the ability to see detail. Light acts as a magnifier of detail. The eyes 
are thus greatly handicapped when they have an inadequate, amount of light for ease of 
seeing, but the level required to produce maximiun possible visual acuity^thc ability 
to discriminato fine detail—^is not usually required. This is especially so when the job 
to be done does nut demand great visual effort. It may probably be quite unrelated U* 
the actual seeing of detail. On the other hand, the fact that lighting of a given inten 
sity is sufficient to enable a given task to be performed does not necessarily mean it c* < 
be done easily. It la not correct to limit the considerations to mere momentary 
adequacy. When a job can be swn clearly, easily, and comfortaldy over the entiw* 
working period, then, and thiui only, con it really be done well. 

It is not .HO much w hat your eyesight is, but what it can do, tliat counts. A centurj 
or so ago, when most work was done outdoors, a **normiil ” eyesight meant good vision 
at a distance. Today, much of the working world is under our noses, and normal eyes 
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do not exist. Some woilt requiiMtdear vision 8 in. from the face end other jobs 
demand extreme depth perceptbn, color sencdtivityf or lightning rapidity in 
near accommodation. 

When someone asks ^^Honv much lighting is enoughT” a flood of questions demand 
answers: 

1. What arc the ages, eye characteristics, and previous light odneation of those who 
work by the illumination? 

2. What kind of work is involved? What is its size, color, background, etc? 

3. Is the visual task a prolonged one? 

4. What kind of performance is demanded ? Are speed and accuracy vital factors? 

5. Is the work to be viewed in a horizontal, vertical, or sloping piano? 

6. What is the clarity of the atmosphere? 

7. Are industrial hazards present, and what is their nature? 

8. What humanitarian aspects of seeing, such as eyesight conservation and fatigue, 
sliall be considered? 

9. Are aesthetic or artistic effects, having to do with decorative functions, to be a 
governing consideration in the selection of the system? 

Many installations supplying 50 to 100 ft-c are now in use with supplementary 
illumination of from 150 to 250 fW. However, a superabundance of li^t does not 
answer the purpose. It often adds to the difhrulty of concentration. Lighting has 
suffered from the foot-candle concept or method of measuring the illumination level. 
Light output is measured in lumens, and the value of the illumination is merely the 
arrival of some of these lumens at some surface. The greatest value of light output for 
the least wattage is certain to result in objectionable features, such as excessive 
shadows and reflected glare. Many factors determine the adequacy of the 
mstallation. 

Vision involve.s four fundamental elements: 

1. The task of what one sees (not controllablo) 

2. The eyes with which one sees (indirectly (‘ontrollable) 

3. The light which makes it possible for the eyes to function (controllable) 

i. 'J^hc surrounriings or the background against which the task or object is viewed 
(controllable to a degree) 

Each of these is influenced by many other items. Providing light for seeing 
becomes a proldem of controlling and coordinating the various factors outlined below: 

1. Visibility requirements as determined by the character of visual task and the 
operation involved are 

a. Size of the object to be st'en 

h. Time allowed for seeing 

c. Contrasts in reflection factors 

d. Average reflector factor 

e. Cxilor diifcrences 

2. Ability to see is influenced by tho following external <'onditions: 

a. Average brightness of surroundings 

h. Size, brightness, and location of bright areas within the field of view 

c. Brightness contrasts within the central field of view 

d. Brightness within the surrounding field 

e. Preexposure of the eye to brighter or darker surroundings 

These modifying factors, wliich will be discussed under Illumination Vardsticks, 

' much more important in iiiflueneitig the over-all appraisal of a lighting system than 
h'* absolute value of the illumination level. This is the reason why grades of illumina* 
'ion are referrod to in Table 13-22 and Fig. 13-42. As noted before, there is sub- 
^bintially no difference in most cases between 4 and 6 ft-«, 10 and 15 ft-c, 20 and 30 
or 50 and 70 ft-c, etc. Brightness relationships, rather than liigh lighting intensi- 
determine good seeing coi^itions. For this reason it is necessary to study the 
' iwious visual tasks and their background relationship for proper lighting reisults. In 
iiioat industrial plants, the assortment of machines varies; the operations, desums, or 
processes change; and differences exist in tolerances and degree of inspection, 
lore, the lighting factors involved, even for industries in like process groups, do not 
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always remain tho some. Furthermore, a complete lighting system that will prove 
entirely satisfactory cannot be supplied on a blueprint unless the designer has an 
intimate knowledge of the processes and their operational requirements. 

As a basis for selecting the lighting intensity, tho most trustworthy information 
alrnut luiTiununi n*quired reconiiiiendations is contained in lists approved by tho 
American Standards Association, These lists give values of minimum foot*caudlea 
in service measured on a horizcmtal plane 30 in. above tho floor. 

Thus all tliat seems necessary is io spot a sufficient number of outlets on the plans 
and specify light sources large enough to produce the intensity recommended. The 
pitjblem isn’t so easy. There are many items encountered in most industrial proe- 
csses which will lead to unsatisfaetorj* lighting results unless they are given proper 
consideration. The most important are 

1. A large percentage of the work or surfaces to be seen in industrial plants, such as 
gauges, verniers on machines, etc., arc vertical or inclined, rather than horizontal. 

2. In a room full of equipment and material, the light from a general lighting 
system is very likely to be blocked by mterforonee and sponged up by the “surround,” 
expiring without reaching the critical w^ork surfaces. 

3. Lighting requirements for industrial plants are different for each type of plant 
even though the same natural laws and engineering principles arc effective. 

A ray of light falling straight downward on a vertical surfac'c produces no light on 
that surface. Increasing levels arc obtained as the slope of the ray increases up to 
35 deg from the vortical. As the ray slopes still more, the amount of vertical illumina¬ 
tion drops because of the shrinking effect of increasing distance. With most artificial 
lighting systems, the lighting level on a vertical plane is seldom greater than one-half 
that produced on a horizontal plane at the same location. Jii the majority of eases it is 
much less. As the manufacturing art advances, machinery becomes more complex, 
and workmen must react more quickly to every change that occurs in their work or 
their environment. I’rogreasivcdy better lighting is required with every advance in 
the technique or spt'cd of production. 

When a person enters or when a machine is brought into a room, the illumination 
falls immediately. The degree of this decrease dei)endH on tlje size, shape, and color of 
the objects in the room. In one recent machine-shop installation the ilJuminution 
measured in an empty room was 45 ft-c, but when tho machines wore installed the 
illumination dropped to 33. W’hen illumination on vertical surfaces is important, 
special consideration should be given to the fixture locations, and luminaires should he 
chosen thiit will give distinctly higher caiullepower in dircM'tious nearer the horizontal 
than the vertical axis. 

A symmetrical system of general lighting for industrial areas is very likely to b(‘ full 
of obstacles and to iirruluce unsatisfactorj’' lighting results. In a large empty room or 
one where the macliiiies are low in relation to tho work positions, mfiny lighting units 
can contribute to the w'ork. W hen machines that block the light are wstollcd, only a 
few lumiiiain's produce light that reaches the work. A recent check of a drafting- 
room installation w hich was adverUsed as a 50-ft-c job showed that the useful illumina- 
lion on the vertical-typo drafting boards, inclined to a viuy steep fixed angle, was 
than 15 ft-c. The “iii-hervice” lighting level will be much lower than the calculate J 
value unless it is especially designed to suit the work position, with proper ^xmsidera- 
tion given to fixture location and luminaire selection, so that tho light liable to inter¬ 
ference is cxmtrollcd. 

The worker’s eyes do not sec foot-candlos unless they are looking directly at th'' 
light source. Heflected light, and not incident light, is what reaches the eyes and 
causes objerta to be visible, llcflectod light is measured in terms of brightness, tho 
unit for which is the foot-lamb('rl. 

‘ Tlic illumination neecsaary to reveal an object is subjiM't to more or Je,eB accurBti* 
determination, pi-ovided the following conditions can be correctly stated: 

1. Size of detail 

2. Distance from eye 

3. Difference in reflectiou factor betwcH.ui the detail and its immediate surroundings 

Figure 13-46 is a nomograph of the illumination required at the viewing angle for a 

940 



amount of light for optimum 8REING 


[Bbc. 13 


seeing taak when the above coudiiioiis arc Itnown. For example, a dotail 8/1,000 la. 
in aiae, when viewed at a distance of 16 in., will subteud an angle of 1.83 ft (log: visual 
angle 0.36). With a diflference in reflection factors of 0.4, the illumination required 
will be approximately 21 ft-c. 

Again, most pn)blems CHniiot bo solved ho cmaily, Sise of the detail to b<' seen and 
the difference of refleelion faeU*rs may present quite a problem. For example, in the 
siniple process of threading a ue 43 (Uo, one does not only have to see the eye of the needle 
and the thread, but one must see when the thread is nearly in the center of the eye, 
Tliis problem, like many other cases in industry, may present a more difficult task than 
the original one. 

Up to the present the most serious handicap tliat the technical man has been under 
IS the fact that theic is no uinv(‘rsally agreedriipon method of assessing the difficulty of 
:i st^eing task or of eslimating how tired the performance of a task has made the person 
l)erforming it. 


Diffar«nc 0 in R«ffl«eti4Mi 
Factors - Par Cant 
87 60 40 20 10 S 



1 i«. 13-40. NomoKiMph for calculating the ligliiiiig level required for the visual task.' 

IlhimiiKition intensities in the future wnll be developed on the logical and correct 
supjKisition that the eye enn sec pictures equal in clarity to those of the camera, in 
considerahly less time with higher ilhuninaiion. Figure 13-47 is a graph based on an 
( IficKmcy of 100 per cent lor a lighting intensity of 100 ft-c. With the conditions of 
lighting favoraldc, it is important to iw>int out the large amount of intensity required to 
increahc visufil effieicncy above iiiteiisitjeh of 60 ft-c. 

iSiiinmariziijg, the human eye* has a limit to the linciiess of the detail it can perceive, 
f lid it IS impossible to go below* that hmit without optical aids to vision. To approach 
11*(* limit requires an illumination of 50 to 60 It-c under ideal seeing conditions, and 
M my tasks can be made substantially easier by intensities up to 1,000 ft-c. 

The most important facts concerning the level of lighting intensities are listed 
t»''low*; 

1. From a study of the color-response characteristics of the human retina it might 
he concluded that the yellow color, such as produced by the sodi\im-vapor lamp which 
Inis all of its luiiiitioiis output concentrated at the 5890 A wavelength, would Iw the 
b<'st for gennrnl-purpose lighting. A study of this and other monochromatic lamps 
shows that tliey do not meet the broad criteria of satisfactory interior illumination. 

Man’s seeing judgment depends to a large extent upon the color of the object being 
viewed, Morioohromatic light greatly distorts colors, and any effect in favor of such 
light may Uc completely cotmtcrbalaiicod by the deleterious psychologioal effeuts upon 
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individuala eBpafiiiiJly the effects of those colors which change the appearance of the 
akin. 

a* The eye automatically and unconsciously adapts the slse of the pupil to the 
brightness of the held of view; the aperture increases with a decrease in field brightness 
and decreases with an increase in field brightness. 

Zi A significant factor in most efficient lighting is the time available for seeing. 
The workmen’s eyes, like a camera, can take "snapshots” when the illumination is 
high, while with insufficient light it must take “time exposures.” Thus, where work¬ 
men must react quickly to changes that occur in their work or environment, progres¬ 
sively better lighting is required for every advance in the technique or speed of produc¬ 
tion. 



Grade |E,F| D I C I 0 I A | 

Foot Candle Lighting Intensity 


This chart shows the relative efficiency of an averoge 
human eye based on its ability to perceive under various 
levels of illumination under fhe best type of lighting. 

(Uniform and diffused with no shodows, no high lights,no 
glare and no reflection such as that reflected from a 
cloudless northern sky). 

, Fig. J3-47. Lighting intonsity vs. visual efficionry. 

4. Both speed of vision and visual aruif y increase sharply (Fig. 13-47) up to 50 h 
60ft-c, while both increase at a lower rate of light intensities above 60 ft-c. Srime 
gain is realized in higher levels of lighting, probably up to 1,250 ft-c, provided the 
surroundings are adoquatt'ly illuminated. The gain for bettfT lighting is grcatcT for 
people who liavc eye defects. A docliiie of visual efficiency below 20/40 approar*hc^- 
serious proportions. 

5. High intensities of artificial illumination, particularly incandescent lighting, 
have so much invisible heat energy assrH^ialed with them that c,ooling systems beconu 
necessary. 

6. Varying brightness contrasts are a much more effective factor in seeing than in 
increasing the intensity of the illumiiuition proper t ion ally upward. 

7. Unless the worker is looking directly at the light source, his eyes do not see 
foot-candles (incident light) but foot-lamberts (reflected light). Objects are seen by 
light reflected from them, snd in some coses, a very high average foot-candle level 
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actually reduMi the ability to see hia Tvork^ Beoause of reflection-factor diffei^noBSp 
the brightness pf the surroundinge may be greater than the btightness of the work. 

B, The aveo'age flux method eommcmly used in calculating depreciated illuminta- 
tion is 

total lumeufi X utilization factor X depreciation factor 
^ ” fleior area 

It cannot bo successfully used in a large i)ercentage of industrial applications. It mky 
be used as a basis for calculating the average lighting level on a horizontal plane 
throughout the entire area, but it tells nothing of the difference in lighting levels 
between various locations or how much light is actually delivered to the work position, 
particularly where it is inclined, vertical, or underneath a projection of the machine or 
workpiece. It is nceesRary to go much further than providing mere illumination; 
study of what is being illuininated and the method to be employed must be coordinated 
with the straightforward engineering problem of illumination. 

9. The only real test of a lighting installation is by working at the job for which it 
was designed. Quality of lighting is often equal in importance to quantity of lighting. 

10. One of the most salient facts concerning the relationship of light to sight is the 
change the human eye undergoes during its life. The pupil of the human eye contracts 
with age, reducing the amount of light that reaches the retina. This is not a disease 
hut is a condition incident to age. There are general physical changes throughout the 
whole body between the ages of 40 and 50. The result is a lowering of the muscular 
tone with the eyes showring a slight blurring of near vision. No special treatment or 
ii«tc of glasses for close work is necessary. However, in order to counterbalance this 
condition and to maintain the same brightness of the retinal image, the level of 
illumination should be increased about 26 to 50 per cent. 

11. Ordinary clear crow'n glass used in eyeglasses and safety goggles absorbs at 
least 10 per cent of the reflected light. Their use will, accorduigly, require corre¬ 
sponding increases in lighting intensities. 

12. The Illumination hhigineering Society Lighting Handbook, pAiblished in 1947, 
recommends 5 ft-c minimum for very easy seeing tasks, 10 ft-c for casual seeing tasks, 
30 for ordinary and 50 for difficult seeing tasks. Very difficult tasks may require up 
to several hundred foot-candles. 

Illumination Yardstick—Complaints and Factors That Affect Lighting Results 

The purpose of the following material is to discuss artiflcial-lighting conditions in 
connection with seeing that will help the eyes as much as possible in the performance of 
their allotted tasks. Any specilicatiou of the most desirable conditions must be 
related to ideal requirements. The fact that some of the conditions so speciflod may 
l>e impracticable or economically impossible for certain types of installations does not 
alter the fact that they are desirable. Almost always the ideal that is talked about 
t(Klay is made technically possible only tomorrow. 

There is no perfect lighting system: every type, even natural daylight, possesses 
Some fault. 

With respect to artificial fighting, the most important factors in determining the 
fighting results are comfort and sce-abiiity, InstaUations that become obsolete 
quickly are principally those in which the fighting is uncomfortable and/or inadequate 
'cir the job. Uncomfortable fighting causes much greater eyestrain and fatigue than 
an insufficient light-intensity level. The factors that tend to make a fighting installa- 
tjon comfortable are not engineering and physics alone but a branch of applied 
Psychology. It is comparatively easy to dorign a fighting installation for efficiency, 
aT)mcwhat more difficult to design an installation for aesthetic effect which will please a 
given group of workers, and very difficult to design any type of installation which a 
g'ven group will at once consider cmnforiabile. 

The reason for this is that comfort depends upon personal preferences which are 
influenced, to a large degree, by habit and previous experiences, lighting is for 
l^iple to sec by. All humans do not react alike under fixed conditions, nor do they 
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hflve the same likes and dislikes. Comfort is, therefore, a subjective affair and is not 
predictable; however, for the purposes of this discussion, it will bo defined as freedom 
from any objectionable sensations and painful, disagi'eeable, or irritating conditions. 

What are these conditions that arc unc/omforiable and objectionable in the ov^-oll 
results obtained in a lighting system? Tlie principal causes of inadequate lighting and 
their relation to physical reactions arc given in Fig. 13-48. As a reminder that seeing 
is an activity of the entire human being, it has b(‘en estimated that one-quarter of our 
bodily energy is used in seeing. When adequate lighting h'vels are available for the 
seeing task, other factors upon which visibility and ease of seeing depend are too 
commonly neglected to make the most of the light that is available. Where the 
illumination level is adequate, the distribution of light becomob the most important 
feature for comfortable and eflicieiit visual conditions. 



Fjg. 13-48. 


CoiniDDii causes of inadequate lightiiiR and their relation to physical roaction^. 


Table 13-25 lists the common causes of unsatisfactory lighting and suggests 
remedies for correctiug these conditions. In suggesting remedies or Hperifying ade¬ 
quate lighting conditions, tlicrc arc two main factors which must be considered, mr : 

1. The immediate field of vision for tlie task at hand 

2. The change in the effects of the siirroiiiidmgs with the passage of lime 

With respect to the immediate field of vision, research has indicated that vimuuI 
acuity, contract sc'iisitivity, and perception of motion ar(‘ at their ])est when the 
critical detail is in the center of the field of vision and surroumleil by a uniform fii'ld of 
about the same order of brightness as the renter field. 

With respect to effects of surrounding,s influencing seiiiig comlilions over a periotl 
of time, it is important that variety of the right kind be present if desirable results arc 
to be obtained. In industry then* is plenty of variety, but unfortunati*ly it is umial'y 
the wrong sort wherf* differences of coutrast.s and brightnesses cause distraction. 
Color has such an influence on seeing conditions, it is n(*cessnry to consider both 
decoration and lighting together as nn interdependent pair. The imiHirtant part thal 
rolor can play in creating a successful pw*<*ing system will be diwussed under Ili'littioii <* 
Light and OoJor. 

In examining the eauses and remedies fo** uucoinfortHble and unsatisructoiv 
lighting conditiOILS us given in Tal>le 13-25, it is (*HHen1i:iI loiioltMlmt control of light 
of primary importance not only where it leaves lighting equipment but also where it id 
reflected from surfaces. 
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Table 18-3S. Factorg Affectbig Lighting Con^itiona 


CauM of uncowforUMe and uriBatiB/aciorv fiffht 
. Inauffinient illumination on the work for the 
peeina task involved. Remember that bright- 
neaa xelationehipa are more important to good 
{teeing oonditiona than the higheat foot-can- 
dlea for the least wattage. 


Direct glare cauned by bright light in the 
range of vision. Glare reaulta at any and all 
intensities where unsupported by proper levels 
of total field brightnese to stabilise adapta¬ 
tion, The eye receives clear impressions of 
detail only in the absenee of glaring light. 
Glare is cauned by too much light in the 
worker's eyes compared to that on the work. 
Discomfort from a light source of fixed bright¬ 
ness increases with its visible area and, vice 
versa, the romfnrt increases with a reduction 
of source brightness. 


Direet dn\ light glare caused by improper 
plareuieiil cjf work with renijeet to sunlight. 


Reflerted glaie eauned hj rufleetions from 
polislierl nu'tai'i, glossy paper, or an^' material 
I>ossessiiig a sheen. 

Hf‘flected daylight glare caused b\ natural 
light that liinineeH from the work plane to tlie 
eves. 

Specular refleriion from machine nurfaers 
wliiah creates direct or diflfuseil images of the 
light sourer* (in the work, ludished fuitiiture, 
Slid other shining vurruundings 


Dense sliadows caused by a workman on 
piece of equipment rutting olT the light 
llangt' of brightiiesR uitliiii the visual field is 
too great. While the eye focuses on irhjccts 
dm'ctlv before the eye, it dru's a iiartial job of 
seeing masses well to the side of the direct line 
of \ision. 


More light at the eyes than on work eaiisod by 
If iprnjier placements of light sourer. 


f npleasant surroundings, lUngy, gloomy 
atmosphere. You gel fooled by iineomfort- 
shleilluiTiiiiation even if the lighting intensity 
adequate. Lighting cannot be evaluated 
by simple seuing. 


Semody 

1. Bometames a greater tllununation level may be 
the only agency to make one see enoui^. It 
takes about four times as long to perceive 
small detail under 2 ft-c than it does under 
100 ft-e. For a 1:10 ft-o ratio the time is 
about t wice as long. See How Much lighting 
Is Enough for Optimum Seeing. 

2. a. Shield lamps properly. Avoid bare lamps 

in eontinuoiisly occupied areas, 

b. Mount lighting fixtures as hig^ as ptao- 
tira). The hi^er the mounting, the Ibbb 
the glare effect. If the mounting height 
is doubled, three or four limes the bright 
neu of the source may be tolerated. 

c. Increasing lighting intensities helps, but 
the foot-candles must bo increased 10 
times to stand doubling tlie brightness of 
the light sources. 

d. Best solution is to have a low-hrightnesa 
broad-distribution light source. Comfort 
from a light source of fixed brightness in¬ 
creases as its visible area becomes larger. 

fl. Make the lighting installation as incon¬ 
spicuous as possible. Glare effect is 
multiplied by the number of lighting units 
visible from any work position. What 
may be suitable for a small office may be 
very uncomfortable in a large room. 

3. a. Properly shade windows. 

b. Shift working surfaces in such a way that 
the natural light falls on the working plane 
and away from the worker’s eye. 

4. a. I'ositaon light sources so as to keep reflec¬ 

tions awaj' from the eyes, 
b. Again, the best solution is a large-area 
low-brightness source. 

6. a. Shade the source. 

6. Provide a high enough artificial-ligfating- 
iiitcnsity level lo offset reflected daylight. 

fi. a. Reflections may be rediiCiKl by increasing 
the general level of illumination with low- 
brightness light source, 
b May lie corrected sonictimes liy changing 
the mounting height of the offending units, 
r. Avoid the use of bare lamps. 

7. Largi\ closely spaced units or continuous rows 
shine around objects and erase shadows. 

8. o. Avoid ronipetition betweiui the nerves in 

the eye by keeping the brightness range 
between the work and the surroundings 
within reasonable limits—6:1 if possible, 
b. Splash enough light on the side walls to 
hold a ratio of at least 10:1 or better. 
May look a bit inefficient by calculation 
but worth much more psychologically. 

9. a. Anglo lighting may cure bright surface 

jobs. 

b. Vertical or hnriiontal local lighting may 
solve some inspection problems. 

e. Install local lighting where needed. 

10. a. Whore the ceilings serve as a secondary 
light source, such as in eemi-indirert or 
indirect lighting, the ceiling should be 
finished a flat white. Avoid the use of 
glossy painto because the shiny surfaces 
cause specular reflections of light souroes, 

b. Walls should he colored because they are 
usually the background against which the 
task is viewed. Finishes will be discussed 
under Relation of light and Color. 

c. Floors should be light—the Ughtcir the 
finish of the floor covering, the higher the 
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Table 18-88. Facton Affecting lighting Conditiene (Cant.) 

Xstnedu 


CauM 0 / vncGm/ortabie and untatiE/actoru liffht 


11. Improper maintenanre. I^ampB agp and 
blacken and give out lew light. Dirt and 
duet reduce reflecting and tranamitting quali¬ 
ties of the fixtures and reflecting Burfares. 


effioienry of the lighting Byatom. The 
reflected light back to the ceiling helps 
relieve brightneas contreata between the 
luminaires and the celling. 
d. Desk tops should be dull finish and light 
in color, 

0 . riate glass should never be permitted to 
be placed on any desk top. 

11. Five musts for jiroper maintenance, 
d. Clean lam]>s and fixtures frequently. 
b. Repaint walla and ceiling regularly, 
f. Replace bumed-out lamps promptly. 
d. Maintain proper circuit voltage. 

0 . Estiihlish a definite mainienanre iiro- 
gram. Very few plants spend enough ou 
lighting maintenance. Keeping the Ught- 
ing system in best rondllion mure than 
pays for itself. This will be dlRCiiBscd 
further under Economic Kactors. 


Summarizing the informalitin given in Table 13-25, the basic considerations 
according to which lighting should be designed and criticized are as follows; 


1. There should be enough light, and it should be suitably distributed on the surface to be seen. 

2. There should bn no glare which causes discomfoit to tlic eye and afTeets its ability to sec, 

3. Any shadows should be agrei^able, revealing rather than hiding. We depend upon shades and 
shadows to show form of solids. Any shadow that dues not reduce the illumination more tbsn 20 jicr 
cent will hardly be noticeable. One that chiirch mure than a 60 j»er cent reilurlion exceeds good practice. 

4. The surrounding field should be uniformly bright and equal to or less but ne\er more than the 
central field biighiiiesn. Always have inure light on the work than at the eve. 

5. The central and surrounding'visual field should be so colored as to gi v o a pleasing hcnse of ^ ariety, 
while at the same time holding the brightness levels within reasonable limits—10; 1. 

6. The color of the light should bo suited to the ubjert illuminated b> it. Be critical about colors 
of interiors. When rolor judgment is an important comideraiion, do not permit personal preferences 
to dictate selection, 

7. The liglitinK installation should lie as inconspicuous as possible or dt^higned to eontribule materi¬ 
ally to the attractiveness of the environment. 

8. The lighting installation should be as comfortable, efficient, erofinmical, easy to maintain and as 
flexible as conditions permit. 

9. Comfortable lighting is always important. Disturbing refierliiig brightnesses from machines 
and processes are often encountered even though the product itself may be duU hnisb. 


One of the salient features whioh inu.st be rpcognized in industrial lighting is tho 
relationship between the lighting of the work and tho lighting of the surrounding arms. 
The lighting of the surrounding areas may often prove irritating or annoying even 
when one is not looking directly at them. The nerves of tho eye eom}iote with oac'h 
other. While the eye focuses on, and sees well, objeris din'dly before the eye, it also 
does a partial job of seeing masses well to the side of the direct liiu^ of vision. 

Nerves in side -walla of the retina veam you of the pre.senep or approach of objects 
from the side. One may have to turn his eyes to recognize the object, but without 
turning, one if* conscious that something is there. Tf the light in the side areas 
strong, the aide nerves of the eye will be calling for a small pupil aperture to restrict the 
admission of light. If, at the same time, the direct object of vision is not w*»ll lighten!, 
the main object nerve wdll be calling for a large aperture. These contradicting 
demands tire the eye and make you restless to have the triangle solved. 

How much energy is actually wasted when one attempts to work or play in an" 
thing but comfortable and adequate lighting is graphically illustrated by the following 
example. 

Suppose you drive an automobile on a bright sunny day over a 50-mile stretch of straigl 
road without heavy traffic. At the end of the ride you notice no particulai exhaustion. 
But take the same automobile, the same road, and make the suTne drive at night iii a fog. 
After 50 miles of this you know you have done some work. You have gripiied the wheel, 
tensed your muscles, strained your whole body, and used up a tremendous amount of 
energy trying to see. The only actual dififerenc'e between the two cases has been the 
amount of light available for seeing. 
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Seemg ocmditioiu &ffeot~eikip^3r^ effideiM^y a&d menje. The benefits daim^d for 
good fleeing and lighting conditionfl are 

1. They enable one to see faater and do more aecurate work. 

2. They make seeing easier and minimizie eyestrain and fatigue. 

3. They improve labor conditions, encourage the use of floor space, and promote 
cleanliness and safety. 

The wide range of effects associated with seeing are not an arithmetical summation 
of a series of different effects. Some of the advantages claimed for good lighting are 
bupported by scientific evidence as discussed above, while others can be justifi^ by 
logical inference and practical experience. 

Some of the things the individual can do toward making the seeing tasks easier are 
listed below: 

Avoid Glossy Finishes. Many people needlessly abuse their eyes by vnsisiing on 
plate-glass tops for their desks. In practically every office where the occupants com¬ 
plain of inadequate or uncomfortable lighting there will be found high local bright¬ 
nesses that are inevitable with the use of highly polished or glossy surfaces. A 
beautiful mahogany desk with a glass top is as bad as could he found; yet the occupants 
rebel at the recommendation that tlic glass be removed and the furniture be finished a 
Ught flat color to help the visual task. In the plant, also, light finishes on the machin¬ 
ery, the walls, the ceiling, and the floor can play an important part in making the 
visual task much easier. (See Ilclation of light and Color for further discussion.) 

Avoid Abuse of the Sun on the Eyes. Sunlight is very beneficial to the eyes and 
hcallli, but it is necessary to know how to use sunshine to get the most out of it. 
Abuse of the sun on the eyes may cause great damage. No matter how suddenly you 
are ]>lungcd into darkness, there is no pain, but time must be given for the pupil to 
enlarge sufficiently for the low-intensity level. The converse happens when you go 
out into strong sunlight from an area where the lighting level is low. There is a feeling 
of eyestrain because the decreasing of the pupil (the drawing together of the shutter in 
iIk; attempt to protect the eye against sudden brilliance) requires considerable time. 
The sudden contraction of the iris muscle is painful. 

If on going out into bright light the eyes are directed downward for two or three 
ininutes, while the size of the pupil is changing, the eyelids and eyelashes will protect 
the eye from the excessive light until uccoiiimodatioii is complete. Following this 
simple procedure, one may step from comparative darkness to bright light without the 
slighost discomfort. 

The eye can be strengthened in its light tolerance by judicious exposure to 
fight. 

Avoid Wearing SunglasseB Except When Necessary. The promiscuous wearing of 
(lark glasses has become a fad in recent years. As useful as sunglasses are, they should 
l)c worn only when necessary. They are needed \ihcn eyes are exposed to bright 
direct sunlight or reflected ligh( from highways, pavements, water, or sand. They are 
nut necessary indoors, in the shade, outdoors on a cloudy day, or for driving a car at 
night. 

It is also important to note that dark glasses protect the eye only from visible and 
ultiaviolet rays. The ultraviolet rays can be harmful to the eye and cause a painful 
indaiuination of the outermost la> ers of the eyeball (conjunctiva or cornea). Sunlight 
I J -,1 abounds in infrared or heat rays. Tlie eye itself acts as a strong convex lens with 

result that the infrared rays are focused on one spot in the eye and can cause 
' c lipsc blindness if the direct rays of the sun are viewed for some time. These rays 
tJc not held back by dark glasses to the same extent as visible and ultraviolet rays. 

The preferred type of sunglasses for beach wear are ones having green or bluish 
i,r*'eii lensi's. These colors absorb both the abort ultraviolet and some of the infrared 
niys. 

^moke- or flesh-colored lenses are the best type for people who are exceptionally 
^(‘Ubitive to the dazzle of reflected sunlight. These diminish the quantity of li^t more 
less uniformly over the entire range of the spectrum. 

When smiglasses are not necessary, take them off. Wear them only when tho eyes 
'tre exposed to bright light or reflected glare. 
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Avoid Too Many Motion Pictures in Improperly Lighted Theaters. The bright 
motion-picture 8croen[|aimd the very dark surroundings in most theaters presents very 
poor and unsatisfactory seeing conditions. Looking at a motion picture is a trying 
task even for normal eyes because of abominably high bright iic^ss ratios of 1:1,0()0 and 
higher on a relatively small bright urea against a large black background. If viewing 
the screen were really a critical seeing task, it would be unbearable owing to the very 
unpleasant and trying contrasts. 

It is possible to supply some light to the immediate surrounding without affecting 
the desirable contrasts in the picture itself. Seeing would then bwoine easier and 
more effective. It is time the motion-pieture industry realized the very poor seeing 
conditions usually encountered in most theaters and changed to lower brightness 
contrasts. 

Establish Good Reading Habits. Despite the fact that today v e linve large better 
print, blacker ink, better paper, and finer illumination, the number of people who 
experience discomfort when they read is greatly increasing. The cause for this is not 
always inadequate or uncomfortable lighting conditioiis. Most people form bad 
reading habits sueh as 

1. Reading with the body in lying or a strained uneomfortable position. Sit 
properly and hold the book toward the eyes. The proper distance for readixig is 14 to 
16 in. 

2. Reading when sick or very tired and when one should be sleeping. While read¬ 
ing is a relaxation compared to must activities, it is no substitute for sleep and 
rest. 

3. Reading when one is tense from hurry, fear, or worry. Ijack of relaxation tenses 
the muscles, pulls the eye out of perfect focusing, and interferes with the normal 
functioning of the brain. 

4. Reading to excess when it is not possible to have the print reasonably stationary, 
as on a train or in an automobile. The eyes under these conditions are subjected 
lo continual fixation and a tremendous reduction in clarity of sight. 

5. Reading from highly glazed paper, colored paper that is printed w itli contrasting 
ink, or other blurred or poorly printed niateriaL 

6. Skimming over a page wrill cause trouble because the eye is used when only 
partly focused, and if skimming is followed to excess, the ability to produce a complete 
focus wdll be lost, and dim or blurred vision will n^sult. 

7. Do not stare. If you have formed a habit of looking too fixedly i\i object s, begin 
to blink naturally. It does not interfere with vision and act uidly increases thi* ainoiuit 
of time you may actively see. 

AU fimetions of the body and mind are performed through the use of nervous 
energy. When they are done easily and n(»rmally, the amount of eiKTgy eonsunied ls 
small. To read to best advantage avoid the bad reading habits lisU'd above, and 
arrange the light so that it is adequate and eumfortable. 

Arrange the Office to Make the Best Use of the Lighting. Ariange the desks and 
working surfaces wherever ]K>ssible so that (1) the fixtunvs are jMisitioned with tin 
lowest brightness area of the lighting equipment exposed to vision, (2; the refl('C‘t<op 
of light from surfaces in the work area is directed away from the eyc‘S, and (3) work r 
does not face a window directly. When the eyes are adjusted to indoor intcnsiticrt 
outdoor glare is extremely uncomfortable. 

Do Not Blame All Ocular Discomfort on the Lighting. It is crronc*ous to conclude 
that all ocular discomfort and headaches are caused entirely by poor ligliting condi¬ 
tions. Any person who is healthy, has been trained to see ]>ropcrly, is normal in all 
physical and psychological aspects, and who has normal or properly correcltHl vision i'' 
not likely to experience prolonged discomfort unless the lighting level is very inai' - 
quate and/or the over-all lighting conditions are very poor. There are over 20 well- 
known conditions in the body that may cause headaches. Ocular discomfort may 
result from any one or combination of the following: 

1. Genera] fatigue from any cause, physical or psychological, such as imp/oper did, 
hunger, muscular tiredness, physical defects, debilitating effect of noises, poor postun‘, 
etc. 
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2. Physical disorders, sinus £lnd kidney trouble, venereal diseases, allergy to 
rrrtflin food, etc. 

3. Emotional disturbanres, such as rxuitcinent due to overwork, mimtal depression, 
nervous breakdown, etc. 

The above causes of ocular dihcomfort are just as conmion under natural lighting as 
artificial lighting. Poor lighting oonditinnH can and do contribute toward the difiicul- 
tics by reducing the resistance and thereby increasing vulnerability. 

The important thing to remember is that many conditions may cause periods where 
the eyes tire easily and feel strained without having very much wrong with the lighting 
system or anything permanently wrong with the eyes. At times, lighting and the eyes 
do cause headaches but not nearly so often as is generally supposed. See your 
physician before the oculist. 

Some Things That the Architect and Engineer Can Do Toward Making the Visual 
Task Easier. The architect and engineer can make the visual task much easier by 
avoiding the use of 

1. Ixing narrow rooms 

2. Glossy jiaint on ceilings and side walls of room 

3. “Hammered’’-glass partilions and skylights 

4. Cilass-bloek walla 

5. Decoraiions that are dark in color 

6. TMiichine finishes of high-gloss black enamel or low-contrast colors 

Facts Concerning Factors That Affect Lighting and Seeing. Some of the most 
iijijiortant facts concerning fuctois that affect fighting and seeing are listed below. 

1. Nature in her kinder inood^ providc's ideal lighting conditions. The best light 
is uniform and dilTusod, such as that reflected from a eloudJe.ss nnitluTn sky. With 
this light there are no shadows, no high lights, no glare, and no reflection. 

2. Eyestrain increases as the distance between the eye and the object decreases. 

3. It has b(‘eii stated that ii decrease of illuminution from 100 to 1 ft-c triples the 
fal igue. 

4. Direct roys loss than 20 to 30 deg from the line of \ision are esjK'cially likely to 
create glare. The discomfort efT('ci of a glare souri'c is determined chiefly by the 
relation of its brightness to tliat of the backgronnd. 

5. Glare causes a decrease of visibility. The effect of con.stant glare is to waste 
light—approxunately 35 per cent ^\hcn the glare source is 5 deg from the line of vision, 
75 per cent for 10 deg, and 50 per cent for 20 deg. 

5. WTien the vertical plane is of chief interest to the workers, it is impossible to 
piodiice a high illumination r(‘lative to that prodneed on the horizontal plane at the 
hjine i>oint by means of gtmeral lighting only without undue glare. 

7. Factors that affect glare are as follows: 

a. Ana* Area increases in direct proportion to the ari’a of constant brightness 
source. 

h. Brightncffs. l<Vom a comfort standpoint, doubling the brightness of the 
source is about the same as quadrupling its area. 

r. IHstanrv. For a constant size of glare source, the resultant glare will 
decrease inversely as the square of the distance. It also appears as though 
the eff(*ci of reflected light varies inversely as the square of the mounting 
height. 

d. Angle, Veiling effect varies inversely as the square of the angle betw’ecn 
source and line of vision. 

e. Surroundings, Glare varies inversely with the relative brightness of 
surroundings raised to the 0.0 power. 

To summarize, the discomfort glare varies according to the following formula: 

p, . , A X A X {CPY 

uiarc lactor « ^ IP X L* X > “SAX />* X L* X P 

where A = apparent area of souri'e, sq in. 

B • brightness of source in foot-lambcrts -r 1,000 
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D * diatanoe in feet from boutcc to eye + 10 
L an^p in degrees above line of vision -r 10 
. S Burrounding brightness in foot-lamberts 10 
F « foot-lambert factor 
CP -■ randlppowor in direction of the eye 
8. Correct provision of artificial seeing conditions can be provided only by coor¬ 
dinating the various diverse effects so that the job stands out well and has a pleasing 
appearance. 


Relation of Light and Color 

Industrial-plant lighting should be designed, installed, and mainiained to meet 
the following objectives: 

1. To make the work on the ey<^ easier. 

2. To provide more and bettor light to industry foriilic least expenditure of lalwr 
and materials. 

3. To improve morale among workers by enabling them to work vith speed and 
precision without eyestrain and with less nervous lension This is espeoially iiii|X)r- 
taiit for those tasks which must be performed coiitinuoiisly over prolonged periods of 
time. 

It is being recogiuzod more and more that seeing is not entirely benefited by 
greater and greater hgbt intensities. The lighting level is impcirlant, but seeing also 
depends upon other conditions for perception and visibility. The general liglitiiig 
system is therefore not limited to the installation of light sources alone. CVdor is 
important to everyone who seos, and the surfaces on which the light falls are very 
significant. Everything seen is subjugated to Iw'o fundumeiitals—brightness and 
color. When light strikes an object, some wavelengths may be absorbed, some may 
be transmitted, and some are reflected. The rays that are reflected constitute the 
color we sec. 

light, sight, and paint are the primary tools for seeing. Paint used to cover W’alls, 
ceiling, floors, and machinery has an iiifluenee on seeing conditions and is so important 
that planning a set of conditions for seeing slioiild include both lighting and painting 
taken together as an irit<»rdepcndeni pair. C^oupliiig scientificallj" applied colors with 
adequate lighting can solve many vision problems that neither one method nor the 
other could successfully solve by itself. It niaj^ at first sound presumiitioiis for the 
electrical engineer to be involved in the specifications for the painting of the space, 
equipment, and inachini's lie has been askinl to light. But the use of color has been 
found to be of such an immense value in gi\nng clearer vision and jircveiiting eye 
fatigue, it is the only logical procedure if the seeing conditions arc to be made as good as 
possible. 

It is not suggested that adequate seeing conditions will make the work easy and 
eliminate the need for effort: they will, however, so influence the workers in industrial 
plants that they will be stimulated in the performanees of their tasks and wdll maintain 
better their rate and quality of work ov€*r the entire w^orking period. 

When considering the sidijeet of industrial-plant painting, the aim is more than 
upkeep maintenance. The basic reason for painting any plant interior .Hhoulil be to 
realize the most out of both natural and artificial light. Painting in industrial ])laiits 
is not interior decoration. The use of color is to establish seeing conditions that 
automatically make the seeing task easier and avoid distraction. Other advantages 
gained by propc^r selection of colors are 

1. It improves the appearance of the plant. 

2. It aids sanitation and *‘good housekeeping.” 

3. It reduces fatigue and ahsentt eism. 

4. It cuts accident toll and reduces spoilage and rejects. 

5. It fosters better employee-managenient ’•elationship. 

Three guiding factors in coordinating lighting and painting are reflectivity, finish, 
and color. The reflectivity of various paint colors is given in l^g. 13-40. If has been 
shown that coverage is an important factor in that thin coats of paint have much low'cr 
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rpfiectivity than heavy coats. Remmincndod oovemge is usually not more than 460 
sq ft per gal. 

Generally flat or eggshell finishes are desitable over glossy surfaces. The former 
vrill result in better distribution of light and brightness, while the latter cause specular 
reflections from the light sources and annoying glare when in line of vision. All the 
advantages of interior industrial painting generally stem from the fundamental fact 
that properly painted ceilings and walls greatly increase the lighting efficiency, com¬ 
fort, and sec-ability. 

White paint reflects more light than any other color, and for this reason moat 
commercial and factory interiors should have the ceiling and upper walls painted vdth 
white to provide a high reflection factor of 80 per cent or more. (The exception would 
be those rare cases where the location of the operator's work forces him to look 
directly upward.) Light ceilings are essential where indirect or semi-indirect lighting 
installations are made liecause the ceiling is a secondary reflector. In all types of 
lighting installations, the high reflection factor of white ceilings will increase the 
illumination, provide light diffusion, reduce shadows, and, in general, improve seemg 
comfort. 



Walls shoui I be finished a light color with an eggshell or flat finish that will provide 
50 to 60 cent refleelivity. The chief lienefits of light-colored walls arc improved 
psycliological advantages as well as increased illumination. Tlip mam purpose is to 
fopus jittoiilion on the actual work areas. Wall and dado colors should be harmonious 
and different from those of the materials being worked on. Actual choice of suitable 
wall colors is detenriiiied by the many factors outlined below: 

1. Phiwcal DnmmnoTiH {^^K( and Haght) of the Area. In small areas, walls assume 
gieater importance llitiii iii laiger areas. They should be painted in such a manner as 
to provide variety yet be ineonspicuoiis. The contrast should be color and not 
brightness. In a large area, the equipment and machinery will provide the variety, 
anil the walls iriay be a relatively unimiiortaiit background. Certain colors which 
in IV look attractive on a color card may prove too bright or distracting when actually 
applied on a large area. The larger the area, the softer the color should be. 

2. Coloi of Natural Lighting. Daylight varies greatly in spectral character with 
■i< time of day and with the iKiint of compass. Even northern light, which has the 

st divi'csity in intensity, varies from a bluish white when the sky is clear to practic- 
dlv whik' when tlu* sky is overcast. For typical characteristics of natural light see 
'fable 13-26. When daylight is pn'dominunt in an area, complementary wall colors 
' lU usually give ilie bcit results. 

3. (7o/rjr of Artificial Light. The eolor quality of various light sources was given in 
fable 13-21. These qualities, together with a listing of the complementary colors, are 
ui\pn in Table 13-26. The color of light from any fluorescent installation is different 
Horn the accustomed yellowish-white color of incandescent-filament lighting. The 
f olor of interiorb is important. For the effect of the type of lighting on wall colors as 
flasflifiod by a large group of observers, see Table 13-2f7. The reflection factor of a 
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given surface may vary for different Lght sources. The variation depends upon the 
reflection charaotensties of the surface and the color content of the lamp output The 
effect of the type of lightmg on the human skin is given m Table 13-28 The psy¬ 
chological reactions which different persons have toward the various hght sources and 
colors present a problem whiih cannot be ignored if the lesult is to be a comforlable 
and satisfactory mterior and hghtmg scheme. 

The color of hghtmg used in grocery stores, kitchens, cafeterias, and restaurants 
must be given due consideration The daylight 4500 and 3500“K white fluorescent 
lamps m general have proved unbuiiable to foodstuffs The “soft-white” fluorescent 
lamp which has an approximate color temperature of 2800°K is kind to the complexion, 
raw and cooked food, and to many displays of voaring apparel The effect of types of 
lightmg on meats, fruits, and veg(‘tablca is given in Tiblc 13-20 

Always choose pamt colors under the same type of lightmg ith which they are to be 
used 

4 Atmohphenc Conditions No niatttr what type of hght source is employed, 
bnghtness, as well as coloi, plays a signiheant part in the final icsult obtained. Low- 
mtensity fluorescent lighting will almostf citainh be cool, while if the illumination 
were mcreased to 50 ft-L, tin result would bi fai morf btimuUtmg 

Table 13-26. Characteristics of Natural and Artificial Light 


NatuTil lipht 


Principal direction of light 

Pn dominant color of light 

Compli incntaT'c color 
(contrasting huesj 

Eastern 

Nt iitral III color 

Warm griy >>iinlight 

Southern 

^ fl’i wish tinge 

Shadi s of 1 hit 

Western 

Rt ililish tingt 

( ool gritn 

Northern 

1 C onl 1 hit 

I lght bufT peach 


Artificial light 


Type of light st ui r c 

rrcdominant color of h'hi souir n | 

f nil rilar} colors* 

Incandescent filament 

\cllnwish wlute 

T ght blui light grr til 1 luish 



gn fii 

Soft white fliiorcscpiit 

W armest iii hui of all tv] t n of 

Neutral grai graced grttn 


white fluon Bcciit lamps (nchiii 

grayed liliic 


re d tone s) 


3500®K white fluonsctiit 

^ cHowish gnen oast 

Waim gras beige peach 

4fi00'’K white Suon sot n1 

Greenish blui cast 

BuIT coral 

Daylight fluorescent 

f old bluish 

1 an coral 

Combination incandiscrnt and 

About the saint as soft-white 

Same as soft whitt fluorescent 

8600 or 4500"K fluon sc-i nt 

fluorescent 


Mercury 

Bluish green 

1 lght purple rcriflisli gray 


• Complementan i ulors an known as rontrabl lolors If a disk w divided iiilo difTirriitly colored 
BeetionB and is rotated rapidlj different (olor iffcilH will lie ixiMrituced aeiordiiin; to the colors uaed 
If, for exaniple only red and v(Uoa sretors are used the rolnlinii; card will appear to t>f oranfsi 'liic' 
two colors will bend to produce an mterniediair lolor If tnt two sectors art n d and gn i n both colors 
will disappear and the rotating diak will look gray Colors that camel oacb other out in this manner 
instead of blending are lalUd 'LniiipUiucntar\ colors Each and ever} erdor has a innipli nuiitary 
color t c yellow and violet—the sum of red and blue red and grr en—the sum of yc How an i blut blut 
and orangw—the sum of red and yc How, and so forth for all the RccondaTy c dors 

Among the many odd attnbutes of color is the fact that some huf s give the feeling 
of warmth and some of coolness In general, colors in the blue end ol spec trum tend to 
create a cool atmosphere and will have an c^flect equivalent to an apprec lablc fill m 
temperature. On the other hand, coloi s in the red end of the Kpcctriim cun conipcTihaU 
for the effects of a chilly atmosphere and can create ,i waimer, more tricndi> atmos¬ 
phere Tvones and creams, fiequently used, arc classed as warm tones but hut 
been found to become tiresome lied and orange colors irritate, hence are believed 

952 





.RELATION OF LIGHT AND COLOR 


tSBC. 13 


Table 18-S7, Effect of Type of Lightiiiir on Wall Colors 

(Illumination Usvel, 50 ft-c) 


Color-conditioning 

paint* 

Daylight 

fluorescent 

35()0°K white 
fluorescent 

Boft-wiiite 1 

fluorescent 

Incandescent 

filament 

Ivory . 

Faded gray, unat¬ 
tractive 

Slightly greenish 
gray 

Hlightly yellow 

Cream 

Rating. 

Poor 

Good 

Preferred 

Good 

Hunlight. 

Bluish yellow 

Slightly bluish 

Vivid cn^sm 

Rich yellow 

Rating. 

Fair 

Preferred 

Good 

Good 

Peach. 

Slightly pink 

Normal, slightly 
cold 

Normal, slightly 
pinkish 

Normal, same as 
white light 

Rating . . 

Good 

Fair 

Preferred 

Good 

Light rose . 

Purplish pink 

Y ello^h 

Normal, vivid pijxk 

Pinkish orange 

Rating. 

Fair 

Good 

Preferred 

Good 

Equal parts of light 
green and while 

Grayish green, 
erdd 

Whitish gray preen 

Palo green 

Pale green 

Bating. 

Fair 

Good 

Preferred 

Fair 

Light green. 

Fresh bluish gn»eii 

GiiNCuish gray 

Slightly" gray'ish 

Yullowish pale 
green 

Rating. 

Preferred 

Good 

Good 

Good 

Equal parts of light 





blue and while. . . 

Grayish blue, cold 

Bluish green 

Pole blue 

Whitish blue 

Rating. 

T’oor 

Good 

Good 

Fair 

Liglit blur . 

niiiish green 

Grayish green 

Slightly grayish 

Grayish faded blue 

TtatJiig . 

Good 

Preferred 

Good 

Good 

Ikiual parts light gray 





and white. 

Bluish white, cold 

Cold pray 

Warmer, pale gray 

Off shade of white 

Rating. 

Poor 

Poor 

Fair 

Good 

Light gray... 

Cold gray 

Failed gray 

Warm gray 

W'armer gray 

Rating . 

Poor 

Poor 

k'air 

Good 


Colur-coiiditii>Tiiiif( Trim and Dadu fulore* 

Wall coluTs Trim and dado colora 

Ivory, Buniifdtl, or pOHcli. Tan 

Light roH#* . . De(‘p rose 

Ciroon and light grrari. Medium green and deep green 

Blue and light blue . Medium blue and deep blue 

Clraj'^ and liglit gray . Medium gray and deop gray 

* The vivldiU'Hs of bunliglit, peaeli, and light roei* mu.v be toned down the same as green and blue, 
i.e., equal parlh of tbeho r-olors and white. 


Table 13-2B. Effect of Type of Lighting on Human Skin 

(Illumination level, 60 ft-c) 


Description .jf ,skin 


I'ntannod Hkin. 


Rating. 

Tanned Hkiii (me¬ 
dium) 

Rating . 

Di^p pigmentation , 


Rating. 

Sunburned skin (red) 

Ra ting . 

Dntaimed skin, light 
make-up 


Rating. 

Untaiinod skin, heavy 

niake-up 

Rating. 


3500‘'C white 
Mazda F 


Daylight Mazda 1*' 


I’ah*, slightly gray 


Fair 

(irayish tint 


Fair 

Intensified grayish 
tint 

Foor 

Slightly reddish, 
di^ep-puridc tint 

Fair 

OvereinphasiKod 
make-up in con¬ 
trast to skin 

Poor 

Further overwm- 
phasized make¬ 
up, very pale akin 

I’oor 


Sallow, slightly 
gn^eiush for older 
skill 

Acceptable 
Intensified green¬ 
ish tint, very sal¬ 
low 
Fair 

Intensified greun- 
iah tints very sal¬ 
low 

Fair j 

Tanned appear¬ 
ance 

Preferred 
Make-u]» grayed, 
salluw app<‘aranec 


Fair 

Hallow appearance 
of iinpainteil skin 
inlensiSed 
Fair 


Si dt-white 
Alazda F 


Enhanced 


Preferred 
Healthy glow 


Preferred 
Healthy glow 


Good 

Slightly reddish 

Gund 

Rlended skin and 
make-up im¬ 
proved appear¬ 
ance 

Preferred 

Enhanced skin 
mako-up 

Preferred 


Incandescent 

filament 


Yellowish, appear¬ 
ance slightly tan 

Good 

Intensified reddish 
tint 

l'’Bir 

Deep rich brown 


Preferred 
I’iery red 

Poor 

Intensified make¬ 
up, slightly sallow 


Good 

Hlightly sallow 


Good 
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to be a frequent cause of anger. The colors in the center of the apectrum—flight blue, 
green or yellow green—seem to be the most effective, both for the psychological and 
lighting factors. 

T^e effect of warmth due to hard physical work can be compensated in exactly the 
same way as that of a high atmospheric temperature. 


Table 13-29. Effect of Types of Lighting on Meats, Fruits, and Vegetables 

. (Illuminating level, 60 ft-c) 


Teflt article 

Dayliehi 
Mazda F 

3500® 
white 
Alasda F 

Soft- 
white 
Maada F 

I'ilameut 
(100 watts) 

Red meats. 

Poor 

Fair 

Good 

Preferred 

Dressed chicken. 

Poor 

Fair 

Good 

Good 

Butter. 

Poor 

Good 

Good 

Preferred 

Chocolate. 

Poor 

Fair 

I'air 

Good 

Bread (brown crust). 

Fair 

Good 

Good 

Good 

Oysters (opened). 

Poor 

Poor 

Fair 

Preferred 

Parsley. 

Good 

Good 

F'air 

Poor 

Carrots. 

(jutnl 

Good 

Ooml 

Good 

Tomatoes. 

Fair 

Fair 

I'air 

Preferred 

Red apples. 

Fair 

Fair 

Fair 

l‘referred 

Onions. 

Poor 

]<'air 

Fair 

Fair 

Green apples. 

Good 

Good 

Pair 

Poor 

Squash. 

Fair 

Goud 

Prefnrri*d 

Good 

Bananas. . . 

Fair 

Good 

Good 

Good 

Red and areen peppers. 

Fair 

Good 

Good 

(voud 

Green beans. 

Good 

Good 

F’air 

F’air 

Cauliflower. 

Poor 

Poor 

Good 

Good 

Green rabbsRe. . 

Fair 

Poor 

F’air 

Fair 

Red csbbajRe. . . 

I'air 

Fair 

Good 

l^referred 

Com. . 

Good 

Preferred 

Good 

Good 

Lemons. .... 

Poor 

Poor 

Fair 

(Food 

Peaches. . 

(iood 

Gf>od 

Good 

Good 

Oranaes. 

Fair 

Fair 

Good 

Preferred 

Plums (reddish purple). . 

lair 

Good 

Preferred 

Good 


Not*: With roforoncp to noiiitiiiR, liRlit poarh liaH proved the nu>Rt ‘‘apjtoliHnK" vrall folor for 
rostaiirants and cafotorias uiuIct all tyjies of ii|;hting. The aoft whitu is the Iwist tyiMJ of flurironuonl 
lightinK for kitohoiiA, n‘&taviran1a, cafetoriaa, etr. 


In such noiiwork arras as corridors, W'ashroom, rest rooms, etc., color can provide 
a welcome change of pace.'' The color prercrciires of the two sexes determine the 
color recoinmendatiniis for the respective facilitipH. Color of nonworker-arca indus¬ 
trial interiors must be cliostn for their “livability,” and it is w^ise to bring the employees 
involved into the final d(M!ision. Men usually express a preference for cool color-t 
while women like warm colors. 

5. Nmse. Noise has a great effect on seeing and causes a continual irritation of thi^ 
central nervous system. Owning to the deleterious effec.ts of noise, all practical 
measures to reduce the noise level should be takcu. Even tliough acoustical inaterials 
cause a reduction in the refieclivity of the ceilings and w'alls, the loss of illumination 
will be more than compens4itcd for by the increase in comfort, except w'hcre tlie in ten¬ 
sity level is low for the visual tasks. 

Color has played an important part in recent years through the practice of painting 
machinery to impi-ove visibility. To judge from current advertising, a Utile pain* will 
make any lighting system, however inadequate, a salisfactory installation. (One 
paint manufacturer published colored picturi's nf priUiuiitly painted machines and 
plant interiors with the area light^,d witli tin cone reflectors of ancient vintage ) 
Brilliant colors have no place in creating successful seeing conditions in industry, since 
from their very nature they introduce uncomfortable contrasts. 
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Bcitring the abov« CQUiments ih mind, the foilbwitig general reconimeiiilations for 
industrial interiors are made: 

CtilingB, White or noar-whit« paint ^ould lx* used on ceUiiigs with the lighting 
installation arranged to blend with the ceiling so as to present the least possible dis* 
traction. Where direct-type lighting is used, the finish of the ceiling becomes less 
important. When factory ceilings are excessively high, a gloss white may bo satis- 
ftictory. Where such factors as dirt resistance and washability must he considered, 
a glossy finish will give the best performance; however, never use a glossy finisdx where 
light may be reflected to the eyes. 

Structural. A medium tint of bluish green or pea green on struetural beams will 
give a feeling of support. If the number of exposed beams is large, aluminum paint 
may be aatisfaetory, while ^hite is preferred. 

Upper Walls arid Columns. Grayish tints having a reflection factor of 50 to 60 per 
cent, will be most satisfactory on wall areas. A dado may be used to advantage 
especially in the smaller shops. Walls should be finished in hues to e^implement either 
the exposure or the type of artificial light, whichever produces the most predominant 
lighting in the area. 

Lower Walls and Columns. Colors blending with upper w'alls should be used on 
lower walls and coluiiina. Avoid colora that go ^*flat'* under the lighting system. 
Use color for recognition for such items ns markers or traffic aids, fire exits, safety 
precautions, etc. 

Floors. A great deal has been said lately about painting factory floors in light 
colors “to aid in lighl reflection.’* Except where it is desirable to reflect light upward 
under large hojizoiital surfaces mieh as aircraft wdngs, a not too bright color of medium 
depth is rceoinniendod with “traffic stripes” separating the working areas from those 
used for the movement of matcTials. These traffic stripes can be as bright as neces- 
.^ary to serve as “keep-clear” warnings. Some existing floors cannot be sueeessfuUy 
painted boeaus<» they are oil soak(*d or otherwise in such condition that painting would 
present an almost impossible* maintenanec problem. 

Machines. The niflcliines should be painted in shades to delineate machine parts 
and danger areas and promote visibility and safety. Avoid using different colors too 
jiTofusely, or they will loose their effectiveness as contrast modiuma. The color 
scheme of the walls, floors, and machines should present a harmonious jjattem 
limited as to s'milarity. On no account should a uniformly colored light finish be used 
over machines, walls, and even floors, as they will give an extremely monotonous 
appearance. 

Three-dimensional seeing^ a science of color and light for better vision in industry, 
offers a solution to the problem of improving industrial seeing conditions. 

Desks. Desk tops need a higher finish than the 5 to 7 per cent prevalent today. 
Thirty-five per cent is the minimum recommcndeil with the desk sides higlier in 
reflectance because the vertical illumination is, in almost all cases, much less tlian the 
horizontal. 

Tile evaluation of reflection factors in finishing ceiUngs, w'alls, and equipment will 
result in better light utilization and mure desirable ratios, ’’niis will, of course, depend 
* n a proper analysis of practicability. There are many industrial operations which 
f -e not sufficiently clean to justify light-colored finishing, such as, for example, some 
^‘hemical-plaiit areas, foundries, etc., w'here a coat of light paint may last little longer 
I lan the time to put it on. Here the lighting system must be designed to give the 
dmmination required from direct-type lighting units which properly shield the lamp 
source. However, in the majority of industrial plants, the most satisfactory system 
proves to be a combination of adequate lighting intensity and a simple color scheme 
having a proper reflectance value. The result will be a w'ell-planned seeing condition. 

While each plant presents certain individual problems, the general plans developed 
through the systems of “color conditioning” and three^imensioiial seeing serve as 
piiidcB in applying acceptable color principles. 

^me of the important facts concerning the relation of light iind color ore listed 
below: 

1. Lighting for seeing also involves paint for seeing. Color plays an important 
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part in every industrial-plant installation. Applications vary widely from a simple 
matter of personal preferences for private offices to the more complicated industrial 
inspectioii tasks where small color diiTerences must be detected. 

2. Color appearance of objects dcTjenda not only on the reflectance characteristics 
of the objects themselves but also on the color content of the light with which they are 
illuminated. The appearance of materials having complex spectral reflectance 
characteristics, when Illuminated by fluorescent sources which have complicated 
energy distributions, is often impossible to predict. 

3. Light greatly outstrips paint in ability to produce varintions in color effects. 
Tables 13-26, 13-27, 13-28, and 13-29, indicate some of the changes tliat take place 
under filament ineandoscent and three types of '‘white" fluon'seent lamps. 

4. The choice of industrial finishes depends on many jisycholngical and practical 
viewpoints. Tlio four most important aspei'ts of color in industrial lighting opera¬ 
tions are 

a. The finishes of ceilings, w\alls, and machines to provide a pleasing background 
of brightness and color for optimum visual efficiency and comfort. 

b. The finishes of work and danger areas for safety anrl visual efficiency. 

c. The provision of appropriate color-quantity lighting for inspection tasks 
involving the discrimination and evaluation of color. 

d. The color scheme should be simple. The large number of people using the 
area and the many jobs carried out make duraluhty an important asi>ect, and 
only a simple sclieine can bo durable. 

5. YeUow, red, and blue are the primary colors. From these all the hues of the 
spectrum can bo produced, but none of the primary colors can be obtained by any 
mixture. 


6. Office equipment is sadly in need of reform. The majority of typewriters, 

accounting machines, etc., arc fmislied in a high-gloss black enamel. There is no 
reason why such machines should not be finisherl in a light color and have n finish to 
prevent UTuiesiruble reflections. The use of colored always reduc*es visibility. 

Glossy finishes on paper are also undesirable. Iflotling pads and desk tops should lie 
light ill color and free from undesirable reflections. 

7. One of the iirincipal factors of importance to good seeing conditions is the general 
"atmosphere" of the surroundings—^linghtness, color, variety. 

8. In inspection work where the products must be held to narrow color-tolerance 


Table 13-30 

Colors Type of hahitng 

Blue, purple, violet . Incaiidesreiit tilaiuent 
Hed, pink ]Ja> li^Lt flunrchcent 

Green, yellow 3500‘’K ^Inte fluorobcent 


limits, the best lighting system is one. 
which is rich in the spectral region where 
there is maximum alisorption (minimum 
reflectance). This will acceutuate the 
differences in color. Tlie source should 


produce light throughout the visible 
spectrum and be so located that specular reflections are avoided. For detecting 
small color diffeiences Table 13-30 givt‘b the best type of light. 


Observations on the Relations of Lighting Effects and Psychological Reactions 

In 1^5, the first lighting survey was conducted at the President’s Mansion (White 
House) in W’asliington, with recommeinlations submitted to Mrs. James K. Polk. As 
a result, some 18 kerosene lamps replaced 150 tallow candles in the East Boom, 
thereby approximat<'iy doubling the lighting intensity and reducing daily lighting 
expense from 38.75 to 32.1 J. A total of 416 candles lighted tJie White House at tho 
time. When the remarkable "coal oil buinci's" were installed, there were mi iiy who 
marveled, but those were the da 3 \s of fractional foot-candles--not ej'^o comfort. 

Lighting standards have advanced greatly since tlieii. Thirty years ago, tho first 
industrial lighting c<»de of the llUirniriatiiig Engineering iSociety recommended, with 
considerable temerity, a lighting intiuisity of J.2.5 to 1.35 ft-c. The reasons for the 
low foot-candle level were not based on tho needs or habits of the human eve but 
rather on the prohibitive expense, excessive heat from the light source, detrisnentiil 
glare of high candle-power sources, and the inadequacy of the wiring. 

Today, the lighting problem in industrial plants is dynamic and changing in 
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importance and scope. Dominant *human factors, including inherent differences in 
the optical and neural apparatus for seeing, defects from injury or disease, age of the 
eyes, previous light education, etc., all produce a considerable range in solving light¬ 
ing problems for various conditions and individuals. 

Tn giving attention to the needs which different persons seem to feel for illumina¬ 
tion, it has been observed that there is to some degree a correlation existing between the 
nature of a person, the type of work he enjoys or is qualiffed to do, and the quantity 
and quality of lighting he finds satisfactory, regardless of whether or not it is a **cor¬ 
rect” lighting job under the modem practice type of installation. 

We are fortunate in that persons engaged in the same type of work or activity 
usually have enough in common to make satisfactory the use of some general type of 
lighting for the entire group. To provide special lighting effects for each individual 
would bn very impractical and prohibitive in costs; however, the individual should be 
studied as a means of learning the characteristics of the group. 

The characteristics of individual groups and the needs they seem to require regard¬ 
ing illumination are outlined in Table 13-31. The psychological reactions which 
diffc'rent types of people give to each of the more common types of lighting effects are 
outlined in tabic. 


im or 




tLLunmm^oH level 

Tia. 13-50. Types of people and their choice of lighting effects. 

Figure 13-50 shows a pyramid divided into five sections of equal height with each 
section representing a type of person. Group 1 is classified as active out-of-doors. 
This type of ix'rson is inclined toward musculo expression and is fond of bright sun¬ 
light. Kiiiphasis is inclined to be placed on physical activity with mental effort being 
at a minimum. In supplying lighting for this group, it has been found they demand 
that the lamp “shine” and that it be a bright source. In many applications even 
hare iiicaiidesecnt lamps may be satisfactory. The unit should be mounted well 
above the line of vision as a means of reducing glare. 

Group 2 IS classified as active indoors. Tliis type of people operate machines, 
d img work of a routine nature which requires a minimum of mental activity. Since 

tasks arc usually of a concent rated order, local lighting focusing attention upon 
1 f entral point finds favor with this group. C^cn-type lighting reflectors may be used 
^0 advantage in the general lighting system in this type of occupaney. 

CJroup 3 is the physical-mental activity type, whose thinking deals with people and 
uuiLcriiil things, such as physicians, merchants, industrialists, etc. While they enjoy 
diiylight exteiisi\'ely, people who perform this type of work usually prefer a soft type 
of uniform illumination. Their choice of artificial lighting, oddly enough, is generally 
an enclosed visible light source. 

Group 4 is the mental activity type. Their thoughts deal with ideas and ideals. 
W^ork involving physical activity is usually foreign to their nature. The choice of 
artificial lighting is a low brightness source of the indirect incandescent type or the 
seniidirect fluorescent type. 
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Table 18^31. The Key to Harmonized Lighting 


Cbarvcteristiofl of the mojro 
common 
lighting eflecta 

Types of people 

Active 
out of 
doors 

Active 

indoors 

Physical- 

iiieiital 

activity 

Mental 

activity 

Meditative 

1. Batt lampa 

High biigbtiieea of light source. 
Rmdient light, poor diatributiun 
of light producing sharp shadows 
and glare. 

Natural example; bright nunsliine. 

T 

Exciting 

active 

lively 

Physical ac¬ 
tivity 

Anil 03 iiig 

Iriitatiiig 

Extremely 

irritating 

2. Open re/hetort (rim type) 

light directed downward from 
fixture, high intensity of light on 
working plane, sharp shadows, 
reduced glare. 

Natural example: moderate sun¬ 
shine. 

Physiral 

activity 

r 

Concentrated 
physical ac¬ 
tivity 

I*hyiiral 

activity 

DcprcHhinglj 

aiiiioving 

Irritating 

3. SndoMed or ahidded fist urea 

Lower brightness of light source, 
diffused light, soft shadows, geti- 
erally uniform illumination. 
Natural example; overcast sky or 
shady location. 

yubtle 

Mentally ar- 
tive 

1 1 
Physieallv 
and men¬ 
tally ac¬ 
tive 

PInsicai qi- 
li^ity 

A 111103 big 

4. Direet-indireet fluoreatent, 
indireet tneandeacent 

Low brightncai of apparent red¬ 
ing, well-diffused light, soft 
shadows, high uniformity of light 
distribution. 

Natural example: late afternoon. 

Dead 

1 

1 

Buhtlc 

1 

IlCbtful 

T 

Mentally ac¬ 
tive 

Physiesll.i 

1 and men¬ 
tally lU- 
ti\e 

5. Indirect ItyfUinff auppfeme/ited by 
intff/U local aowioa 
liOW intensity of indirect lighting 
supplemented by Inral lighting 
having small but bright light 
Sour ce««. 

Natural exaiiiplu' Iwilipht. 

Dead 

Dead 

Dull 

Restful 

t 

Mcditaln e 


Group 5 is the meditative type. These people arc vcrj^ senHilive and usually find 
expression in passive thought or meditation: their interestH are not akin to the commer¬ 
cial or industrial world. This group includes inspirational writers, musicians, etc. 
This type prefers a lighting effect which simulates twilight with local high-lighting on 
the work. 

It is important to note that the distribution of people may be considert'd a!' 
approximately represented by the volume of the five sections of the pyramid and, •: 
though most people are uitermediate or combination types, their natural expression 
can be used as an index or key to harmonized lighting, which will please the vn^ioll^ 
claBsiflcationB or groupings of people, regardless of whether or not the elertiical engi¬ 
neer considers the type of lighting adequate in quality and quantity for the visual 
tasks performed. To provide satisfactory lighting, it is necessary to impose the 
human factors upon calculations. 

Some of the important facta concerning the relationship of lighting effects anil 
psychological reactions are noted below: 

1. The process of seeing is very complicated and much affected by the flexibility ui 
the individual nervous sys^m. 

2. The production and control of light are ph 3 rsical sciences; however, lighting is 
also concerned with vision, seeing, and physiological and psychological effeci^s. 

3. The psychologienl effects of lighting arc concerned with such items as attention, 
impression, distraction, annoyance, alertness and mental fatigue. 
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4. Xiightiiig caloulations and pisactke were, and still are, largely empirical. Our 
present knowledge concerning the relation of light to sight is neither comprehensive 
nor well understood. Only recently has the science of lighting begun to be a part of 
our present meager knowledge in the science of seeing. 

5. Design of good lighting involves not only the physics, mathematics, and eco- 
numics of light generation and control, but also: 

a. The physiology of visual sensation and its related processes. 

b. The psychology of the mind, which correlates, integrates, and evaluates 
the sensation. 

6. The most important item in considering any lighting system is the human factor, 
ur the people for whom the lighting is being installed. 
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MECHANICAL POWER TRANSMISSION 


CONTENTS 


1. Power —conutruotiun, character¬ 

istics. horsepower, ratings, atmospheric 
efIecbM, ilreHsinffs 

A. Leather hcltinf; 

B. Piihhor belting 

C. Htitfiied cotton-duck impregnated Wli- 
ing 

D. Camers-hair Wlting 

E. Soliii- wo\ en imprognated cotton belting 

F. Balata belting 
0. Teoii belting 

II. Election of belting typo 

III. Mainteiiunee of power I)eltmg 

IV. Kssentials for efficient belting service 

V. PaHtening of jiower fielting 

A. The endlehH method 

1. Making the leather belt endless 

2. Direct ioHH for cementing 

B. The laced luelhod 

C. Metallic fasteners 


.BT William Staniak, M.E, 

Power transmission by belting 

A. Initial and effective tension 

B. Arc of contact and centrifugal tension 

C. Driving ratios and renter distance 

D. Vertical, crossed-bclt, and quarter-turn 
drives 

M. Belt slippage anil belt sliiftln^ 

F, Pulley diameters and revoluuona 
VII, FLat-bclt pulleys 

A. Tyjies, essentials, specifications 

B. Kelative speed capacities 
YIIl. Hteel shafting 

A. Cold-finished 

B. Hot-rolled 

C. Alloy steels 

D. Shaft failures 

E. Shafting for group method 

F. Identification of " group-method " shaft¬ 
ing 

G. tS|iecification numbers for RA£ steels 


Power Belting, Fasteners, Pulleys, and Shafting. 

VI. 


Steel-cable Transmission Belting. 

Multiple and Variable-speed V-belt Drives... 

I. Oiieration of V-Wlt drives III. 

A. Alignment 

if. Adjustment for projier tension IV. 

C, Replacement of V belts 

D, Storage f sparo sets of V bells V. 

E, Dressing for V lielts VI, 

II. Hidecting a ' belt drive 

A. Center distance 
if. Horsi'T'ower transmitted 
C. KuriiiulaH iind tables 
/J, kSprxicc factors 
E. General bidt Hclection 


.Br Paul Sitloff 

. BIT H. A. Wilson 

Variable-Hpeed V-belt drives 
A. Selecting a Vari-Piteh drive 
V-flftl drjv(‘H 

A. Kelrcling a V-flut drive 
Quarter-tum V-belt drives 
Flywheel effect ( \VR^) of V-belt sheaves 


Pivoted and Spring Automatic Motor-base Drives. Bt Samuel L. Allen 


1. Classes of kises 

A. Rock wood 

1. TypcH 

2. Ooufltnictiun 

B. American 

1. Tyjies 

2. Construction 

n. The belt and belt elongation 
A. Minimum pulley diameters 
111. Motnr float or vibration 

A. Pulley centers 

B. Efficiency 


IV. Graphical method for determining pivot 
center distance 

A. Solution for pivot center distance 

B. Selection tables for Rockwoud and 
American bases 

C. Pivok'd motor drive work sheet 

D. Solution for flat lM>lt width and thick¬ 
ness 

E. Solution (or l>elt length 

F. Solution for bearing pressure 
V. Installation 

VI. Possible difficulties 
VII. Motor-rotor float 
VIII. Spring-automatic motor bases 


Chain Driving 


I. 

JI. 

HI, 


Introduction 
Malleable-iron chain 

A, Open tyiie 

B. Closed typo 
Steel roller chain 

A. Offset'sidebar typo 

B, I'^iuished-stcei roller typo 

1. Manufacture 

2. Working load capacities 

3. Service factors 

4. Chain speeds and sprocki 

5. Velocity ratios 


. BY Charles K, Weiss 

fl. Chain care and lubrication 
IV. Silent chain 

A. Manufacture 

B. Chain guiding on sprockets 

C. Selection of chain Nize 

D. Working load capacities 

E. Chain speeds and sprockets 

F. Velocity ratios and horsepower capac¬ 
ities 

Q. Duplex or double-back type 
Bf. Chain oaro and lubrication 
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V. Obain^type molecliau 

ii. Cham oentors and length 

B. Rriatlve pnaition of Hprooketa 

C, TenalDn-adjustine devices 

VI. Installation 

Flexible Couplings. 

1. Causes of shaft inlsaligumont—angular and 
parallel 

II. Tyi>eB of flexible couplings 

A. Gear-tooth 

B. Grid-sprinR 

C. Pin and bushing 

D. Chain 

Variable-speed Mechanisms. 

I. Infinite or stepless speed varinticm 

A, Mechanical principles used 

B, Selection of ty))e of mechanism 

11. Types of variable-speed mechanisms 

A. Flat-belt 

B. Fhction-disk or cone 

C. Ratchet or intemipted-motion 

III. V drives with adjustable cuuical pulleys 

A. Vari-speed pulley 

B, Interlocking dual pulleys, countershaft 
type 


A. Alignment 
J9. Coupling uf chain 

C. Tension 

VII. Casing 

VlII. Corrosion- and heat-resistant chains 
.BT Ernjast Hagenlooheb 

E, BloiSk and jaw 

F, Metal-disk 

0. The floating shaft 

III. f^lection—selection factors 
lY. Applications 
V. Maintenance 


.BY H. G. Keller 

C. Adjustable cone pulleys, paraUel-shafl 

type, 

1. V belt and flat belt 

2. Chains—PIV unit 

8. Variable roller dnvc—VRD unit 
4. Steel-ring drive 

D. Compound adjustable pulleys and iiiter- 
lorking dual puUcyH 

IV. Cfuitroileu diftercntial-gcar systems 
Y. Maniifaulurera of various types uf variable- 
siieed units 


Gear Reduction tJnits and PLanetorque Reducers 


,BY J. N. Morrell 


I. Major design features 
n. Projier selection 

A. General advantages 

B. Efficiency 

C. Son'ice factors ^ 

D. Load rlssflifications 

1. High energy 

2. High momentary 

3. Brakes 

4. High input sf^cd 

5. Speed-increasing units 

6. Overhung loads 

III. Carp of gear reduction units 

A. Bearings 

B. Venting 

C. Lubrication 

1. Tcniperatiirc 

2. Type of ml and visroHily 

Airflez Clutches. 

I. Clutch types 

A. Common charartpristics 

B. General applications and functions 

C. Service factors 

D. Torque ratings 

E. Dimension tables 


8. Recommended hibricHnts 
4. Thermal capacities 

IV. Herringbune-gear reduction units 

A. Uigh-specd units 

B. Helical-gnar units 

C. Spiral-bevel-gear units 

D. Arrangements of shafts and rotations 

E. Hy])oid-gear units 

V. Guamiotnru 

A. AGMA classifications 

B. Gearmotor applicatiruis 

C. Planet r>rq lie nnhieers 

VI. Worm-gear reduction units 

A, AGMA classifications 

B, ^'an cooling 

C, Klectrir or>erators for valves 
VTI. Goar unit trouble chart 


.BY James B. Kellev 

II. The Rotorscal 

A. T')i*Higii 

B. Function 

C. Dimension tables 
i>. Quirk-release valve 


Torque Control) Tension Control, and Torque Amplification 


I. Torque control 

A. Essential information 

B. The slip-ring starter 

]. Theory of tlie slip-ring starter 

2. Application rbaracterirrtiRS 

3. Speed torque curves of motors and 
slip-ring starters 

4. Ratio of sliii-ring starter capacity to 
motor rating 

5. Relation of horsepower to coefficient 
of friction 

C. AppUcaiions where torque control Is 
aavantageons 

Bearings for Industrial Electric Motors.. 

1. Introduction 

11 . SLaeve- and antifriction-type bearings (gen- 
eral) 

A, ffleeve bearings 

B. Antifriction bearings 

III. Selection of bearings for the electric motor 


BY James V. Madden, M.K 

1. Torque limitations for various t: P'l 
of equipment 

D. The limit torque coupltrig 

1. Design cbarartcristics 

2. Uses and advantages 

II. Tension control 

A, Theory of this tension device 

III. Torque amplification 

A. mlien and where needed 

B. The mechanical torque amplifier 

1. Design 

2. Operation 


.BT J. W. SAMZEfiirf’ 

A. Ball bearings 

B. Ball-bearing mountings 

C. Ball-bearing assembly 
Z>. Sleeve bearings 

IV. Motor bearing inaiutenanoe 
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POWER BELTING, FASTENERS, PULLEYS, AND SHAFTING 

BY William Stanuk, M.E, 

POWER BELTING 

Deltinji; is one medium of delivering a given amount of power at a low cost per 
unit of time which should resulti provided the corn'ut type and size are employed, in 
the transmission of power at a low cost per horsepower per year over a long period of 
useful service. The function of power belting is lu transmit power economically. 
Therefore the us(t should be familiar with the eharaeterislics and properties of the 
\arious types of }>elting available. Mechanical and atmospheric operating conditions 
vary; henee knowledge of such conditions results in low maintenance, efficient power 
fl(4ivery, and lengthened life of the belting and other transmission appurtenances. 
Belting Types 

1. Leather 

2. Rubber 

3. Stitrlied cotton duck, impregnated 

4. Sohd woven cotton, impregnated 

5. (Camel’s hair, impregnated 
G. Balata 

7. Teon 

These typos vary in characteristics and atmospheric resistance based on the 
siilislance employed and the \anous methods of manufacture, 

Leather Belting 

The best leather for power Vielting is derived from the hides of three- or four-year- 
old steers. Such hides are of two classes, ‘‘packer” and “country.” Packer hides 
ure those taken from the animal in large packing houses by experts and hence are 
relatively free from flesh cuts, Country liides are those taken off by butchers, 
licltuig leather is made from that portion of the hide approximately 48 in. from the 
rool of the tail toward the head and 24 in. from each side of thf* backbone. This por¬ 
tion is known as the “butt bend.” The quality of the leather is generally determined 
IV the relation of the beltuig strip to the backbone center line. 

Preparing the green hide for leather belting consists of (i'l tanning by either the 
oak or mineral process, (2) cutting out the butt bend, (3) stuffing or currying the tanned 
hiitt bend, (4) cutting the butt bend into centers and sides, (5) stretching sides and 
‘ enters, and (G) glazing or jacking the sides and centers. 

Constructing the leather belt consists of a series of operations: (1) rutting the 
cc.^ers and sides into the required belting widths, (2) matching the strips for thick- 
* ‘ (3) scarfing and tapering the ends of the strips, (4) squaring the scarfed ends, (5) 

J fmbling and cementing by either a nonwaterproof glue or a waterproof cement, 
pressing, (7) trimming and stamping, and (8) measuring and finishing. 

The required strips are cut from both sides of the butt bend and are known as 
nghts” and “lefts.” Tliese strips are cemented end to end and must alternate right 
i>ad left throughout the length of the l)elt, with all edges toward the backbone on one 
and all edges toward the belly on the other, llie method is to join tail end to 
' end and shoulder end to shoulder end. The eoiistniction is shown by Fig. 14-1. 

In eementing together two singlo-plv leather belts to form a double-ply belt, the 
‘‘''ds are so arranged that each part of one lies in a reversed position to the other, 
be lap of a single-ply belt is mode as shown in Fig. 14-2 and that of a double-ply belt 
shown in Fig. 14-3, 
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Fiiat-quality leather belting depends upon the leather having fibers of firm texture 
and being free from sponginess and looseness. Leather out within 15 in. of each side 
of the backbone of the hide is generally considered first quality, but modern practice 
tends to select belting strips from the butt bend with regard to firmness of fiber rather 
than definite measured limits. 


i Loff i Come/ifed lap or Joint dopth 

Bock-bena spends upon tha width of 

A theMt^^^ 


All edges on this s{de toward bock-bone \ 

n 

'm 


IM 

m 


AH edges on this side toward belly 


Belly 

Fig. 14-1. Single-ply Icathor-belt construction. 


Running direction ^ Running dirbtfion — ^ 

Crain orpuiky side of had tifher side can be pulley side 

I 

Flesh side of belt _ 

Flesh to flesh 

Nofe:~AJf feafher bells should run so lhalihe poinfaf 
the lap on fhe oulside does no! run info fhe wind 
Fig. 14-2. Smglo-ply leather- l^io. 14-.’). Loublo-pl^ lenlher-bolt 

belt lap. lap. 



Second-quality leather belting is known as “low-(‘ut leal her” since it is cut from 
the butt bend beyond the 15 in. limit. It is cheaper than first-quality belting luid (‘an 
be used for light-power, normal driving. 

Several grades and brands of l<‘alher belting are manufactured, but essentiallv 
there are four distinct types: (1) nonwatc‘rproof oak tanned, {2) waU*rproof oak 
tanned, (3) waterproof mineral retanned, (4) waterproof combination of oak tanned 
and mineral retanned. 


Table 14-L Minimum Pulley Diameters in Inches for Oak-tanned Leather Belting 

at Various Belt Speeds 


Belt 

thicknoBB, in, 

Belt speed, fpiu 

1.0(10 

2 000 

3,000 

4,000 

.'>,000 

1 

1 6,000 

Binicle ply 








1>2 

2 

2'i 

2M 

3 

W 


2 

2’2 

3 


* 

ih 


2^' 

m 

4 

4H 

* 1 

f>h 


3>fi 

4 

4*i 

BH 

6 

7 

Double ply 








5 

6 

7 

B 

0 

10 


6 

8 

9 

10 

12 

13 

^%4. 

8 

0 

J1 

12 

14 

JO 


9 

11 

13 

IS 

17 

10 

*^4 

11 

14 

10 

18 

20 

22 

Triple ply: 







»«4 

18 

21 

24 

28 

.31 

8.3 

■^4 

20 

24 

28 

32 

30 

40 

•«4 

22 

27 

32 

30 

40 

45 
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Oak^tanned Leather Belttng (Ne&waterproot). ChamdMi^ 

1. Fabricated with hot glue. 

2. Made in one ply, two ply, and three ply. Known aa singlea, doubles, and 
Iriples. Four ply is aeldom used. 

3. Widths of singles, to 10 in,; doubles, 1 to 72 in.; triples, 12 to 72 in. 

4. Not flexible when new, therefore not adaptable to small-diameter ^high-speed 
pulleys. 

5. Possesses low stretrh. 

0. Coeffirient of friction; new, 0.27 to 0.45; well worn, 0.35 to 0.60. 

7. Can be made endless by maniifaeturcr or at point of application. 

8. Will not resist moisture, steam, acid, or high tom]}eratures. 

Oak-tanned Leather Belting (Waterproof). This type is similar to regular oak- 
lanned belting with one exception. It is fabricated with a moistureproof pyroxylin 
cement, and the leather is specially dressed to resist the action of mojature. 

Horsepower Formylns arid Tables for Oak-lealher Belting {Non water proof and 
11 aterjiroof) 

SiN(JL£s: 

fjight: in. thick, 40 lb allowable effective ten.^^ion per inch width 

Medium: ■''32 in. thick, 45 lb allowable effective tension per inch width 

IT(‘avy: ® i 6 in. tliick, 50 lb allowable effective tension per inch width 

Fohmlla: 

TT xs 

33,000 
1^ X 33,000 

^ n"x r 

A\hore T — allowiible effective tension, lb per in. width 
W ■= width of belt, in. 

B = speed of belt, fpm 

Table 14-2. Horsepower Rating for Medium Single-oak Belting P 32 In. Thick, 
Based on 45 Lb Effective Tension 


BlH'fii, funi 


12 

18 

11 5 

11 

21 

IG U1 









2 7 

3 4 

4 1 

4 8 

54 


6 9 

5 4 

8 2 
10 8 
13 5 
10 2 
18 0 
21 0 

G 8 
10 2 
13 0 
17 0 
20 4 
23 8 
27 2 

8 2 
12 3 
IG 4 
20 6 
24 6 
28 7 
32 8 

0 6 
14 4 
10 2 
24 0 
28 8 
33 0 
38 4 

10 8 
IG 2 
21 6 
27 0 
32 4 
37 8 
43 2 

J2 2 
IS 3 
24 4 
30 5 
3fi 6 
42 7 
48 8 

13 8 
20.7 
27.6 
34 6 
41.4 
48 3 
65 2 


'J Ju>so ratinjfo arc hofied uu IGft deg arc of contact and arc not coirected for tlio action of centnfugaL 

f 01 light mngli'a in. tluck, figure* ftO jicr cent of these ratings. 

I nr hea\y singles in. thick, figure 112 per cent of these ratings. 


Doubles: 

light: in. thick, 60 lb allowable effective tonsion per inch width 

Medium: ®i6 iii- thick, 65 Ib allowable effective tension p*'r inch width 

Heavy: in, thick, 75 lb allowable effective tensiou per inch width 
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Ttbla 14^ Horaepof^er IUitiB|; for Modium Doufale>oak Beltittg He In- Thick. 
Based on 66 Lb Effective Tension 



Triples: 

Medium: ^2 in. thick, 100 lb allowable effective tension per inch width 
Heavy: ?i e in. thick, 110 lb iillow'able effeclivo tension per inch width 

Table 14-4. Horsepower Rating for Medium Triple-oak Belting Thick, 

Based on 100 Lb Effective Tension 


Belt Bpced, fpm 


W latl) nf 


belt, in 

200 

400 

C,(K) 

800 

1,000 

1,500 

2,000 

2,500 

3 000 

3,500 

4,000 

12 

7 

14 

21 

28 

35 

55 

70 

91 

110 

127 

140 

U 

8 5 

17 

25 5 

34 

42 5 

64 

85 

106 

128 

148 

170 

16 

9 6 

19 

28 5 

38 

47 5 

73 

95 

121 

146 

169 

190 

20 

12 

24 

36 

48 

60 

91 

120 

151 

182 

212 

240 

24 

14 5 

29 

43 5 

58 

72 5 

HO 

145 

182 

220 

254 

200 

2K 

17 

34 

51 

68 

85 

127 

170 

212 

254 

300 

340 

30 

18 i 

36 

54 

72 

90 

136 

180 

228 

272 

320 

360 

36 

22 ' 

44 

06 

88 

110 

164 

220 

274 

.328 

380 

4.M 

44 

27 

54 

81 

108 

135 

200 

1 270 

334 

400 

465 

6^0 

48 

29 

58 

87 

116 

145 1 

218 

290 

3h2 

436 

510 

580 

GO 

30 

72 

108 

144 

180 

272 

3h0 

450 

544 

635 

720 

72 

44 

1 _ 

88 

132 

176 

220 

326 

440 

650 

052 

820 

880 


Thesf ratitiRS are based on 105 d«*K arc of contart and are not corrected for Ihe action of centrir iC«l 
force. For heavy triples, Hs in. thick, hanre 111 per rent of these ratings. 


BSInerBl-retanned Leather Belting (Waterproof^ This type is oak leathc 
retanned by a mineral process. The mineral process of n^tanning produces a leaf^ ‘r 
entirely different from that created by the regular oak tannage, and it therefore 
different characteristics. 

CWoctensf/cs 

1. Made in similar plies, thicknesses, and widths as regular oak but pcjsscsrics 
greater power-transmitting ability ply for ply and width for width. 

2. Fabricated with a cement insoluble in water, moisture, or steam. 

3. The leather is treated to resist water, moisture, steam, and acids. 
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4. Tuxtremely flexible in all thir^ftnejsscs, therefore adaptable to high-bpeed smaU- 
djamoter puUoyB. 

5. Coefiicieiit of friction, 0.60 to 0.87. 

6. Can be made endleas by manufacturer or at i^omt of application. 

7. Will reaibt water, moisture, steam, tcmpK'raturee to 130°F, muicral oil, cutting 
rompouuds, and also the action of the mibts and vajKirs of the corrosive acids lor a 
considerable penod of tiiuc. 

8. Cannot be dressed with the compounds used for oak-tanned leather. 

Horsepower Tahltsfor MituiaUreianned Ltalhtt JhlUng 

Singles: 

Light: ig in. thick, 4o lb allowable eflertive tension per inch width 

Medium; ) \ 2 m. thick, 50 lb allowable effective tension per inch width 

Heavy: ’’i b m. thick, 55 lb allowable effective tension per inch width 
Table 14-6. Horsepower Rating of Medium Single Mineral-retanned Belting 
^3 2 In* Thick, Based on 60 Lb Effective Tension 



thiftl doubliH W in thick', lijfi 

*ok, figure 114 per cent of these ratings 
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Triples; 

Medium: in. thick, 110 lb allowablo effective tension per inch width 

Heavy: ?^6 ui* thick, 120 lb allowable effective tension per inch width 

Table 14-7, Horsepower Rating of Medium Triple Mineral-retanned Belting 
111' Thick, Based on 110 Lb Effective Tension 



Combination ot Oak-tanned and Mineral-retanned Leather Belting, 'riiis tyjx* is 
made of a combination of oak-taniicd and minnal-rctanncd li'athcrs. It isfaliricatcd 
flesh side to flesh side and is available in doubles only, l^y ibis cimstruciion t lu* hii»h 
frictional grip of the mineral-rettinned Icatlicr mid the lougli Tigidit> of the ojik-tanncd 
leather are combined into one belt. The condiiiiatioii of tlu‘.s(‘ fcaiiirt's it dcsiitiblc in 
heavy-powered slow-spccd drives and particularly where tlie use of hliiltiin; bolts for 
such driving is required. 

It is specially manufactured for shifting drives and for stc]q)cd-rone and Mangcd- 
pulley operations, since the oak ply resists the traiisvoise ciumiding action caused h^ 
shifter forks, the edges of stepped coiie.s, and pulley ilangcH. 

Character istioi 

1. Made in thicknesses and widths similar tf) iiiedinin and heavy double-oak 
leather. 

2. Fabricated with a cement insoluble in w'alcT, moisture, or stenm. 

3. !More flexible than double-oak leather, based on the inineral-ret4iniiefl ply. 

4. (^efficient of friction, 0.60 to 0,87. 

5. (Jan be made endless liy manufacturer or at point of application. 

6. Will resist water, moisture, steam, temperatures to 130''F, mineral oils, mil 
rutting compounds. 

7. Nonresistant to the corrosive acids or their mists and vapors. 

8. Should not be dressed with the compounds used for regular doid)le-oak leather. 

Horsepower Tables Jot Combination Oak-tanned and Mmeral-rttanned Leathf^ 

Belting 

Medium: in. thick, 70 lb allowable effective tension per inch width 

Heavy: in. thick, 80 lb allowable effective tension per inch width 


Note: Use Table 34-6 for horsepower ratings of medium-weight, 0 -in.-thiek con 
bination oak-tanned and niiiLcral-retaniied leather belting. 

For heavy weight in. thick, figure 114 per rent of the ratings given in Tnbie 14 o. 


Atmospheric Effects on Leather Belting. Oak-tanned Nm water proof. An 
atmosphere charged with steam, moisture, or at a tcmpt*rature above IIS^F caUbC'j 
separation of the laps and plies. An atmosphere chaiged with the mists or vapors 
of the corrosive acids attacks the leather. 
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Oak-tanned Waterproof, An atmosphere charged with steam or moisture or at a 
tomporature of 116“F has no effect on the laps and plies. An atmosphere ehar^ 
with the mists or vapors of the corrosive acids attacks regardless of'the special dressing 
of the leather and the use of pyroxylin cement. 

Afineral-retantied Waterproof. An atmosphere charg(^d with stcam^ moisture, or a 
temperature to 140'’F has no effect on the laps and plies of the leather. An atmos¬ 
phere charged with the mists or vapors of the corrosive acids attacks this typo of 
leather, but its action is slow. 

Combination of Oak-tanned and Mineral-rftanned Waterproof. This type is steam- 
aiid moistureproof and will resist a temperature of 140®F owing to a Special 
dressing of tlie oak ply, the use of pyroxylin cement, and the mineral-retanned ply, 
but tho oak ply deteriorates when exposed to the mists or vapors of the corrosive 
acids. 

Leather-belt Dressing or Lubrication. The term ^‘dressing” as applied to 
leather belting signifies the lubrication of the fibers of tho leather. It does not mean 
creating a sticky surface. Leather belting of all types requires periodical dressing or 
lubrication, since the heat generated by frictional contact wjlh the pulleys tends to 
dry out the currying ingr(*dicnta. This results in the leather ber^oniing dry and hard. 
The leathiT should be dressed with a compound containing the (‘urrying uigredients so 
that penetration and a rehibrieation of the fibrous fetructiire result. 

Leather-belting inaiiulaeturers supply dressing compounds which contain the 
furrying materials einployisl in the manufacture of oak-tanned nonwaterproof and 
waterproof leather beltuig, Mineral-retanned leather requu-es a compound different 
from that required by onk-tanried leather. Such compounds can also be obtained 
from the respective manufacturers. 

ITiider normal atmospheric and operating conditions leather belting should be 
dressed every two or three weeks. The most (‘ffi'ctive results are obtained by apply¬ 
ing tho lubricant to the outer surface or ply. This yiermits the material to work its 
Wiiy tlirougli the lofither and th<‘r(‘lore pre-sent.^ a slijipery driving surface on the belt 
and an aceuinulatiou or gummmg of the liibiiennt on the pulley taee. If the pulley- 
(cmtaet surface of the belt is very dry, a small amount of the lubricant can be applied 
to this surface with safety 

Clic'ip and hiw-grade stick and simidiquul belt dressings which generally contain 
the ingredients shown in Table* 11-8 should not be* use‘d on leather belting of any type: 


Table 14-B 


Stick iipc 

Pci cent 

Sr mill quid t%iM* 

Per oont 

nrapliiti 

22 

Trt 

.30 

RriMii] 

27 

ItafH' sold cii ontldu ml 

54 

oil 

44 

Ro^in 

10 

J’drafTm 

7 




C'orrect Dressings for Leather Belting. Oak-tanned Nonwaterproof Preferably, 
t'< 'Mwmids supplied by lenthei-belting manufacturers. Conimereial castor oil and 
nc \tVfoot oil (3 parts eustor to 1 part neat’s-foot). 

Oak-tanned Waterproof Same as for oak-taiiiied nonwaterproof. 

Min(raUielanned Waterproof. Ckmipouuds supplied by leather belting manufac- 
tnr<‘rs only. 

OowbiruaNon Oak Tanned and Mineral Retanned. Compounds supplied by leather 
helling mnnufaeturers only. 

Standard Prices of Leather Belting. The price of leather belling is s(*t at a stand- 
'ud of 24 cents per Foot of single ply, 1 in. wide; double or two ply, 48 cents per foot, 
i m. wide. These list pricos ai’c subject to current trade discounts. 
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Rubber Belting 

Kubb^ beltmg, generally kno^n as ‘'friction-surfare rubber,” is composed of two 
or more thicknesses, termed plies, of various weights oF cotton duck, impregnatctl and 
fiintioned with a tough slow-aging rubber compound. 

The cotton duck is the element of tensile strength. Therefore the belt is graded 
to the weight and quality of the duck. For the average nibbcr belting the duck weight 


Table 14-9. Minimum and Maximum Plies of Rubber Belting 


Width of 
belt, m. 

Minimum num¬ 
ber of phes 

Maximum num¬ 
ber of plies 

W'nltb of 
bi-lt, m. 

Miiiiinuin nuiri- 
bi'i of plies 

Maximum num¬ 
ber of plies 

2 

3 

4 

10 

5 

8 

3 

3 

4 

18 

5 

8 

4 

3 

6 

20 

5 

8 

S 

4 

5 

22 

5 

8 

6 

4 

6 

24 

5 

8 

8 

4 

6 

26 

6 

8 

10 

4 

6 

30 

6 

10 

12 

4 

6 

36 

6 

10 

14 

5 

8 

42 

6 

in 


varies from 28 to 32 oz which, according to the United States trade standard, signific'S 
that the actual scale weight of a piece of duck 36 by 42 in. \\hen dry is 28 to 32 oz- 
The actual weight of the duck is not solely the strength factor because quality, weave, 
and length of the fiber have a decided effeet. The average ultimate tensile strength 
of 32-oz duck 1 in wide is 440 lb. Tn f>alculating the strength of rubber belting, a 
factor of safety of 20 is employed. The tensile strength of the entire belt is approxi¬ 
mately one-third less than the sum of the plies when taken separatidy. 

The friction or the grade of the rub- 


Table 14-10. Proper Number of Plies for 
Regular 32-oz Duck Construction, 
Based on Pulley Diameter 
and Speed 


her compound employed governs the 
degree of adhesive tendency between the 
duck plies and also the coetfii'ient of 
friction of the belt. This grading is 
measured in pounds and is liused on the 
quality of the rubber compound. Fric¬ 
tions used are 20, 22, 21, 26, and 28 lb 
This pound friction is dctcTmined by th< 
re.sistaiicc of tlic rubber coinpoiind to tin 
weight required, if a 28-lb friction is 
desired, a 28-lb weight or pull is applit^l 
to a iieeled-back ply of the l>elt 1 in. wide 
It mu.st not separate longitudinally inoK 
tliun 1 in. per min. The duck and tic 
frielion arc the grading eharactcTistn'S >1 
rubber bedting as a 28-oz-28-lb fnctioii 
belt. 

The manufacture of the bell is a senes 
of ofierations: (1) The duck is thoroui,ldv 
inspected and dried; (2) it is impregnated and frictioned w'itli the rubber compound' 
the rubber must be compounded so that the re.^ultant material will be highly eliistif 
tough, and capable of retaining thene quaUties throughout the transmission life of''s* 
belt—(3) the cutting or sizing of the impregnated and frictioned du(k to tlie beb 
width required; (4) folding and placing tlie duck strips based on the thickness or num¬ 
ber of plies required if of folded eonstniction—if of raw-edge construction, folding is 
not employed—(5) vulcanizing; (6) inspecting, testing, measuring, talcing, and rolling 
Organic accelerntt^rs, antioxidants, flex-resisting ingredients, and many other iic\\ 
compounding materials have been developed by the rubber industry. All thefae 
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J'iilU*> diameterh, in 

Number 

— 

— 

— 

of plies 

1 Tinier 

2,000 to 

4,000 to 


2,000 fpm 

4,0(H) f])ni 

4,6(K) fpm 

3 

2 

.3 

6 

4 

4 

0 

8 

5 

10 

14 

18 

6 

16 

20 

24 

7 

22 

26 

30 

8 

28 

32 

1 38 

9 

34 

38 

44 

10 

40 

44 

50 
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irnprovementfi have been applied to'the bonding material used in rubber4abiic belta. 
As a result, the quality of the bond has boon steadily improved. 

Charactaristics* Regidar FMed Type and Ray)-^dge Type f 

1. Made in 2, 3, 4, 5, 6| 7, 8, 9| 10, and 12 plies. 

2. Made in widths from 1 to 84 in. 

3. Ultimate tensile strength of good quality 32-oz duck per in. width equals 
4 40 lb; of 28-oz duck per in. width, 360 lb. 

4. Moisture-, water-, and steamproof. 

5. Heatproof to 130°F. 

6. Will not resist corrosive aeids or their niists and vapors. 

7. Cannot be penetrated by any belt dressing. 

8. Deteriorates when exposed to excessive mineral oil. 

9. Average eoefllcient of friction, 0.35 bo 0.45. 

10. CJan bo made endless, preferably by manufaeturer. 

Horsepower Formula for Rubber Belting (Standard-weight Dudr Type)« The 

poiicral expression for liorsepower transmitted by a belt is as given for the varioua 
types of leather belting; but for belting made of plies of fabric, the effective tension or 
{Ti — Tz) is expressed in pounds per inch width per ply of thickness or “poiuids per 
plj inch." Therefore, the formula for duck-ply belting is expressed as follows: 

Hp = WNSiTi - ^2)733,000 

\liere W =* width of belt, in. 

N *■ number of plies 
S — Mi speed, fpm 
Ti — tight-side tension, lb per ply inch 
Tt * slack-side tension, lb per ply inch 
(Ti — Tt) ** effective tension, lb per ply ineli 

Itubber-helt manufacturers hnv<* nwised and simplified the formula for horsepower 
rupncily in ternis of maximum tension Tu The Hiinplified formula is 

Hp = lWXS{Ti - 7;)/33,000| [1 - (1/R)] 


whrK‘ Hp = hp capacity of belt 
W — width, in. 

N = number of plies 
5 «= belt speed, fpm 
Ti = tiglit-side tension, lb per in. width 
Tr — eeiitrifugal tension p<‘r in. widtli 
|1 — (1/i?)] = correction factor for arc of contact (see Table 14-11) 

Thirty-iwo-ounee duck is generally used for good-ciuality rubbf^ InOting Based 


oil an average ultimate tensile strength 
for this weight of 440 lb, the allowable 
‘ Hective tension is 25 lb per in. width of 
(luck or a factor of safety of 17*ij. 
t f'l “ 7V) can therefore be calculated as 
-5 lb for a 32-oz duck belt and 20 lb for 
a 2S-OZ duck belt. 

Initial Stretch of Ply-construction 
9libber Belting. Friction-surface ply- 
C( n^tructed rubber belting will stretch 
n ilidlly; therefore under normal operat- 
P conditions it should be adjusted oeca- 
h'oimlly during the early periods. When 
Jplying this type of belting, it should be 
short of the actual length necessary 
' lollows; 


Table 14-11 


\tx of 1 
rental 1, deg 

1 - (l/R) 

Arc of 
contact, deg 

1 - (1/ft) 

90 

0 20 

190 

0 51 

100 

0 32 

200 

0 53 

no 

0 35 

210 

0 55 

120 

0 37 

220 

0 67 

130 

0 30 

1 230 

0 58 

140 

0 41 

240 

0 60 

150 

0 44 

250 

0 61 

100 

0 40 

200 

0 63 

170 

0 48 

270 

0 64 

180 

0 50 




Three-, four-, end five-ply thickness, cut short ?a 2 in. per fool; 

seven-, and eight-ply thickness, cut short in. per foot; 
Nine-, ten-, and twelve-ply thickness, cut short ?3 2 foot. 
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Atmospheric Effects on Rubber Belting. An atmosphere rharged with moisture, 
water, steam, or a temperature of ]20°F has no efteet. 

An atmosphere charged with mi^ls or vapors of sulfuric and nitric acids deterioratcM 
and finally destroys the outer or suiface colion-iluck plies. 

At temperatures above 120"F the rubber eonipoiind tends to diy out and (Tack. 

When exposed to nitric acid the rubber compound becomes blimy, and the cotton 
disintegrates. 

Continuous exposure to mhiernl oil causes deterioration of the rubber eoinpound 

Dressing the Rubber Belt. A rubber belt of any type (Miuiot he penetrated by 
dressing compioundb; therefore it is not possible' to luhricale the internal fibers. All 
compounds applied rrniiain on the surface of the bc'lt: hence caution must be used in 
the coTupoundb (mployed. Ply separation and loss of iMiwer-transinittiiig ability are 
frequently caused by thi* use of sticky, resinous dressings o\i iiig lo the belt sticking to 
the pulley and the accumulation of lumps oi» llie imJley face. 

Rubber helting of all types should be dn'bsed peiindically with vegetable, castor, 
or linseed oils. These amII nmiove the riibbei “Idoom” fiom new belting and soften 
the surface of used belting. These oils furnibh a nondaiigeious tackiness or adhesive¬ 
ness between the belt and the iiiilleys. 

Stitched Cotton-duck Impregnated Belting 

Cotton-duck impregnated belting is commonly knoun as “stitched canvas.” It is 
composed of plies of iiiipiegiiati^d cotton duck stitched or scued togethci The 
quality of the belt (h'penrls upon the grade and weight of diu'k, thc' method of stitching, 
and the impregnating eompoiind. 



Fig. 14-4. Stitched cotton-clurk belt—^round-edge construction. 

Construction. (Icnerally, Sfi- to 37>2-oz duck is einplo>od for stitcbc'd cotton 
duck impregnated belting, having an ultimate tcmsilc strc'iigth of 550 to 600 lb per 
in. width. The duck is cut and folded to the required belting size and stitched finnU 
together. The structure is impregnated with eomiwunds lo furnish diiiability, luhn 
cation, ajid frictional value. After impregnation the exeess coiupoimds are removed, 
and the belting lengths are tensioned. 

Types. T here are t\u) geiieial types, the “round-edge” and the “lolded edge'’ 
The round-edge eonstniction, shoun in seriioii for four-piv and si\-ply belting h 
Fig. 14-4, employs the “miicrlocked” stitch, particularly abo\e four ph, in jidditiot. 
to the straight-through stitch; while the foldtHl-edge construction, shown m section h^ 
Fig. 14-5 for four ply and six ply, einplo\s the stiaight-throiigli stitch foi all thuk- 
ucsBCB. The round-edge construction, in of the inneilockc*d stitch, rebultb in i 
securely bonded belt and therefore furnwlu's resistanee to plv separation, nie roio 1 
edge resists to a considerable degrc'e the action of shifter forks and also tends to pn vu t 
premature cracking of the bolt edge. 

Table 14-12. Relation of Number of Plies to Pulley Diameters and Speeds 


J^ullev ilmiiK t»*r, in 


ncit Rjireo, ipm 

4 pl\ 

5 plv 

6 ply 

8 ply 

10 ph 

Up to 1,000 

3 

4 

0 

12 

24 

1,000-2,000 

4 

5 

8 

1ft 

.30 

2,000-3,000 

5 

0 

10 

IS 

30 

3,000 4,000 

0 

7 

12 

2i 

43 

Over 4,000 

? 

6 

14 

24 

48 
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Characteristics 

1. Made in 3, 4, 5, 6, 8, 10, and 12 plies. 

2. Made in widths from 2 to 72 in. 

3. Coefficient of frielion, 0.25 to 0.60. 

4. PoHRc^Hses flexibility, elasticity, and resistance to ply separation. 

5. Will hold any type of metalliu fastener and can be rawhide or More laced. 

6. Should not be made endless. 



Fig. 14-5. Stitchod ootton-duok bolt—folded-edao constmetion. 


7. Resistance to moisture, water, steam, heat, and slight mineral oil. 

8. Should not be used in the presence of the ooirosive acids or their mists and 
vapors. 

9. Actual acid contact quickly attacks the duck. Caustic stiffens the entire 
structure. 

10. Temperature up to 140®F has no effect on the better grades of this type of 
licit. Above a drying out of the impregnating compound occurs. 


Table 14-13. Horsepower Ratings of Good-grade, Stitched-cotton Duck, Impreg¬ 
nated Belting 


Belt speed, fpiu 


ITfirHepuwcr transnuited by a belt 1 in. wide 


4 jdy 

6 ply 

6 lily 

8 ply 

10 ply 

200 

0.36 

0.45 

0.54 

0.63 

0.72 

400 

0.72 


l.OB 

1.26 

1.44 

600 

L.08 

1 35 

1.62 

1.89 

2.16 

800 

1.44 

1.80 

2.16 

2.52 

2.88 

1,000 

1.80 

2.25 

2.70 

3.15 

3.60 

1 ,200 

2.16 

2.70 

3 24 

3.78 

4.32 

] ,400 

2 52 

3 15 

3 78 

4.41 

5.04 

1,000 

2.88 

3.60 

4 32 

5 04 

6.76 

1,800 

3.24 


4 80 

5.67 

6.48 

2,000 


4.50 

6.40 

6.30 

7.20 

2,200 

3.04 

4.93 

5 92 

6 80 

7.88 

2,400 

4.26 

5.32 

6 38 

7 40 

8.52 

2,000 

4.56 

6.70 

6.84 

7.98 

9.12 

2,800 

4 8G 

6 08 

7.29 

8,50 

9.72 

3,(MH) 

6.16 

6.44 

7.73 

9.02 

10.30 


5.42 

6.78 

6.12 

9.50 

10.84 


5.07 

7 08 

8 50 

0.92 

11.34 


5.90 

7.38 

8.86 

10,33 

11.60 

3,800 

6.11 


9 16 

10.68 

12.22 

4,000 

6.20 

7.86 

1 9.43 

11.00 

12.58 

4,2(K) 

0.46 

8.07 

9.69 

11.30 

12 92 

4,400 

0 60 

8 26 

9 91 

11.65 

IH 20 

4,600 

6 73 

8.42 

10.10 

11.77 

13.40 

4,800 

o.ai 

8.54 

10.25 

11.05 

13.66 

5,000 

0.02 

8.65 

10.38 

12.11 

13,84 

5,200 

7.00 

8.75 

10 50 

12.24 

14 00 

6,400 

7.00 

8.83 

10.59 

12.35 

14.12 

5,600 

7.11 

8.89 

10.66 

12.44 

14.22 

5,800 

7.14 


10.71 

12.49 

14.28 

6,000 

7.15 

8 94 

10.73 

12.61 

14.80 


This table, based on an arc of contact of 165 deg in corrected for centrifugal foroa. 
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MECBANWAl POWKB TRANSMISSION 


Dressy 6 titched«ootton Duck Balt The iniprognating compounds of good- 
quality stitched‘*cotton duck belting serve as a lubricant to the cotton fibera during the 
life of the belt. When the belt is used in Ihe proper atmospheric conditions, a tacky 
frictional surface is evident. Other foinis of dressings arc not required. The pulley 
surface of the belt should be periodically biushod, particularly ^hen abrasive sub¬ 
stances are present. 


Camel’s-hair Belting 

Camel’s-hair belting is composed of hair and cotton woven tightly together. It 
is known as “camel’a-hair'* belting because the principal power-transmitting medium 
is the long hair of Bactrian cann^ls The earners hair and cotton yams are woven 
together under heavy tension^ resulting in a solidly \noven one-piece fabric After 
weaving the fabric is thoroughly impregiiated viih suitable compounds for the pur¬ 
pose of lubrication and protection. 

Characteristics 

1. Made in four thicknesses; lightweight, e ui- thick; single eight, ^4 m. thick; 
double weight, to Jt, in. thick, extia-hoa\y weight, s ui- thick. 

2. Made in widths from 1 to 41 in. 

3. Possesses high clastic qualities and flexibility 

4. Remains soft and pliable during entire life. 

5. Does not slirink. 

6 . Abihty to absorb shocks. 

7. Not affected by mineral oil, unless excessive 

8 . Moisture-, watei-, ari<l steam proof 

9. Will resist temp<*ratures up to 300 

10 . Will ressiat the action of the corrosive acnl mists and vapors for long pedods 
Imt stiffens under the action of caustic 


Table 14-14. Relation of Thickness to 
Pulley Diameters and Speeds 




Mimiiiuiri puUoN 



diaim ttrs, in 

Hpight of hair 

TluLkm'hH 

1 ^ 

1 

belUiiff 

lU 

1 

1 T l> 

1 2 000 to 



2 000 

1 4 5(¥) 


1 

fjjm 

1 fl<f» 

Lifcht 

1 

< 1 

1 5 

Sinele 

^4 1 

5 

7 

Double 

to , 

10 

li 

Extra hGa\ y 

9l 6 1 

Hi 

24 


Table 14-16. Allowable Effective Ten¬ 
sions of Camel’s-hair Belting, Pounds 
per men Widtn 


W 1 i|j(ht 

liuckiiess, in 

Puiinfls 

LlRllt 


10 

buiKlp 

U 

50 

Double 

® 12 to *11 

75 

Extra heavy 

“lG 

100 


Horsepower Formula and Table. C^amelVliair belting is solid woven, henceth( 
horsepower capacities are based on cletiiiite allowable cflective tensions i*er iiuh of 
width. The formula is similar to that used for leather belting. 

Elastic Qualities. Bi^cause of the h.ur eoiisiniction, camcl’&'hair belting posse‘>^(''^ 
considerable elasticity. It Bhoul<l therefore be applied to the pulleys extremeh 
tightly. Because of Its high elastic qualities, mitjal stretch is immediately evideifl 
This comes out rapidly After one or two take-ups the belt will not stretch beyo' 1 
its clastic limit. 

Dressing the Comel’s-hair Belt. Tlie impregnating compounds used preserve an<> 
lubricate the simeture The lieat of transmission and exci'ssivc oil gradually lessen 
the impregnating compound, therefore this lubricant and pnwrver should be replaciHt 
Camera-haiT belting should be drefl 8 <‘d periodically by special oils or dressings furnished 
by the manufacturers. No other dressings should be used. 
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Table Table of Horoepover lot Camel’a-lialr l>ouble Beltiag 



1 or hffht ni Millie, T)uilti]>lv ratingH kivoii h\ (I 5B, for liirht-double, niuUiiiI> ratiiiffh Rivrn by 0 7S; 
Itir cxtra-heav\, rnultiply ralinfca Kivcn bv I A3 TIum fable lu r(>nBer\atiA for averaRe couditiona; it la 
>>ased on an arc of contaef of ]f>B dof; and is not lurrarted for rentnfueal force 

Solid-woven Impregnated Cotton Belting 

iSf*lid-woven inipregnuicd cotton bolting is made from long-fiber fine-quality 
domestic cotton woven aolidly together 


to form variouH ^thicknesses of belting Table 14-17. Relation of Thickness to 
\ ibne. To protect the cotton from me- Pulley Diameters and Speeds 

thnmcal and atmospheric effects it is -— 

impregnated thoroughly with spi'cial Minimum pulley 

(oinpounds. dianiet4*r8, in. 

Characterise lCS ihnkiK^s —- 

1. Mode in single, heavy single, a.oooto 

I liiuide, and triple thirknesses. 2,000 fpm 5,000 fpm 

2 Made in widths from 1 to 36 in. _ 

3. Alternate wet and dry conditions 

('uise g1 retch and shrinkage. ^hrIp ... 4 6 

4. Ability to absorb shocks. Double 8 10 

5. Not affoetf‘d by minenil oil, unless Triple i5 IS 

i xcesflive. . , - 

6 Moisture-, water-, and stenmproof. 

Horsepower Formula and Table. Tliis typo of rotton belting is a solid-woveji 
product; therefore the horsepower capacities are based on definite allowable effeetive 



Minimum pulley 


dianipt^ers, in. 

1 lu( kiK >«I9 




l"p to 

2,000 to 


2,000 fpm 

5,000 fpm 

SiiikIp 

4 

6 

Hrttw (uuffle 

6 

8 

Double 

8 

10 

Triple 

15 

18 


Table 14-18. Allowable Effective Ten- ^'ns.onspcrinchofwdth Thefonnula 

dons, Pounds per Inch Width “ 

^ j Dressmg the Solid-woven Cotton 

1 . . 1 , . *40 ** A solid-woven eotton belt is dressed 

iibie, up to 8 iu 80 by the impregnating compounds. They 

^ protect and lubricate the cotton fibers. 

Oontaet with mineral oil and the heat of 
>iismittiiig power gradually reduce the compound. It should be replaced by special 
dri'SMnga furniHh(nl by the iiiaimfact un»r. No other dressiiiga should be used. 


Balata Belting 

Balata belting is constructed from 30- to 38-oz cotton duck, thoroughly impreg¬ 
nated with a gum called ‘*balata.” The gum restunbles gutta-percha. The proper- 
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Table Horsepower Table for High-grade Solid-woven Cotton Belting, Based 

on an Allowable Effective Tension of 100 Lb 


T^dth, in. 


fpm 

1 

2 

3 

4 

5 

6 

7 

S 

9 

10 

11 

12 

13 

14 

15 

16 

17 

18 

19 

20 

fiOQ 


3 

4H 

6 

7H 

9 

lOBi 

12 

13 ^ 

16 

16'a 

18 

19 h 

21 

23 

24 

26 

27 

29 



3 

6 

9 

12 

15 

IS 

21 

24 

27 

EE 

33 

36 

39 

42 

45 

48 

52 

66 

68 

61 


4H 

9 

13H 

18 

23 

27 

32 

36 

41 

45 


55 

59 

64 

68 

73 

77 

82 

86 

9J 

2,000 

6 

12 

18 

24 

30 

36 

42 

48 

65 

Cl 

07 

73 

EZB 

85 

91 

97 


109 

116 

121 

2,600 

7H 

16 

23 


38 

46 

53 

B1 

68 

70 

83 

91 

98 


114 

121 

129 

136 

144 

152 

8,000 

9 

18 

27 

36 

46 

66 

64 

73 

82 

91 


MB 

118 

127 

136 

145 

155 

164 

173 

182 

3.600 

lOM 

21 

32 

42 

63 

64 

74 

85 

95 

itiTn 

117 

127 

138 

148 

159 

170 

180 

191 

202 

212 


mm 

m 

Em 

48 

61 

73 

85 

97 

lEH 

121 

133 

145 

158 

iFiil 

182 

194 

206 

218 

230 

242 

4,600 

ia« 

27 

41 

66 

68 

82 

95 


123 

136 

150 

164 

177 

191 

205 

218 

232 

245 

269 

273 


16 

30 

45 

61 

70 

91 

106 

121 

136 

152 

107 

182 

197 

212 

227 

242 

258 

273 

288 

303 


IBM 

33 

ISM 

67 

83 

kBI 

117 

133 


167 

183 

BSi 

217 


250 

267 

283 

300 

317 

333 

6.000 

18 

36 

56 

73 

91 

109 

127 

145 

164 

182 

200 

218 

230 

255 

273 

291 

309 

327 

345 

304 


19H 

39 

59 

79 

98 

118 

138 

158 

177 

197 

217 

230 

256 


205 

.315 

335 

355 

374 

394 

7,000 

21 

42 

64 

85 

FTim 

127 

148 

170 

191 

212 

233 

2.'i5 

270 

297 

318 

339 

361 

382 

403 

424 


23 

45 

68 

91 

114 

136 

159 

182 


227 


273 

295 

318 

311 

364 

386 

109 

432 

455 

8.000 

24 

48 

73 

97 

121 

145 


194 

218 

242 

267 

291 

315 

339 

364 

388 

412 

436 

461 

485 

8,500 

26 

62 

77 


129 

155 


206 

232 

258 

283 

309 

335 

.{(>1 

n^^o 

-112 

438 

404 

489 

515 

9.000 

27 

55 

82 

109 

130 

164 

191 

218 

245 

273,300 

327 

355 

382 

40<) 

436 

401 

191 

518 

545 

0,600 

29 

5B 

86 

115 

144 

173 

202 


259 

2881317 

345 

374 

403|4.12 

461 

489 

516 

547 

576 

10.000 

30 

61 

91 

121 

152 

182 

212 

242 

273 

303|333 

364 

304 

424|455 

485 

515 

545 

570 

boo 


Based on an are of eontart of 1OA dcA and not roireit( cl for coiitiifiic^'a) forec Ilon^epowir euimeities 
for the variouB allowable effective U'Umoiim ran. be proportionrd to tlna tabuiatjoii. 


ties that distinguish it from other gums and mako it especially valuable os a substann* 
for power belting are its toughness and waterproof qualities. Balata gum will not 
bond with any foreign material. It will bond with balata only. 

Characteristics of Balata Belting 

1. Made in 3, 4, 5, G, 7, 8, 9, and 10 
plies. 

2 . Made in widths Froiii 1 to 72 in. 

3. Possesses lf>w stretch. 

4. Tlie din k is impregnated with the 
gum, not frirtioned. 

5 W'lll resist water, moisture, and 
bteani 

6 Is dry-hf‘at-proof to 10f>®F. 

7. Balata gum melts at 120°F. 

8 . Txjw resistance to the action of 
mineral oil. 

9. Can be made endless by manufac¬ 
turer. 

Dressing the Balata Belt. This type 
cannot be pent^trated by any dressing compound. If the pulling surfaci* Iwomes dry 
and hard, vegetable castor oil should be applied sparingly. This oil has a softening 
effect and prepuces a "tacky” nondangerous surface on the belt. 

Teon Belting^ 

Teon belting is of cotton-duck ply constniction. The plies are hold togeiher by a 
special cement reinforced by metallic brads arranged in longitudinal rowT at close 
pitch. This metallic stitching aids in preventing pjy separation. 

■ EnsUsh manufacture. 


Table 14-20. Relation of Number of 
Plies to Pulley Diameters and Speeds 



Miiiimum pulley diamt^terh, in. 

Number 




Up to 

2,000 til 

4,00n tw 

of plies 


2 000 fpra 

4,000 fpm 

5,000 fpni 

3 

3 

4 

5 

4 

5 

6 

8 

5 

8 

10 

12 

6 

12 

14 

16 

8 

18 

20 

24 

10 

30 

34 

38 
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Table 14>91. H«ne|io«wr Ratiagi for Balata B«Ma( 1 lal >Rnde 


Spefid of belt, 
fpm 


4 ply 




m 

9 ply 

10 ply 

600 


0 90 


1 51 

1 81 

2 12 

2 42 

2.71 

750 


1 36 


2.27 

2.72 

3 18 

8.63 

4 08 


1.21 

l.Bl 

2.42 

3 03 

8.63 

4 24 

4.84 

5.44 

1,250 

1.61 

2.27 

3 03 

3.70 

4 55 

6 30 

6.00 

6.82 

1.600 

1.81 

2.72 

3 63 

4.65 

6.45 

6.36 

7.27 

8.17 

1,760 

2.12 

3.18 

4.24 

5.30 

6.ab 

7.42 

8.48 

9.64 

2,000 

2.42 

3.63 

4.85 

6.Oft 

7.27 

8.48 

9,70 

10.90 

2,260 

2.72 

4.00 

5.45 

6.82 

8.18 

9.64 

10.90 

12.27 

2,600 

8.08 

4.64 

C.06 

7.58 

9.10 

10.60 

12.12 

13.64 

2.760 

8.38 

4.09 

6.66 

8.34 

10.00 

11.66 

13.32 

14.99 

3,000 

3.G3 

5.44 

7.26 

9.10 

10.90 

12.72 

14.52 

16.34 

3,260 

3.03 

5.00 

7 87 

0.85 

11.81 

13.78 

15.74 

17.71 

3,600 

4.24 

6.36 

8 48 

10.60 

12.72 

14 84 

17.96 

19 08 

3.750 

4.54 

6.81 

0.00 

11 36 

13.63 

15.90 

18.18 

20.44 

4.000 

4.84 

7.27 

0 70 

12.12 

14.54 

16.06 

10.40 

21.81 

4,260 

6 16 

7 72 

10 30 

12 88 

15 45 

18 02 

20 60 

23 17 

4,500 

6 46 

8.18 


13 64 

16 36 

19 08 

21 SO 

24 54 

4,750 

5 76 

8 63 

11 61 

14 40 

17 28 

20 14 

23 02 

25 91 

6,000 

6 06 

0 08 

12 12 

16 16 

18 20 

21 20 

24 24 

27 28 


BosfHl Oil ail art* of contact of 165 dr^ and not rorrecU^d for centrifugal forre. IlatingB baned on 
3 B-i)e durk. For 36 -ub duck, figure 92 per rent of ratings given. 


CharacteristicB of Teon Belting 

1. Made in light or three ply, medium, or four ply, heavy or six ply, and extra 
h(*avy or eight ply. 

2 . Widths: light, 1 to 4 in.; medium, 1 to 20 in.; heavy, 3 to 26 in. 

3. Ilesistame to ply sepanition. 

4. Can be made cndlesH by manufaeturer. 

5. Will resist water, moisture, and steam. 

6 . Will resist heat 300*F. 

7. Will resist the aetion of the mists and vapors of the corrosive acids. 

8 . Will not resist caustic. 

9. \\'ill not resist bromic arid. 

10 . PoBSCHSPS resistance to mineral oil. 

Dressing the Teon Belt. This type cannot be penetrated by any dressing com- 
IMiuiids. If the pulley surface becomes dry or glazed, vegetable castor oil or an oil 
supplied by the manufacturer should be applied sparingly. 


Table 14-22. Relation of Number of Plies to Pulley Diameters and Speeds 



Minimum pulley diameteis. In. 

Weiglit and number of plie? 





Up to 2,000 

2,000 to 4,000 

4,000 to 5,000 


fpm 

fpm 

fpm 

Wbl, three ply 

3 

4 

5 

four ply,. 

4 

6 

6 

Ibavy, BUpiy 1 

1 9 

12 

14 

l-rlra heavy, eight plj 

16 i 

20 

24 
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Tabl* 14-SS. Honepowvr lUtincB of Toon Belting per Inch B^dth 


Speed of belt, 
fpm 

Lightweight 

Medium weight 

Heavy weight 

£xtra>heavy weight 

Horeepower 

500 

0.60 

0.90 

1.51 

2.12 

750 

0,90 

1.36 

2.27 

8 18 

1.000 

1.21 

1 81 

3.03 

4.24 

1,250 

1.51 

2.27 

3.79 

6 30 

1,500 

l.Sl 

2.72 

4.55 

6.36 

1,760 

2.12 

3.18 

5.30 

7.42 

2,000 

2 42 

3.63 

6.06 

8.48 

2,260 

2 72 


6.82 

9 54 



4.54 

7.58 

10.60 

2,750 

3.33 

4.99 

8.34 

11.66 


3.63 

5.44 

9.10 

12 72 

2,260 

3.03 

5.90 

0.85 

13.78 

3,500 

4.24 

6 36 

10 60 

14.84 

3,750 

4.54 

6.81 

11 36 

16.90 

4,000 

4.84 

7 27 

12,12 

16.06 

4,260 

5 15 

7 72 

12 88 

18 02 

4,500 

5 45 

8 18 

13 64 

10.08 

4.750 

6.75 

8.68 

14.4U 

20.14 

5,000 

6.06 

9.08 

15.1C 

21 20 


Baaed on an arc of contact of 165 cleg and nut correctc'^d fur centrifugal force. 


SELECTION OF BELTING TYPE 

Operating atmofipheric conditions to a considerable extent control the typo of bolt¬ 
ing used. Tlie following tabulation is liasod on actual testing in plant operations and 
therefore may be used as an authoritative guide: 


Table 14-24. Belting-type Selection Based on Atmospheric Conditions 


Bfdting tj pe 

Arid 

bpill- 

age 

Arid 

fumes 

Abra¬ 

sive 

dusts 

Hteain 

and 

ntoin- 

ture 

Temp, 
up tn 
140'’F 

Temp, 
up to 
300"1‘ 

Oil 

and 

grease 

No: 

inal 

Non waterproof oak leather. 

No 

No 

Yes 

No 

No 

No 

Yen 

Yen 

Waterproof oak leather. 

No 

No 

Yes 

Yen 

Yes 

No 

Ym 

Y<*h 

Mineral-re tanned leather. 

No 

Yes 

Yes 

Yes 

Yes 

No 

Yea 

Y«^ 

Combination-tannage leather. 

No 

No 

Yph 

Yes 

Yes 

No 

Yen 


Friclion-flurface rubber. 

No 

No 

Yes 

Yes 

Yes 

No 

No 

*'t‘h 

Kubber-covered frictioned duck.. .... 

No 

Yes 

No 

Yes 

Yes 

No 

No 

N 

Stitched cotton duck. 

No 

No 

Yes 

Yes 

Yes 

No 

Yea 

Y« ' 

Solid-woven cotton. 

No 

Klighl, 

yea 

Yes 

Ves 

Yea 

No 

Yea 

Yr.H 

Camel'a hair. 

Yen, 

Alight 

Yes 

Yes 

Yen 

Yes 

Yea 

Yea 

Yrs 

Balata. 

No 

Yes, 

slight 

Yes 

Yes 

No 

No 1 

Yes 

Y'(“< 

Teon. 

No 

Yes 

Yes 

Yes 

Yes 

Yes 1 

No 



MAINTENANCE OF POWER BELTING 

1. Belting when employetl serves as a connecting medium l>etwoen power 8oiu‘»‘<‘ 
and application. It is equal in importance to the operating machines and the ]Kiwcr 
plant. Production depends upon it. 
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2. Sysl6¥iiati6 «BJre «itul^iLtto»ti6n »re given to iho poWfir-iBouree aajid productbii 
machines. Similar cam and attention to power belting are absolutely necessary if 
ofHcien^ of opeintion and maximuin production are to be maintained. 

3. The cost of repairs to a belt may bo smail, but the enforced idleness of men and 
the production loss based on such repairs are expensive. The value of a machine as a 
producci exceeds the wages paid the men who operate it. A slipping belt can cause 
heavy expense through loss of applied power. 

4. Consideration of belting should begin with the design and installation of the 
transmission system. Belting of the proper type should be chosen for the atmospheric 
and mechanical condition involved. It should be of the proper type and sise to 
transnui its load. A belt larger than necessary will more than repay in increased life 
and lessened maintenance expense the additional cost over a smalier overloaded belt. 

6. Properly installed belting requires little attention, provided it is given regu¬ 
lar and systematic care. Neglect and abuse sxe generally responsible for belting 
difTiculties. 

6. Belting maintenance should be centralized. One man should be held responsi¬ 
ble The man designated should make periodical inspections of all belt drives so that 
breakages, slip, and other dithculties may be anticipated and therefore avoided. 

7. Belting should be maintained in proper physical condition so that it can trans- 
imt its (*aparity load without slip. 

8. Belting n^quires dressing or lubricating; therefore it is important that the 
tircbsings be of suitable character to accomplish the results desired. Such dressings 
should be eapablo of relieving the internal friction of fiber on fiber, melloving the belt 
uiid keeping it pliable, and funiibhing a cohesive but not sticky grip on the pulleys. 

0 Pow er ib v^asted iu tearing a sticky Ixdt free from the pi^eys, and such tearing 
iKtion Ib destructive to the belt. 

10 When in propcT condition, a belt will grip the pulleys with a clinging suction 
iirtioii and will release without adhesion. When so maintained the belt will carry 
its load vi itliout high initial tension. High tension has no value or purpose other than 
lo eliminate slip. 

11 Belting lubricating must be considered from the standpoint of the two general 
I lasses of belting. One class, such as leather, stitched canvas, solid-uoven cotton, 
Jiiul eamel's hair, eonsibts of a porous structure 'which will absorb lubricants; while the 
other class, such as rublM'r, balata, and toon, are impervious to the absorption of 
iubneants. The dressings or lubricants for both classes of belting can be the same, 
I lilt the method of application must be different. Bedting having absorbing qualities 
should lx* treated sparingly at regular intervals both front and back. Approximately 
1)0 per cent should be through the back. Belling of the nonabsorhent class should be 
given surface treatment only. This treatment should be very light and applied only 
'IS required to maintain a good friction and prevent polishing and glazing. 

12 Belting of the nonabsorbing class is subject to cracks and pinholes. When 
(»l>erating in dampness, moisture will enter, become trapped, and 'will eventually rot 
the cotton duck. A proper surface dressing ^vill prevent the entrance of moisture, 

ESSENTIALS FOR EFFICIENT BELTING SERVICE 

1 BuUeys should be slightly wider than the belt that they are to cany. This 
'Mil prevent the belt’s running over the rim and striking adjacent objects. The pulley 
'’i' I d not have a sharp or too much crown. 

2 . Belting joints should be carefully mmle, Tlie belt ends sliould bo absolutely 
hfiajired, so that the belt can run true and not stretch unevenly. Heavy lacing, which 
ri'-ults in “bunches” at the joints, and oversized metallic fasteners cause loss of pulley 
MMtaet, breaking of the belt at the joint, stiffness, and thiunping of the belt against 
jli^ pulley. A projecting fastener striking an obst^ciion or a badly adjusted shifter 
b*ik will cause rapid destruction of any belt. 

3. Pulleys and shafting should bo kept in perfect alignment. Much belting is 
'kilned by neglect of this particular factor. 

4. The laps of leather belting should be inspected frequently. As soon as the 
iHiints of the laps i^ow signs of lifting, they should be immediately cemented down. 
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5. Any defects developing at the joints should receive prompt attention. If 
lacings, hooks, or plates have damaged the ends of the belt, immediate attention 
should be given; otherwise the belt will give way and a shutdown result. 

6 . Belting should be kept clean. A coating of dirt will destroy its gripping 
quality. Dirt working into a belt is similar to sand in a bearing. It causes frictional 
heat which destroys the belting fibers. 

7. Leather, stitched canvas, solid-woven cotton, and camers-hair belting can be 
washed with a mixture of two parts gasoline to one of turpentine to loosen the dirt and 
then scraped with a dull knife. After drying, the proper lubricant or dressing must 
be applied. 

8 . Rubber, balata, and teem belting should he washed with soap and water only. 
After w^ashing they should be carefully scraped and the proper surface dressings 
applied. 

9. An oil-soaked leather belt should be immersed in the gasoline and turpentine 
cleaning mixture as above and allowed to soak for several houis. After drying, the 
proper lubricant or dressings should be applied. 

10. Continuous stretch signifies that the belt is noi strong enough for the load. 
A wider belt should be used. If this is not possible, use a thicker one, provided the 
thickness conforms to pulley diameter and speeds. 

11. Any belt when overloaded and slipping is likely to slide off the pulleys, A belt 
will slide off a crowned pulley more easily than from a flat pulley. The remedy is to 
stop the belt’s slipping by cleaning, dressing, tightening, or providing a wider or 
thicker belt. 

12 . If a belt is uniform with joint square and the pulleys are true and in line, it 
will not tend to work to one aide of tlic pulleys on a horisontal shaft. 

If a belt which is not overloaded is causing iroul)li‘ by working to one aide of the 
pulley, first make sure that the shafts and pulleys are perfectly in line. If the defects 
still persist when perfect alignment is obtained, the belt can be made to move to the 
desired side by drawing the shafts together on that side. 

FASTENING OF POWER BELTING 

Joining a power-transmission belt in an improper and careless manner results ia 
high belting-maintenance costs, short belting life, and production loss. 

Belt-joining Fundamentals 

1. The belt should not be strained at the joint. 

2. The fastener should not cut or weaken the belt. 

3. The fastener should conform to the curvature of the pulley. 

4. The fastener should resist wear caused by pulley contact. 

6 . The correct size and type of fastener should be used for pulley diameters and 
speeds. 

6 . The fastener should not prevent the belt being square and close fitting at the 
joint. 

7. If metallic, the minimum amount of metal should be «t the joint. 

8 . The fastener should be quirk of application. 

General Methods of Belt Joining 

1 . Endless 

2. Laced 

3 . Metallic 


The Endless Method 

The endless method is the most efficient l>eli-joining method, since the jo* it 
integral with the belt. Initial stretch is evident in all types of bdting; therefor* 
renter adjusting facDities should be provided when this method is employed. 
leather belt offers the greatest possibility for the endless method because it is a multipa^ 
of cemented joints. 

Making the Leather Belt Endless. Regufar Oak N(mwaterproof. Scarf or scraps* 
the ends down to a thin edge 3,4, or 6 in. back, depending upon the width and thickness 
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of the belt, and apply the hot ghie to the two scarfed stirfaces. Haiee the g^ued aur- 
faccs together and subject to continuous pressure for at least 2)4 hr. 

Waterproof Oofc, Mineral Hetamied, and Comhinadion Tannxtge. Scarf or scrape 
the ends down to a thin edge as dc^scribed above and size the two scarfed surfaces first 
with a waterproof pyroxylin cement; allow this to dry. Apply another coating of the 
cement to the sized surfaces, place them together, and subject them to continuous 
l)rcssure for at least 6 hr. 

Uses of the Endless Belt 

1. ()n motor drives when the motor is provided with slide rails 

2. Chi pivoted motor drives 

3. On motor drives, automatic-idler-pulley controlled 

4. On high-speed spindle operations of machine tools when idler pulley control or 
center adjustment is possible 

5. On adjustable mule-pulley drives 

6. On large-powered engine drives 

Directions for the Use of Regular Non waterproof Leather Belt Cement. Place the 
can in hot w'ater and heat it. Thin to the consistency of thick 83 rrup, and apply while 
liot in a thin coat, well rubbed in with a brush. l\it the surfaces together quickly 
licforc the cement chills, rub the outside of the joint with a block of wood, and tap 
lightly w'ith a hammer. Have the cement kot^ hut do not allow it to boil. 

Directions for the Use of Waterproof Leather Belt Cement. Caviion: Keep this 
temenl aivay from flames or cigardtts, etc. Before applying cement, any grease or oU 
hhould be removed with gasoline or carbon tetrachloride, and all the old cement must 
l»c (‘leaned off. After preparing the splice, make sure that the. laps are absolutely oT 
I’vcn thickness in or(l(‘r to obtain a smoothly ruiming belt. Roughen the surface with 
card cloth if available. Apply two coats of cement, using a brush, lotting each dry 
15 to 30 mill l)efor(‘ applying the next. After applying the third coat, immediately 
i lam() the splice between liciards with C clamps and let it stay 6 hr. Hammering the 
laps dow^n iTisl(‘ad of clamping is not acceptable. 

The Laced Method 

The laced method of joining belting employs rawhide or wire and is applicable to 
all typos of boituig. 

Rawhide lacing i.s applied manually and results in an officiont and strong joint. 
The tiiiK’ lequircd for aiiplication must bo conbidcrcd basi'd on other equally efficient 
mrUiods aMiilabU*. Hawhido lacing should always be employed on hand-shifted 
Inciting. It cannot uijuro the hands. 

Wire lacing is applied either by machine or by hand and results in an efficient, 
btroiig, and flexible joint. There are tw'o inachin(‘ methods: one actually sews the 
(‘lids of the belt together, wliile the other forms wire loops through which a pin of 
either rawliidc or fiber is inserted. 

Metallic Fasteners 

Wire Hook with Rawhide or Fiber Pin. Characteristics 

1 Kasy to apiily by either portable or stationary machine. 

2. Results in un accurate and flexible joint. 

3. Proper-size selection gives minimum amount of metal at joint. 

4. Pressed into ends of belt so as to form a scries of loops. 

5. lioops are meshed together, and either raw^hide or fiber pin is inserted. 

0. Hooks are fiiniishod on cards. 

7. Hooks are of plain steel, stainless steel, bronze, or monel metal. 

Pressed Steel, Hinged. Characteristics 

1. Alaimal application. 

2. No special machine or tools required. 

3. Applied with a hammcT. 

4. Results iu a strong and accurate joint. 

5. Fumishotl in strips with jaws open. 
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TaU^ 14<2& Miaimum Polley Diameters sad Belt TliiGktieises for Wire Hoodcs* 


Standanl 
hook nae 

Belt type and thickneas 

Minimum pulley 
diameter, in. 

a 

2 >ply fabric and light aingle leather . 

2-8 

3 

3-ply fabric and medium single leather . 

3-4 

4 

4-ply fabric, heavy single and light double leather 

4-16 

5 

6 -ply fabric, light and medium double leather 

6-8 

6 

6 -ply fabric and heavy double leather . 

8-12 


* Cpurtesy of the Chpper Bolt Lacer Co. 


Table 14-26. Minimum Pulley Diameters and Belt "pticknassea for the Pressed- 
steel Hinge-pin Fastener 


Bianufacturen’ 

aixe 

Belt type and thickneas 

Minimum 

pulley 

diameter, 

in. 

Standard 
legnth of 
lacing, in. 

20 

3-ply fabric 

3-5 

12 

L-27 

4-ply fabric and heavy single-oak leather 

6-7 

12 

M-86 

6 -ply fabric and light double-oak leather 

8-11 

B 

U-48 

6 -ply fabric and medium and heavy double-oak leather 

12-14 

12 

X-86 

7 - and 8-ply rubber, cotton, or balata 

14 16 

12 


* Oourteoy of the Alligator Belt Larer Co. 


6 . Grips belt from both sides without weakening the leather or fabrir. 

7. Two hinge pins employed, designed to funush rolling action at joint. 
Bolted-plate Fastener. Characteristics 

1 . Manual application. 

2. Punch, hammer, and wrench 
required. 

3. Light canvas or leather between 
1 )elt and plates recommended. 

4. Specially designed bolts and nuts 
used for securing plates to 1)olt, 

5. Results in a strong and efficient 
joint, 

6 . Plates are designed to conform to 
curvature of pulley. 

7. Pulley-eurface washer designed to 
embed itself in belt. 

8 . When applied correctly, washer 
docs not come in contact with pulley face. 

9. Screw the bolt nuts tight. 

Steel-prong Hook. Characterisiirs 

1 . Manual application. 

2. No special machine or tools requirc'd. 

3. Applied with hammer. 

4. Results in strong and efficient joint. 

5. Prongs bend flush with pulley side of belt, 

6 . Belt must be against hard surface when hook is driven throuf^. 

7. Is quick of application. 

Riveted Steel-plate Fasteners. Characteristici 

1. Manual application. 

2. No special machine or tools required. 

3. Plates secured to belt by specify designed rivets. 
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Table 14-27. Plate Size, Based on Belt 
Width 


Sire of plate 

Belt width, 
in. 

Diameter of bolt, 
III. 

0 

m-2 


1 small 

2H-4 

H 

1 large 

6-6 

Ha 

2 small 

7 

Hs 

3 Ninall 

10-16 

■s 

3 large 

17-20 

>Ha 

4 

21-24 

Hs 

5 

AViriie 24 

H 
















PtiWBR TRANSmsmOK BY BSLTtm \f^ 14 


Tabte 14<4I. Plat* Six** and Hombor to Ha* M Tnusnltttoiit Coamyor, Md BIm-* 

▼atot Belting* 



Light 

high-apeed work 

Light 

Work 

General work 

Heavy 

work 

Sxttemely 
heavy work 


2 in 

3 in 

6 in 

0 tn 

12 m. 

24^11 

Belt 

diameter 

diameter 

diameter 

diameter 

diameter 

diameter 

width 

of iTnaller 

of emaller 

of emaller 

of emaller 

of smaller 

of smaller 

in 

pulley 

puUej 

pulley 

pulley 

pulley 

pulley 


High- 

Short 

Medium 

Special- 

Long- 



■peed 

gnp 

gnp 

gnp 

gnp 

Jumbo 


platoe 

plalCH 

plates 

plates 

plates 

plates 

H 

One 20 






h 

Oni 20 





Used also on eon- 

1 

One 40 

One 2S 




veyor and eje- 

IH 

One 441 

One 46 

One 67 



vat or bclte on 

2 

One 00 

One 66 

One 007 

On# 63 


pullevn BiniUler 

2 H 

Two 44 

One 86 

One 87 

Orit 83 


Ilian 24 in where 

3 

1 wo 44 

One 806 or 

Two 67 or 

Oiu 103 


speed IB not ex- 



(wn 46 

one 107 



resBive 

3Va 


Two 43 

One 127 

One 123 



4 


Two 65 

Two 607 or 

1 wo 63 

One ISO 





one 147 




5 



Two 87 

Two 83 

1 wo 100 


6 



iiQur 67 or 

Two 103 

1 wo 110 





two 107 




7 



Tuo 127 

Two 123 

Two 1 409 


8 



I our 607 or 

3 nur 61 

Two 189 

Four 1 oil 




two 147 




9 



rhret 107 

Tliree 103 

Throe 140 

Tour 1 011 

10 



Four 87 

1 our 83 

I our 109 

live 1 on 

12 




I our 103 

Four 149 

Four ICll 

li 




Tour 121 

r our 1 400 

Tout 1 611 

16 


I or btlt ^iflthft than 24 in use 

Four 189 

Tour 2 211 

18 


sufficient plate« of the 

name grip 

Six 149 

Six 1 811 

20 


Bfrue bo cover the nidth of the belt 

Tight 109 

livt 2 211 

24 


r irnplctdy 



Six 189 

hix 2 211 


* ( ourtes> of the Cr<*«trt rit Belt Laf rr ( a 

t Where siiiailtr puJlr> » m diameter or larger use No 06, H)\er9 1^» in of belt width 


4 Lazily applied by a hammer 

5 }i( suits in a slrunji; and ofTuicnt joint 

6 Combines strength -with light weight 

7 Distributes poBtr strain i vciily ox ross belt 

8 Rivits spre^ flush ^ith pulley side of bdt when drmii through. 

Q Belt can be jomed without removal from pulley 

10 Prongs of nvets easily penttrate leather or fabnr iKltiiig 

11 Plate 18 designed to conform to curvature of pulley (sic Table 14-28) 

Note The plate fastener owing to its roustnictiou forms a nonflexible joint therofore 
('la pUio used must conform to the rurvature or nrrumference of the pulley If the plate 
( >is not conform, premature breakage of the belt will occur immediately back of the 
late 


POWER TRANSMISSION BY BELTING 

Initial Tenaum. Initial tension is measured in pounds per inch width and main* 
tains the cHintact between pulley and belt necessary to pull the load with a mim* 
•^uni of slip with given friction properties of belt and pulley This tension must 
be increased as the power load increases, as the friction iMiefficient is reduced by 
foreign substances, os the stretch in the belt produced by the load and centrifugal 
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force loosens the belt on the pulley, and as the arc of contact decreases by high ratios, 
or where a stiff or thick belt operates at high speed over a small-diamcter pulley. 

Effective tension, signified in belting formula as (T^i — Tz), is also an important 
factor in belting engineering. Figure 14-6 illustrates a belt weighted at each end and 
hung over a pulley. When the weights Ti and Tz are equal, the 
pulley will not revolve. This is equivalent to a power-trnnsmis- 
flion belt at rest. When the weight Ti is heavier than the weight 

-t- - Tit fhc pulley will revolve in the direction shown by the arrow, 

* J This is equivalent to a belt transmitting power. It is the differ- 

1 cnee in the weight of Ti and Tz which measures the turning force 

I Puil9y QP torque applied to tlie pulley. This weight or tension difference 

is the elTeelive power tension. 

Computation of T\ and Tz. To obtain the values for tight side 
T\t slack side Tit c-i^d total uiitial tcnision for a given load and 
speed, assume a 25-hp bell drive with a belt speed of 3,000 fpm, 
drive horizontal. 

T. 1 .1 (25 hp X 33,000 lb) „ 

Belt-power puU-- 275 Ih 

The belt-power pull, nr in this case 275 11), is not the tight-side or 
T\ tension because the coefficient of friction of the belt and the arc 


50 tbs. 


T, 


fSO tbs. 

Fig. 14-0. 


of contact have an influence. 

To obtam the tight-side tension Ti, the power pull must be multiplied by a factor 
based on the coeflici<‘nt of friction and the arc of contact giv(Ti in Tabic 14-29. These 
values arc based on oak-tanned leather on cast-iron pulleys. 


Table 14-29. Tension Factors 


Arc of PontHct, deg\ 1 

Bniallcr pulley J 

130 

140 


160 

170 


100 

200 

210 

220 

230 

Honsontal dm 0 

2 00 

1 00 

1 1 80 

1 70 

1 65 

L 60 

1 55 

1 50 

1 47 

1 44 

1 40 

VRrtioal dnve . | 

1 

2 10 

2 00 

1 00 

1 80 

1 76 

1 70 

] 05 

1 60 

1 57 

1 54 

J 50 


In the above example assume the are of contact on the smaller pulley to be 160 
deg; then 

Tx - 275 X 1.70 = ^67 lb 
Ti * 467 - 275 = 1921b 

Total static or initial tension = 407 -|- 192 — 659 lb 

Note: The preceding ten'll on factors in Table 14-29 are cnlculated on a liasis of approxi¬ 
mately 0.31 roeflicient of friction, wliicJi is a fair average for a good oak-leather belt on 
two moderately large cast-iron pullers. If fhe pullc>b were small and both of similar 
diameter resulting m ISO deg air of contact, the horsopowei capacity of the belt vould bo 
somewhat reduced. Inversely, if the two pulleys were of large diameter, it would bo 
increased. Composition pulleys, such as paper, fiber, or leathei, will increase the pulling 
power of the b<»It aliout 10 per cent, Tlie nature of the drive itself can influence greatly 
the ability of the bell to pull the load. If the load is Jerk>' and highly fluctualnig, the totsl 
pulling capacity of the belt is proportionally less than for drives wliere the load is eonstaiit 
and steady. For these reasons a factor of safety sliould be used over theoretical caleula- 
tione, and the determination of such a factor, which may vary from 25 to 100 per cunt, is 
a matter of judgment. 

Arc of Contact. This is an important factor, since th(> more wrap or contact u 
belt has on the driving pulley, the more power it will transmit. llegardlcHS of ‘’le 
fact that 165 deg is generally assumed as a fair average for induritriaJ driving and 
that belting-horaepowcr tables are calculated on this basis, the arc of contact must be 
considered where aceiirnte caleiilations are necessary. The greater the arc of con¬ 
tact, the lower the belt tension and belt size. The horsc^power ratings given in Tables 
14-2 to 14-7 are suitable for the average driving, but where accuracy is n(»cessary they 
should be corrected as follows: 
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The factor R ifl found by dividing the diameter difference of the pulley^ in inches 
by their center distance in feet. By referring to the curve chart, Fig, 14-7, and *vrith 
the factor R found, the are of contact in degrees on the smaller pulley can be deter¬ 
mined. With the arc determined, the ^ 
correction factor for the table ratings 
can be found in Table 14-30. 

Example: Assume the aro of contact 
from the curve chart (Fig. 14-7) to be 130 
deg; then the arc factor from Table 14-30, 
baaed on an arc rating of 130 deg would 
be 0.85. Assume 8 in. medium double¬ 
oak leather belt at 3,000 fpm. Prom -piQ. 14-7. Arc-factor curve chart. 

TaliLo 14-3 a boll of this character at this 

speed will transmit 47 hp at 1G5 deg arc of contact. On an arc of contact of 130 deg, it will 
transmit 47 X 0.85, or 39.9 hp. 

Coefficient of Friction. All bolting fundamentally transmits powor by irictionsl 
contact between the bolt and the pulley. Tliia value varies with the types of belting 

and pulleys employed. 

Table 14-30 Centrifugal Tension on Belting. 

Each particle of a belt as it moves in a 
curved path around a pulley exerts a 
centrifugal force which acts straight away 
from the center of tlic pulley. These 
forces combine to create a tension which is 
felt tliroughout the lenirth of the belt. It 
is termini “centrifugal tension” and is in 
addition to any other existing belt tension. 
A diagram illustrating the action of cen¬ 
trifugal teiibinii on a horizontal drive is 
shown bj' Fig. 14-8. 

This action stretches and subjects the 
belt to a tension which lifts it away from 
the pulleys and therefore decreases its 
tractive grip upon them. On heavy 
belting at high sjjeeds the centrifugal tension may equal the effective tension with the 
result that power transmission is negligible. 

Formula for Centrifugal Tension: 

T _ 

116,000 

where T = centrifugal tension 

\V = weight of bell, lb per ft 
S = spec'd of belt, fpm Fiu. 14-8. Effect of centrifugal tension. 

Note: Centrifugal tension ia governed by the square of the speed. Doubling the speed 
1 'icrou.sos it four times, and tripling it ixici eases it nine times. Therefore very highnspeed 
''Slts act at a disadvantage. Since the centrifugal tension is also governed by the weight 
oi the belt, it is evident that, where high belt speeds are unavoidable, it is important to use 
tile lightest weight belt that will do the w^k. 

GI GT (2! 

IBO* 170’ ISO* ISO* 140* 

ViQ. 14-9, Effect of high ratios on the smaller pulley. 1: 180 deg, or 100 per cent power 
rating ou this arc. 2: 170 deg, or 4 per cent off power rating of 180 deg. 3: 100 deg« ot 
8 per cent off power rating of ISO deg. 4:150 deg, or 13 per cent off powtt* rating of 180 dag. 

140 deg, or 17 per oent off power rating of 180 deg. 
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Tftble 14-81. Horsepower Loeees Due 
to Centrifugal Tension 

$pg9d of b^, P«rti 0 tUaffe off 
fpm rated horeeponfer 

1.000 1 

2.000 4 

3.000 8 

4.000 16 

5,000 23 

6,000 34 

7,000 46 

8.000 60 

D.OOO 76 

10,000 06 

Noth; These losses are applicable to belting 
running without automatic idler or pivoted motor 
base flontrol. 

Driving Ratios. The relation of the 
diameter of the driving pulley to the di¬ 
ameter of the driven one controls the 
speed ratio and the arr of contact of the 
belt on the driving pulley or the smaller 
pulley of the two. Without the use of an 
idler pulley a ratio of ]: 1 furnishes a 
maximum arc of contact of ISO deg on 
open drives and relatively more on a 
croBsed-belt drive. For efficient service 
a ratio of 6:1 should not be exeecded. 
Figure 14-9illustrates the effect of various 
ratios on the arc of contact of the belt 
on the small pulley. 

Center Distance. Belt drives with¬ 
out the use of automatic idler or pivoted- 
base motor control should have center 
distance proportioned to the pulley ratios, 
speed, and load requirements Short 
centers neeessitate high-tcnsioned or 
“tight belting, resulting in hot hearings, 
belt slippage, short bolting life, and loss 
of power (sec Table 14-32). 

Veitic^ Drives. A belt operating 
vertically without center adjustment or 
idler control is a source of high mainte¬ 
nance and power loss. The stretch of the 
belting substance causch the belt to drop 
away from the bottom pulley. If a 
vertical drive is necessary and take-up 
facilities are not possible, the center dis¬ 
tance should be comparatively short, 
based on the least amount of accumulated 
stretch per foot. Adjustable centers 
should be used, or a controUablc idler 
pulley placed against the loose side of the 
belt, or a vertical-type pivoted motor 
base used. An angle of 15 deg from the 
vertical will help to eliminate verti(‘al- 
drive difficulties. 

Crossed-belt Drives. Crossed belt¬ 
ing ifi used to reverse the direction of 
rotation and to increase the are of con¬ 
tact. It is practicable, but the following 


Table 14-88. Minimum Center Dis¬ 
tances for Belt Drives Based on 
Power and Ratios 



Note: These renter diatances are tiaeed oi 
actual expenence. The figures ebeuld be em¬ 
ployed on belted motor dnvPH and all manner of 
belting ifisiallaiions where reasonable pulley di^ 
meters are used. Belt dnves from engine flywheels 
and powers above 300 hp by belting are now 
exceptional: therefore foe suou service operating 
conditions must be considered.. 

factors must be considered: 
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1. The ratio of a crossed drive'should not exceed 4^ 1. 

2. The cross should occur as close to the center between the pulleys as possible. 

3. The width of the belting should not exceed 8 in. 

4. The fastener must not interfere at the point of crossiiig. 

5. Extremely short center drives should not bo crossed. 

Quarter-turn Drives* A quartcr-tum belt drive is employed to transmit power 
at right angles in a vertical, horisontal, or angular direction. It is a source of trouble 
and should not be used unless absolutely necessary. For best results a leather belt 
specially constructed lor quarter-turn driving should be used. The quarter-turn 
drive should be installed correctly. 

Rvh for Installing Quarter-iam Drives, The center of the face of the loose side 
of the driver must line with the center of the face of the tight side of the driven. 

Alignment of Shafting and Pulleys. In belt driving of any character, misaligned 
.shafting and pulleys cause loss of power, high mamtenance, and short belting life. 
Initially an installation may be in perfect alignment. During operation it should 
Itp checked periodically, based on the settling of foundations, expansion and con- 
1 1 action of woodwork, intermittent application of load, and machinery wear. Mis¬ 
alignment pauses crooked-running beltmg and therefore slip, resulting in power loss 
and premature belt destruction, hot bearings, and excessive friction loads. The 
centers of the faces of the pulleys should be perfectly in line, and the shafting should 
be parallel. 

Belt Slippage. Loss of power and bell destruction are primarily caused by belt 
.slip. The following factors must be eonsidered to avoid this action: 

1 . Type and thickness of belt not suitable for pulley diameter and speeds 

2. Overload and underload 

3. Insufficient initial bolt tension 

4. Dry, glazed, and hard belting; lack of proper dressing 

5. Formation of lumps on pulley face by use of resinous dressings 

6 . Atmospheric effects 

7. Misalignment 

8 . Improper joining 

Shifting of Belting. Frequent or periodic sliding of a belt on tight and loose 
pulleys subjects it to edge wear and considerable transverse stress and crumpling 
action. Such strains and crumpling are more pronounced in wide belting regairilcss 
of thickness. To avoid such action, single leather and four-ply or equal-thickness 
fabnr should not exceed 5 in. in width; and double leather or six-ply or equal-thickness 
fabric should not exceed a width of 8 in. when employed on shifting installations. 
Edge wear is primarily caused by wrongly adjusted and rough shifter forks. The fork 
should be smooth and straight and come in contact with the belt only when shifting. 
The roller-tyjie shifter fork eliminates edge wear. 

Pulley Diameters and Revolutions 

Problem 1. Diameter and rpm of driver and diameter of driven known; to find 
rpm of driven. 

„ , Diameter of driver X rpm 

Formula: -=r:- r -- 

Diameter of driven 

PrtMem 2. Diameter and rpm of driven and diameter of driver known; to find 
,jia of driver. 

, Diameter of driven X rpm 
Diameter of driver 

Problem 3. Rpm of driver and diameter and rpm of driven known; to find diam¬ 
eter of driver. 

Formula: 

PrMem 4. 

of driven 


Diameter of driven X rpm 
Rpm of driver 

Rpm of driven and diameter and rpm of driver known; to find diam- 
987 
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„ , Diameter of driver X rpm 

Fomvula: r j • _ 

Rpm of driven 

Nqt«: When pulley diameters result in fractions of an inch, the nearest whole number 
should be used. 


FLAT-BELT PULLEYS 

For efficient and economical power transmission by bolting, tho proper type 
and design of pulley should be used for the operating mochunicai and atmospheric 
conditions. 

Pulley Types. Six types of pulloys are available: paper, cast iron, fabricated steel, 
all wood, wood rim with cast-iron center, and metallic center with pwjprr rim. Each 
type is manufactured in a number of designs to suit industrial requirements. 

Pulley Essentials. The following factors should bn considered when selecting 
type and design: 

1 . IlYictional value of face surface. 

2. Face must be smooth. 

3. Ability to resist overload and shock. 

4. Ability to conduct heal. 

5. Solid or split design; split design faciJitates installation and removal. 

6 . Tlie pulley should be tiue in diameter. 

7. Minimum air resistance. 

8 . Ability of material to resist steam, moisture, acid drip, and acid fumes. 

9. Whether flywheel effect is required. 

10. Should face be crowned or flat? ^ 

11. Do power and speed require a keyed or elami>od pulley? 

12. Interchangeability of bore. 

Pulley Specifications. Pulley ordering will be facilitated by observance of the 
following: 

1. Service. Specify character of service, horsepower requirements, and revolu¬ 
tions per minute. 

2. Description. State whether solid, split, clamp hub or keyed, bushed or straight 
bored, tight or loose, flanged or special. 

3. Diameter. Specify diameter in inches. Tliis should be the first dimension 
given. If exact diameter is required, mention this and state whether measurements 
shall be made at erowii or edge of rim. Unless otherwise specified, the diameti'r of a 
pulley is the diameter at the top of the erown. 

4. Fajce. Specifj'^ face in inches. This should be second dimension given and 
should be in accordance with the width of tho bell ujiless an exaet wirlth of face is 
desired. If exaet face is required, the word "exact” must follow the face-width 
dimension. 

5. Bore. Specify exact diameter of shaft in inches. This should be the third 
dimension given. 

6 . Crown or Straight Face. Specify whether crown or straight fai’e C rnwn h ^ 
will he furnished if no specification is given. Drum pulleys for shifting belts ha .re 
straiglii face. Tight and loose pairs have crowned faces. 

7. Key Seat or Setscrew, Specify whether pulley is to be keyseated or setscrewed, 
or both. 

Relation of Width of Pulley Face to Width of Belt. The face width of a pulley 
is determined by the required belt width, A pulley specification of 24 by 6 in, indi¬ 
cates a pulley having a crown-point diameter of 24 in. and suflieient face width to 
accommodate a fl-in.-widc bi*lt, A 24- by 6-m. pulley will actually measure approxi¬ 
mately in. width of face. This is standard practice for the pur])ose of securing 
full face belt contact. Up to and including lO-in. belt width, to in. wider pulley 
face is provided. From 12-in. belt width up, the pulley face is approximately 1 to 
1>2 in. wider than the belt. 

Relative Speed Capacities of Pulley Types in Feet per Minute. Caai-iron Type. 
The cast-iron pulley is designed for rim speeds of 3,500 to 4,000 fpm. Rim speeds 
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of 4,500 to 5,500 fpm ponnisnible and powible, but cast^ron pulleys to run at sueb 
spe^ must be specially buUt and perfectly balanced. The east-iron pulley can be 
employed for any practical power requirement. 

TypR, Fabricated construction of the pressed-steel pulley permits 
with safety rim speeds of 4,000 to 5,000 fpm. This type, under test, has been operated 
at 14,000 fpm for 30-hr periods without failure. Such speeds, however, are not 
practicable for industrial driving. The prosaod-steel pulley can be employed for any 
practical power requirements. 

Wood Type. The all-wood pulley or the wood-rim pulley with cast-iron hubs 
and arms can be run with safety at rim speeds of 5,000 to 6,000 fpm. This type can 
be employed for any practical power requirement. 

STEEL SHAFTING 

Shafting is an important factor in mechanical power transmission. All methods 
employ shafting; therefore success or failure of the installation depends largely upon 
the proper selection of shaft size and the grade of steel employed. 

Shafting for “group” power-transmission purposes, surh as head-, line-, counter-, 
and jackshafting, is cold-finished, low-carbon steel of screwstock quality. Sizes up 
tu about 2‘}i in, are cold-drawn, while larger sizes are turned and polished. The 
physical properties of such steels vary and eomiot be guaranteed; therefore the working 
stressi's recommended are comparatively low. Shafting of large size or those requiring 
uniform physical properties are hot-rolled or forged and turned to finished size. The 
limits and methods vary by different manufacturers. 

Cold-finished Steel Shafting. Shafting designated as “cold-finished” indicates 
tlie method of obtaining the finish and not the type of steel or its physical properties. 
To produce the shafting iu sizes 2'^4 in. diameter and under, the hot-rolled bars, after 
pickling for scale removal, are cold-drawn to size through tool-steel dies. The com¬ 
pression of the surface in cold drawing strengthens the steel to a certain depth. As 
the proportion of this Btrengthoned surface to the total area increases, so will the 
tensile properties improve with decreasing size. AYhen cold-finished steels are 
machined, thereby cutting the strengthened .surface, the tensile increase is lost to a 
considerable extent. This tensile improvement is small on sizes from 2 to 2 ^ in. 
in diameter, f^haftlng above in. in diameter is usually turned and polished from 
hot-rolled bars, therefore the physical properties of such increased sizes are the same 
as for hot-rolled steel. The expression cold-finished may apply U) alloy or straight- 
carbon steels as well els to serewsloek. Specifications therefore should state not only 
the character of tlie finish but also the type of steel. (^Id-finished medium-earbon 
and alloy steels are stronger tlian screwstock in the same proportion eu 4 hot-rolled 
medium-carbon and alloy steels are stronger than hot-rolled screw' or machine steel 
(sec Table 14-33 for physical properties). 

Hot-roiled Steel Shafting. Tliis type owes its siiperior strength to analysis and 
thermal treatment. Plain carbon steels such as 8 AK 1020,1045, etc., become stronger 
in tensile strength with increasing carbon contimt. Above approximately 0.60 
carbon, steels of this character are difficult to machine without annealing. Further¬ 
more, if these steels are annealed, their strength is lower, and their cost is more than 
that of lower carbon steels or those of the medium-carbon, high-monganese type. 
This also applies to the alloy steels such as nickel, chrome nickel, chrome molybdenum, 
(^ chrome vanadium. Alloy steels such as these should never be employed in the 
J-nuealed or untreated condition, since untreated alloy steels are more expensive, 
more difficult to machine, and their physical properties are no better than medium- 
carbon steels of the high-maiiganesc type. Alloy steels when used should be quenched 
J'nd drawn (see Table 14-34 for comparative physical properties of the hot-rolled 
f teels). 

A characteristic that is particularly applicable to hot-rolled and untreated steels 
whether carbon or alloy is that with increasing size, tensile strength and yield point 
drop with no increase in ductility. Therefore, when a size selection is being made, 
<dlowance should also be made for this fact. When physical properties of such steels 
BTC specified they should be made in connection with size from which test specimens 
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arp Wbten ph^tlcal propartiaB of 4eaf4realBd alley are atatad, 

mtifllr baaffiad 'with de&aite aiaea. For example^ assume that a &4n.-iiiameter abaft 
is desared with a tmiaile strength of 140,000 lb;; Mie steel ejected must possess the 
r6t|idfe^ tSttSile strength in 5 m. round and ndt as iqseciiled for ^ or l-in.-iMameter 
steok-test specimens. 

Jessile strength indicates the static strength of the steel. The amount of repeated 
Stress endured without breakage (fatigue Strength) is proportional to tensile strength. 
The shear resistance, torsional strength and hardness by Brinell, Bockwell, or Shore 
are also proportion^ to this property. Hardness tests by any of the foregoing 
methods have not proved reliable as an index for the two important qualities of 
machinability and abrasion resistance, lllese qualities are apparently dependent on 
structure rather than hardness. 

Alloy Steela. Alloy steels should always be heat-treated, either before or after 
machining. For transmission shafting it is not practicable to heat-treat alter machin- 
ingi therefore when alloy steel is necessary for this service, the preheated type should 
be employed. An attribute of the alloy steela is that they can be hardened after 
machining; thus they are adaptable for parts requiring a greater surface hardness than 
can be machined. For all purposes, with the exception of carbonizing, the alloy steels 
Bhould be of 0.30 to 0.5^ carbon content, since such a carbon content enables them to 
respond properly to heat-treatment. In these steels carbon content usually increases 
with size. 

Yield point indicates the actual working limit of the steel and is the figure to 
employ when determinmg shaft size or section required to resist a given load or stress 
It is usually considered comparable to compressive strength and therefore is particu¬ 
larly adaptable for calculations of high-pressure or shock-resisting parts such as gear¬ 
ing, machine shafting, and sprockets. 

Elongation and Reduction. Elongation and reduction are measures of ductility, 
shock resistance, and ability to stand sudden overload. If these figures are low, the 
steel may be termed ^'brittle/* 

Modulus of elasticity indicates the degree of deflection under a given load. The 
modulus 29,000,000 to 31,000,000 psi is eiracntially the same for asy kind or condition 
of steel. Soft machine steel possesses a modulus similar to that of heat-treated alloy 
steel; therefore the latter with identical cross section will doflert to the same extent 
with similar loadmg This factor is of great importance in the design of transmission 
shafting to carry heavy loads in combination with belt or chain pull between bearings 
The deflection capacity of the shaft must be based on diameter and not on the use of 
steels having high tensile strength. 


Table 14-33, Physical Properties of Cold-finished Steel Shafting, SAE Numbers 


Type 

Tensile 

strength, 

pai 

Yield 

pDlUt, 

pel 

Elunica- 
tion in 

2 in , 
per cent 

Reduc¬ 
tion of 
area, 
per cent 

Slse 

diamster 

in. 

HotHTolled soft »teel or nrreWBtnck 

60/60,000 

30/36 OOO 



1-2 

Ci^-fiiuahod screw^nck, SAE 1112 ar 1120 

70/100,000 

55/90,000 


•Hi 

Up to I 

Gold-fiiuahed BcrewBtock, 6A£ 1112 nr 1120 

60/00,000 

30/40,000 




Cold-fiiushed, carhoo, SAE 1040 

Cotd-finiahed aimBalpil, carbon alloy 

70/90,000 

36/50,000 

*!!io 

•Ho 

u ^2 

Bueh tta SAE 3140, 2340, 6140, ctr 

90/110,000 

60/70,000 

1 



Up td IH 


Shaft FailureB. Transmission shafting usually fails from abnormeJ deflertiott, 
tormonal fatigue, or progressive fracture. The usual term applied is ^‘crystallization.^' 
This term is a misnomer because all sleel is crystalline, and the structure is not changed 
by breakage. Breakages result in a crystalline appearance of a portion of the fracture, 
whOe other portions of the fracture have been smoothed or rubbed down by abrasion or 
wear of the parted contacting surface prior to complete rupture. 
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^«a|»ei^g'4»l JiQ^-troU«4 ^ei SAS. 2Vmn|>g^ ^ ^ 


Typt* 


Su/fc atedr &A£ 1020. 

Medium oarbon, 8AE 1045. 

Medium carbon, high, manganase 

SAE X1340. 

Machinable (annealed) alloy, 
6AE 3145, 2345, 6146. 

Machinable heat-treated alloy, 

SAE 5150. 

Machinable heat-treated alloy. 
BAE 6160. 


siren gtli, pai 

Xield 
point, pai 

tion ia 

2 in., 
per cent 

l^uc- 

itan of 
area, 
|)er cent 

n«U 

')iard- 

neaa 

50/50,000 

80/90,000 

30/35,000 

45/60,000 




90/110,000 

65/60,000 




80/100.000 

50/60.000 ' 




140/150,000 

120/130.000 



««4P 

145/160.000 

120/136,000 





ter^ in, 

1-S 

1-2 

1*^2 

1-2 

3-6 


Shafting failures can be minimiged by the proper filleting of cross-section changes, 
kcyways, etc., and by particular attention to torsional resistance and deflection 
L-apacity. These factors are more important au the strength of the steel employed 
increases. 

Shaft-size Determinatioii, Primary Factors 

iScmcc: 

1. Source of power and kind of driven machines 

2. Normal and maximum power to be transmitted 

3. Steady or fluctuating load 

4. Magnitude and duration of shock loads 

5. Revolutions per minute and direction of rotation 

6. Center distance and relative elevation of driver and driven 

Kind of Drive: 

1. Flat or V belt, rope, chain, gears, friction, or direct-connected by coupling or 
dutch to reduction gear or motor 

2. Size and type of belt or ropes 

Pvlley^, SpToekeU, or Gears: 

1. Size and weight 

2. Number of arms, length and location of liubs 

3. Location on shaft in relation to bearings 

Bearings: 

1. Rigid or self-aligning, roller, ball, or sleeve type 

2. Type of lubrication 

3. Length of bearing surface on shaft 

4. Method of supporting bearings 

In heavy or important installations an approximate shaft weight should be included 
in first calculation and checked when shaft size is definitely determined. All stress 
factors acting upon the shaft should be 
considered, such as weight of shaft, belt, 
chiiin attachment, material carried, and 
a unusual erection or operating condi- 
1 oil. Shaft sizes are generally large 
when speeds are low, when bending 

loads are heavy, or when bearings are x. j 

^lot close to the bending loads. Smaller Identification of group method 

shafting can often be used with" saiety ® ^ 

and economy by increased speeds and by proper mounting of the shaft in antifriction 
hearing^. Shafts that are too small can be relieved of excessive stress by an additional 
hearing or by relocating bearings in relation to loads. 

Shafting for Oroup Method. Cold-finished shafting is usually emjrfoycd. 
r equirements are comporativdy low, and shaft spe^s in rpm are such that lijigh 
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strems iira mft involve. In view of this, empirical fotmulas by Thorston have been 
amni^ foi* quickly solving shafting problems of thi^ character. 

IdentificaAion of Group-method” Shafting. I'igure 14-10 indicates the name and 
loeation of the various sliafts employed In the group system of drivmg by belting, 
eshain, or a combination of these mediums. 

Nora. This arrangement is not necessarily standard for the group method, ainoe in 
many oases the motor is directly belted or chain connerted to the line shaft. The line 
shaft is then known as the "head line shaft." The jackshaft is used for ratio purposes and 
also to break up long center distances. Frequently the use of a countershaft is unnecessary, 
the machines being direct belted or chain connected from the line shaft. 

Head Shafts. Location. First shaft from motor or prime mover. 

Service. Reduces speed between motor and line or jackshaft and must have load 
capacity for entire installation. 

Streages. Torsional and bending. 

Supports. Usually two bearings of the rigid type on adjustable base plates. The 
shaft is short, based on the usual provision for one power-receiving pulley, sprocket, or 
sheave from the motor and one power-delivery pulley or sprocket from the head shaft. 
Three bearings may be used, but for the average head shaft this is the maximum. 

Speeda. Industrial range 25 to 550 rpm. 

Formula: 

Hp = D^R/126 
D = v^(125 X Hp)/Ji 

where Hp horsepower 

D = shaft diameter 
R — rpm 

125 = constant for a combined torsional and bending safe-working stress of 
2,800 psi 

Note; Use constant of 125 only when head shaft is subjected to heavy strains, such as 
slow speeds and intermittent loads, or where clutches, shifters, or gearing are neoessary. 
For the average head-shaft installation use 110 as the constant. 

Line Shafts. Location. Can be first shaft from motor or first or second shaft from 
head shaft. 

Service. Acts as a power-distributing shaft to the various pieces of apparatus or 
machines of the group. 

Streases. Torsional and bending. 

Supports. Usually three or more bearings, spacing depending upon power pulls 
by belt or chain and the dead load of pulleys, gears, sprockets, sheaves, clutches, anci 
couplings. Self-aligning adjustable bearings should be employed \vherevcr possible. 
If the rigid type of hearing is necessary, provide adjustable base plates. 

Speeda. Industrial range 70 to 400 rpm. 

Formula, For line shafts 75 to 100 ft long, heavily loaded, and bearings spaced 
on 8-ft. centers 

Hp = Z)»i2/100 
D - \^(100 X Hp)/fl 

where Hp ^ horsepower 

D « shaft diameter 
R « rpm 

100 » constant for a combined torsional and bending safe-working stress of 
3,200 psi 

Note: For line shafts 60 to 75 ft long, medium loaded, with bearings spaced cm 8-ft 
centers, use constant of 90. For line shafts 20 to 60 ft long, lightly loaded, with bearings 
spaced on 6-ft centers, use constant of 76. 

Jackshafts. Location. Either between head and line shafts, or between line and 
count^shafta, 

^emce. For the incxease or decrease of velocity ratio or to reduce center distance 
between principal shafts. 
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(S&(re«8, Totaional and bendmg^. 

Supports. If short, two or beariBgs of dther the rigid or the seU^igojiig 
adjustable type; if Long, three or more beatings of the self-fthg^iing adjustable type, 

Speeds, Industrial range 100 to 400 rpm. 

Formida. Same as for line shafting, with similar constants based on loading. 

Cnantershafts. Location, Usually employed between line shaft and driven 
apparatus or xnachine. 

Service. For increase or decrease of velocity ratio to machine or ss a power-input 
control medium to driven machine. 

Stresses. Torsional and bending. 

Supports. Two or three bearings of either the ligid or the self-aligning adjustable 
type. When used as a component part of the driven machine, two bearings are usually 
employed. 

Speeds. Industrial range, 100 to 600 rpm 

Formula. For average service and loading 

Hp « D^n/m 
D - -^(80 X Hp)/fi 

where Hp =* horsepower 

D B shaft diameter 
R - rpm 

80 — constant for combined torsional and bending safe-working stress of 
3,600 psi 

Specification Numbers for SAE Steels. A numeral index system is used for the 
specification of SAE steels, which facilitates the specifying of these steels on drawings 
and in the field. Such numerals are partially destsriptive of the quality of material 
covered by these numbers. The first numeral of the number indicates the class to which 
the steel belongs; thus the numeral 1 indicates a carbon steel, 2 a nickel steel, ahd 3 a 
nickel-chromium steel, In the case of the alloy steels the second numeral of the number 
generally indicates the approximate percentage of the predominant alloying element. 
Usually the last two or three numerals of the number indicate the average carbon 
content in ‘‘points” or hundredths of 1 per cent. Thus 2340 indicates a nickel steel 
of approximately 3 per cent nickel (3.25 to 3.75) and 0.40 per cent carbon (0.35 to 
0.45), and 71360 indicates a tungsten steel of about 13 per cent tungsten (12 to 15) and 
0.60 per cent carbon (0.60 to 0.70). The basic numerals for the various qualities of 
steels specified are shown in Table 14-35. 


Table 14-36 


Sted 

Curb cm. 

Nickel. 

Nickel-ohromiviin. 

Molybdenum. 

ChromiiiTn . 

Chruminm-vanadiuni.. ... 

Tungsten. 

SUicomansaneBe. 


Basie numeral 

. 1 

. 2 

. 3 

.4 

. « 

... C 

. 7 

.fl 


^3 


















STEEL-CABLE TRANSMISSION BELTING 

BY Paul Suloff 

Mechanical Goode. Design Staffs The Goodyear Tire dc Rubber Company 

tratismission belting is asaembled with a single or double helik of steel 
cable embedded in rubber or synthetic compound and encased in one or more enve¬ 
lopes, usually of cotton fabric, which give lateral strength to the cable helhi and 
protect it from abrasion (see Fig. 14-11). The cable itself is ordinarily 0.035 to 0.050 
in, in over-all diameter, with individual wires 0.006 to 0.008 in. in diameter. The 
ultimate strength of the wire is usually on the order of 300,000 to 350,000 psi, and the 
strength of the cable, 200 to 350 lb. Assembled into the belt, this results in belt 
strength on the order of 4,000 to 6,000 lb per in. of width, wdth final elongation of 1.5 to 
2.0 per cent. The belt thickness may be from %2 ^ yi bi -7 depending on its width 
and the number and weight of envelopes required by the dictates of lateral strength 

and go^ proportion. 

This type of belting has been de¬ 
signed to provide horsepower capacity 
per unit of width in excess of other types 
of belting. Because it can be kept ex¬ 
tremely thin and free of internal bend¬ 
ing stresses, its high ratings can be 
carried down into the small-pulley 
drives. Its extremely high elastic con¬ 
stant keeps the amutuit of take-up 
required to a minimum, and freedom from any hygroscopic effect on the length elimi¬ 
nates any shrinkage problems. 

Generally, steel-cable belts are built endless by the manufacturer, but where neces¬ 
sary they can be vulcanized endless in the field. Standard metallic fasteners are not 
recommended since they w^ill not hold at the ratings given this type of belt. 

For horsepower ratings of steel-cable belting see Table 14-36. 

Table 14-36. Maximum Horsepower Rating for Compass No. 260 Steel-cable Belts 
per Inch of Belt Width at IBO deg Arc of Contact to Be Applied against Peak Load 


Bolt Bpoed, fpiii 


diaui, IB. 

100 

■ 


1,500 



3,000 



4,500 

5,000 

5.500 


7.000 



10,0(41 

4 

0.20 

1.4 

2.B 

3.4 

4.1 

4.7 

5 2 

5 8 

5 9 

6.2 

6 3 

6 3 

6 2 

5 2 

3 3 



S 

0.3& 

1.6 

2.6 

4.0 

4,8 

5.7 

6.5 

7 2 

7.8 

8 4 

8 8 

9.1 

KID 

8 2 

6 6 

3.8 


fl 

0.41 

l.fi 

3.4 

4.6 

5.8 

6.B 

7.7 

8.6 

9.5 

10.2 

mTmi\ 

11.a 

11.6 

11.6 


8 6 

B.r. 

7 

0.44 

2.0 

3.7 

6.1 

6.6 

7.8 

9.0 

10 0 

11.0 

11.8 

12.4 

12.0 

13.2 

13.4 

12 8 

11 8 

■rilM 

B 

0.49 

2.2 

4.1 

5.0 

7.5 

0.2 

10 7 

12.0 

13.2 

14 0 

1'1.4 

14 7 

14 H 

15.0 

■IjXi] 

14 S 

14 7 

9 


2.3 

4.5 

6.3 

B.l 

10.0 

11.8 

12 4 

14.8 

16 0 

■Fnn 

17.4 

17.6 

18.2 

lEE] 

17.8 

17.7 

10 

QRj 

2.4 

4.8 

6 B 

mji 

■fli] 

13 0 

15 0 

16 8 

18.S 

ID 6 

20 2 

■H] 

20.8 

21 0 

20.8 

20.6 

12 


2.7 

5.4 

a.o 

■tigi 

13.2 

16.8 

18.2 

20.4 

22.6 

24.B 

25.7 

26.2 

26.6 

27.0 

27 0 

26 6 

14 

0.74 

3.1 

6.2 

9.4 

12 5 

15.4 

18.4 

21.4 

24 2 

26.8 

20.2 


31 6 

32.0 

32.5 

32 5 

iilil 

16 and ever 

O.M 

3.6 

7.2 


14.3 

17.8 

21.2 

24.5 

27.H 

36.7 

33.6 

35.7 

36 6 

37.1 

37.6 

37 6 

37 2 


These ratings reach values that are approximati^y twice the highest ratings given 
cotton-rubber cord bating. 
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Fio. 14-11. Section ol steel-cable tranBinis- 

aion belting. 
























BEmm muc. u 

Steei-^bk Mtuig irequira im» mm and nci less tbaa other mhbeivBixrfaoed 

belti^. It \m l^e advantage that^ becatis^ belts aan be U8<^, the biding 

moment on the overhanging motor shaft tsiesa, and bearing fbirqe is lower even thon^ 
the belt tenskm is unch^ged. 

Crowns recommended for pulleys for steel-oable belts are given in Table 14-37. 
com^aoted on steei-eable belts 
for response to crown show that they re¬ 
spond to a given crown to much the same 
degree as cotton-rubber belts. In gen¬ 
eral, shaft misaUgmnent in exceSs of 1 deg 
cannot be corrected for by crown. 

The high elastic constant j[low elonga¬ 
tion) of the steel-cable belt, which is an 
advantage on ordinary open drives, pre¬ 
vents its use on most quarter-turn and 
twisted-belt drives, since the uneven dis¬ 
tribution of strain across the belt ^vidth 
results in highly localised tensions de¬ 
structive to the belt. 

While Some extraordinary precautions must be taken to use successfully steel-cable 
belts, the high rating and length stability of this belt make it a power-transmission 
medium for many applications. 

These same characteristics of high strength and rating coupled with length stability 
have been taken advantage of in designing steel-cable V belts. 

The high elastic constant of steel-cable belting has also made possible the current 
development of positive-drive flat belting. In the past, efforts to design a positive- 
drive flat belt employing engaging teeth on belt and pulleys have been handicapped 
by the difficulty of maintainmg pitch in the belt in the face of elastic and inelBstic 
elongation. Steel cable has reduced these factors to an amount probably leas than 
the pitch change resulting from wear in a chain. 

Positive-drive steel-cable belts in widths from K to 2 in. are being developed 
around the steel-cable flat-belt carcass to maintain a fixed ratio between shafts for 
loads up to 30 hp. These have teeth molded on the inner surface of the belt and 
engaging recesses machined in the pulleys. This type of belt offers ,a quiet lubrica¬ 
tion-free method of maintaining a fixed speed relationship between shafts for light and 
moderate loads. At present, such drives are being custom designed for original equip¬ 
ment uses since expensive manufacturing equipment precludes the design of individual 
drives. Future design may include standard-pitch belts and pu11e3rs for selection of 
drives for individual applications. 

Steel-cable belting has been in successful operation for several years, and while 
other strong fibers are coming up to challenge the position of both steel and cotton, 
there is still nothing with the concentrated power capacity and length Stability of steel. 


Ttble 14-3T. Reebtaa^ndW' 
Maximum Crown 

(Differencfi between dumeter at oeDtar 
and at edge) 


PiilleywfB.«e 
widths in. 

Laiga 
pulley, in. 

Small piiUey 

2- 5 


Flat-H^ In. 

6> 9 


Flai^Hs in. 

10-lB 

Hb 

Flat^54a in. 

1&-30 

Ha 

Hm in. 


m 



MULTIPIE Ain) VASIABLE-SPEED V-BELT DEIVES 

BY H. A. Wilson 

Application Engineer, Texropi Drive Department, Allis-Chalmers Company 

Thu V-belt drive conaista of one or more endlesa belts of trapezoidal cross sectioni 
run on sheaves with V-shaped grooves on the periphery. The endless belts are 
constructed of cotton or rayon cords and fabric impregnated with rubber. V belts are 
also made with endless steel cables as tension members. Horsepower ratings for belts 
are given in Tables 14^39 to 14-43. 

Table 14-3B 


Belt 

BectioiL 

K 

t 

n 

W 

Kn 

tn 

Maximum 
sheave diam 

A 

0.213 

0.020 

22 

0 07 

4.686 

0.440 

5.0 

B 

0.22S 

0.034 

37 

0.12 

B.325 

1.268 

7.0 

C 

0.241 

0.061 

72 

0.19 

17.350 

4.303 

12.0 

D 

0.250 

0.106 

140 

0.39 

37.260 

16.790 

17.0 

E 

0.250 

0.160 

227 

0.5D 

56.750 

35.320 

28.0 


V-belt drives are primarily short center drives and provide a smooth, even flow of 
power, with a miaimum of slip and without noise. These drives can be operated in 
cither direction with slack side of belts on top or bottom. They are especially adapted 
to reversing service. 

OPERATION OF V-BELT DRIVES 

Alignment of V-belt Drives. The driver and driven shafts should be parallel, and 
the belts should be at right angles to the shafts. Any appreciable misalignment may 
cause undue wear on the belts. 

Adjustment of V-belt Drives for Proper Tension. Every installation of V-bolt 
drives should include some form of movement to permit maintaining proper tension 
on the drive. This can be accomplished through the use of slide rails or a base on the 
motor or a pivoted motor base. An idler may be used where no otbei; form of adjust¬ 
ment is possible. A grooved idler operating on the inside of the belts is to be pre¬ 
ferred to a flat-face idler operation on the back of the belts. V belts (cotton or rayon) 
may stretch approximately 4 per cent of their original pitch length during their entire 
useful operating life. Provision should be made for this amount of take-up so that 
proper tension can be maintained at all times. 

Replacement of V Belts. All tension should be removed from the drive and as 
much slack as possible obtained on the belts. The belts can then be removed easily 
and a complete n^w set placed on the drive. A complete new set of belts is recom¬ 
mended because of the difficulty of matt^hing new belts with the old belts 'which hav.i 
bten used and have stretched an unknown amount. V belts should never be pried 
onto the sheave. A bar or any object used for this purpose may rupture the cord 
construction of the belt causing it to break. 

Storage of Spare Sets of V Belts. Belts should be stored in a cool, dry place, 
light, heat, and moisture will cause deterioration and greatly reduce the useful life of 
the belts. 

Belt Dressing, No belt dressing of any kind should ever be used on any V-belt 
drive. The application of belt dressing will cause deterioration and shorten the useful 
life of the belts. 
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miBOTimA V^ULT B&IVM 
JUliw M 


fSm ^4 


Velocity, 

fpm 


2.6411. 

3.0 in. 

3.4 in. 

1,000 

0.5 

0.7 

0.8 

1,100 

0.6 

0.7 

0.9 

1,200 

0.6 

0.8 

1.0 

1,300 

0.7 

0.9 

l.fl 

1,400 

0.7 

0.9 

1.1 

1,500 

O.B 

1.0 

1.1 

1,000 

0.8 

1.0 

1.2 

1,700 

0.9 

1.1 

1.3 

1,800 

0.9 

1.2 

1.4 

1,000 

0.0 

1.2 

1.4 

2,000 

1.0 

1.3 

1 5 

2,100 

1.0 

1.3 

1.6 

2,200 

1.1 

1.4 

1.6 

'2.300 

1.1 

1.4 

1.6 

2,400 

1.1 

1.4 

1.7 

2,500 

1.1 

1.5 

1.7 

2,000 1 

1.2 

1.6 

1.8 

2.700 

1.2 

1.6 

1.8 

2,800 

1.2 

1.6 

1.9 

2,000 1 

1.2 

1 5 

1.9 

3,000 

1.2 

1.7 

2.0 

3,100 

1.3 

1.7 

2.0 

3,200 

1.3 

1.7 

2.0 

3,300 

1.3 

1.7 

2,1 

3,400 

1.3 

1.8 

2.1 

3,500 

1-3 

] B 

2 1 

3,500 

1.3 

1.8 

2.2 

3,700 

1.3 

1 8 

2.2 

3,800 

1.3 

1.8 

2.2 

3,000 

1.3 , 

l.S 

2.2 

4,000 

1.2 

1.8 

2.2 

4,100 

1.2 

1.8 

2.2 

4,200 

1.2 

1.8 

2 2 

4,300 

1 .2 

1.8 

2 2 

4,400 

1.2 

1.8 

2 2 

4,600 

1.1 

1.7 

2.2 

4.600 

1.1 

1.7 

2.2 

4,700 

1.0 

1.7 

2 2 

4,800 

1.0 

1.7 

2.2 

4,000 

0 9 

1.6 

2.2 

5.000 

0.0 

1.6 

2 1 


Sheava diam 


8.8 in. 

4.2 in. 

4.6 iiu 

5.0 in, and 
latfer 

0.0 

0.9 

1.0 

1.0 

1.0 


1.1 

1.1 

1.0 

1.1 

1.2 

1.2 

1.1 

1.2 

1.3 

1.3 

1.2 

1.3 

1.4 

1.4 

1.3 

1.4 

1,4 

1.5 

1.3 

1.4 

1.5 

1.6 

1.4 

1.5 

1.6 

1.7- 

1.6 

1.0 

1.7 

1.8 

1.6 

1.7 

1.8 

1.9 

1.0 

l.S 

1.6 

2.0 

1.7 

1.9 

2.0 

2.1 

1.8 

1.0 

2.0 

2.2 

1.8 

2.0 

2.1 

2.3 

1.0 

2,0 

2.2 

2.3 

2.0 

2.1 

2.3 

2.4 

2.0 

2.2 

2.3 

2.5 

2.1 

2.3 

2.4 

2.6 

2.1 

2.3 

2.6 

2.6 

2.2 

2.4 

2.6 

2.7 

2,2 

2.4 

2.B 

2,7 

2.3 

2.5 

2.B 

2.8 

2.3 

2.5 

2.7 

2.9 

2.4 

2-6 

2.7 

2.9 

2.4 

2.7 

2.8 

3,0 

2.5 

2.7 

2 8 

3.0 

2.6 

2 7 

2.9 

3.1 

2.5 

2.8 

2,9 

a.i 

2.5 

2.8 

3.0 

3.2 

2.5 

2.8 

3.0 

3.2 

2.6 

2.8 

3.0 

3.3 

2.6 

2.9 

3.1 

3.3 

2.6 

2.9 

3.1 

3.3 

2.6 

2.9 

3.1 

3.3 

2.6 

2.9 

3.2 

3.4 

2.0 

2.9 

3.2 

3.4 

2.6 

2.9 

3.2 

3.4 

2.6 

2.9 

3.2 

3.4 

2.6 

2.9 

3,2 

3.4 

2.6 

2.9 

3.2 

3.4 

2 6 

1 2.9 

1 3.2 

3.4 


SELECTING A V-BELT DRIVE 

Selection of a V-bclt drive for any application should be based on the nature of the 
load, the type of driving unit, horsepower (name-plate rating) and speed. To obtain 
ilie horsepower capacity to be used, multiply the rated horsepower of the driving unit 
i*y the recommended service factor for the type of driven unit (see Table 14-44). The 
belt section to be used for a drive is dependent on the rating and speed (see Table 
14-46). Belt velocities should be imder 5,000 fpm for maximum belt life. Sheave 
diameters used should not be less than recommended minimum diameters as shown in 
Table 14-47, Corrections for arc of contact on Small sheave are determined by 
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^<A4i uvLTmM Am TAmA6m-^sm v^elt Dmtsa 

«tWI«14>4ft Bow^'MraaiHsat.fwB-aeDtMVBeai 


Sheave diam 


Vslodtiy, fpm 

8.0 in. 

8.4 in. 

SJ6 in. 

6.2 in, 

6.6 in. 

7.0 in. und 
larger 

1,000 

1.3 

mm 

1.5 

1.6 

1.7 

l.B 

l.lOO 

1.4 


1.6 

1.7 

1.8 

1.0 

1,200 

1.5 


1.7 

1.8 

1.9 

2.0 

1,000 

1.6 


1.9 

2.0 

2.1 

2.2 

1.400 

1.7 

mm 

2.0 

2.1 

2.2 

2.3 

l.flOO 

l.B 

2.0 

2.1 

2.8 

2.4 

2.5 

l.flOO 

1.9 

2.1 

2.3 

2.4 

2.5 

2.6 

1,700 

2.0 

2.8 

2.4 

2.5 

2.7 

2.8 

l,fl00 

2 2 

2.4 

2.5 

2.7 

2.8 

2.9 

1,900 

2.3 

2.5 

2.6 

2.8 

3.0 

3.1 

2,000 

2.4 

2.6 

2.8 

2.9 

3.1 

3.2 

2,100 

2.4 

2.7 

2.9 


3.2 

3.4 

2.200 

2.5 

2.8 

3.0 


3.4 

3.5 

2,800 

2.0 

2.9 

8.1 


3.6 

3.6 * 

2,400 

2.7 

3.0 

3.2 


3.6 

3.7 

2,500 

2.8 

3.1 

8.3 

3.5 

3.7 

3.9 

2,000 

2.9 

3.2 

3.4 

3.6 

3 8 

4.0 

2,700 

3.0 

3.3 

3.5 

3.7 

3.9 

4.1 

2,BOO 

3.0 

3.3 

3.6 

3.8 

4.1 

4.3 

2,900 

3.1 

3.4 

3.7 

3.0 

4.2 

4.4 

8,000 

3.2 

3.5 

3.8 

4.0 

4.3 

4.5 

8,100 

8.2 

3.6 

3.9 

4.1 

4.4 

4.6 

8,200 

3.3 

3.6 

4.0 


4.5 

4.7 

8.300 

3.3 

3.7 

4.0 


4.6 

4.8 

8,400 

3.4 

8,7 

4.1 


4.7 

4.9 

3.800 

3.4 

8.8 

4.1 

4.4 

4.7 

4.9 

3,000 

3.4 

3.8 

4.2 

4.5 

4.8 

5.0 

3,700 

3.5 

8.9 

4.3 

4.6 

4.8 

S.l 

3.BOO 

3.5 

3.9 

4.3 

4.6 

4.0 

5.2 

3,900 

3.5 

3.9 

4.3 

4.6 

4.0 

5.2 

4,000 

3.5 

4.0 

4.4 

4.7 

B.O 

5.8 

4,100 

3.5 


4.4 

4.7 

6.0 

6.3 

4,200 

3.B 

4.0 

4.4 

4.7 

5 1 

6.4 

4.300 

3.5 

4.0 

4.4 

4.7 

5.1 

5.4 

4,400 

3.5 

4.0 

4.4 

4.8 

5.1 

5.4 

4,500 


4.0 

4.4 

4.8 

5.1 

5.4 



4.0 

4.4 

4.8 

6.1 

5.5 



3.9 

4.4 

4.8 

6.2 

6.5 



3.9 

4.4 

4.8 

6.2 

5.5 



3.0 

4.3 

4 8 

5 1 

5.5 



3.8 

4.3 

4.7 

5.1 

5.5 


formula 

Alt! of coatact - 180 - \[D - ci)60]/C 

where D ■■ diameter of large sheave 
d ^ diameter of small sheave 
C ^ center distance of drive 
See Table 1448 for Dorrection factors. 

C^ter Distance. Knowing the sheave sizes re^^uired for a drive and the approxi¬ 
mate center distancei the belt length can be estimated by the use of the formula 

Z. * 2C + (ir/2)(D 4-d) 

Select the nearest belt length from Table 1445 (page 1003). 



































Velocity^ Ipm 

fiiyeave dlam 

7.0 in. 

S.0 in. 

9.0 in. 

10,0 in. 

U^O in. 

12.0 ia. wmI 
larger 

1,000 

2.0 

2.6 



3 4 

8.6 

1,100 

2.2 

2,7 



3 7 

.3.0 

1,200 

2.4 

2.9 



4 0 

4.2 

1,300 

2.6 

3.2 



4 4 

^.0 

1,400 

2 7 

3.4 

3.0 


4 7 

8.U 

l.SOO 

2.9 

3.6 

4.2 

4.6 

5 0 

6.g 

1,000 

3.1 

8.9 

4.5 

4.9 

5 3 

6.7 

1,700 

3 3 

4.1 

4.7 

5.3 

5.6 

6.0 

l.BOO 

3.4 

4.3 

SO 

5.5 

5 B 

6.8 

1,000 

3.6 

4.6 


6.B 

6.2 

0.6 

2,000 

3.7 

4.7 


6.1 

6.5 

7.0 

2.100 

3.9 

4.9 


6.3 

6.B 

7.8 

2^200 

4.0 

5.1 

5,9 

6.6 

7.1 

7.6 

2,300 

4.2 

5.3 

6.2 

6.8 

7.4 

7.9 

2,400 

4.3 

6.5 

6.4 

7.1 

7 7 

8.2 

2.600 

4.5 

5.7 

6,6 

7.3 

8.0 

8.6 

2,000 

4 6 

6 B 

8.8 

7.6 

B.2 

8.0 

2,700 

4.7 

6 0 

7.0 

7.8 

8.4 

9,0 

2,000 

4.B 

6.2 

7.2 

8 0 

8.7 

0.3 

2,900 

4.9 

6.3 

7.4 

8 3 

9.0 

9.0 

3,000 

6.0 

6.5 

7 6 

8.6 

9.2 

0.6 

3,100 

5.1 

6.6 

7.8 

8.7 

9.6 

10.1 

3.200 

5.2 

6.7 

7,9 

8.9 

9.7 

10.a 


6.3 

6.9 

8 1 

9.1 

9.9 

10.6 

3,400 

6.4 

7.0 

B 3 

9.3 

10.1 

10.6 

3,000 

6 4 

7.1 

8,4 

9,4 

10.3 

11,0 


6.5 

7.2 

8 5 

9.6 

10.6 

11.2 

3.700 

6.5 

7.3 

S 7 

9.8 

10.7 

11.4 


6.6 

7.4 

8 8 

9.0 


11,6 

3,900 

5.6 

7.5 

8'9 

10,1 

11 0 

11.8 

4,000 

6.6 

7,5 

9.0 

10.2 

11.2 

12.0 

4,100 

6.6 

7.6 

B 1 


11.3 

12.2 

4,200 

6.6 

7.6 

9.2 

10.4 

11.5 

12,8 


6.6 

7.7 

9 3 

10.5 

11.6 

12.6 

4,400 

6.6 

7.7 

9.3 

10.6 

11 7 

12,6 

4.600 

5.5 

7.7 

9 4 

10,7 

11.8 

12.7 

4,600 

6.6 

7.7 

9.4 

10.8 

11.9 

12.9 


5.4 

7.7 

9.6 

10.8 

12.0 

13.0 

4,800 

6.4 

7 7 

9.5 

IQ.O 

12.1 

18.3 


6.3 

7 T 

9 5 


12,1 

IS .2 

5,000 

6.2 

7.6 

9.5 

11,0 

12.2 

13.2 


T}ie exact center distance can be calculated from formula 

^ ft + y/b* - 32 (Z> - d)* 

^ " 16 

^vhere ft i- 41, '6.2fi(D + d) 

L ** pitcK length o4 hdt 

For amali ratine and long centera, reasonably accurate Centers ean be found by the 
formula 

€ ^IL ^ 1,57(Z) -h d)l/2 
999 





















MVhriPW ANn YAmAmM-BPEBD r-BELT DRIVES 


T«Uo 14»49, HofveiMmer lUtiaca for B-secItioa V Brits 


Bheave diam 



The pitfh length of the belt given in Table 14-45 is used on all calcuLitions. 

Bxamplb. a fan opesrating continuoudy at 420 rpm is to be driven by a 10-hp 1,750-rpin 
motor. Center distance between, fan and motor shaft is approximately thirty-two iiiohe'^ 
Solution: From Table 14-44 the overload fartor for fans is 1 4 to 2 0 depending on tl« 
type of motor used. With a squirrel-cage motor the service factor will be 1 G (heacy-dury 
fan) Horsepower of drive, therriore. is 1 6 X 10 = 16 hp Speed ratio 1,750/420 «*= 4 16 
From Table 14-46 a B belt is recommended. Sin^ie B belts wdl be used, the inmimnm-siSk) 
shaave rBCommendod is 5.4 in. (see Table 14-47). The driven sheave required would be 
22 46 which U not a stock sise (See Table 14-58). Therefore, the sheaves wliich should 
be sriected would be 6 and 25 in. which are stock sises. Next determine the lengtll of belt 
wWh will cpye nearest the center distance required. This length can be estimated by 
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T«lile 14-4S. HoiMp»inr BatttHi to'E^iactloa V Balta 


Sheave diam 


Velocity, 

fpm 


21.0 in. 

22.0 in. 

23.0 in. 

24.0 in. 

26.0 in. 

26.0 in. 




8 0 

8 5 

9.0 

9,4 

9.B 

10 2 

10.5 

10.9 

11.1 


a.7 

9.3 

9.8 

10.3 

10.8 

11.2 

11.6 

11.9 

12.2 


0.6 

10.1 


11.2 

11.7 

12.2 

12.6 

13.0 

13.3 


10.2 

10.9 

11.6 

12.1 

12.7 

13.1 

13.6 

14.0 

14.4 


11,0 

11.7 

12.4 

13.0 

13.6 

U.l 

14.6 

16.0 

16.4 


11.7 

12.6 

13.2 

13.9 

14.5 

16.1 

15.6 

16.1 

16.6 


12.4 

13.3 

14.1 

14.8 

16.4 

16.0 

16.6 

17.1 

17.6 


13.1 


14.9 

15.6 

16.3 

16.9 

17.8 

18.1 

18.6 


13.8 

14.8 

16.7 

16.6 

17.2 

17.9 

18.5 

19.0 

19.6 

1,900 

14.5 

16.6 

16.4 

17.3 ' 

18.0 

18.8 

19.4 

20.0 

20.6 

2,000 

16.2 

16.2 

17.2 

18.1 

18.9 

19.6 

20.3 

21.0 

21.fi 

2,100 

16.8 

17-0 


18.9 

19.7 

20.6 

21.2 

21.9 

22.5 

2.200 

16.6 

17.6 

18.7 

19.7 

20.6 

21.4 

22.1 

22.8 

23.6 


17.1 

18.3 

19.4 

20.4 

21.4 

22.2 

23.0 

23.7 

24.4 

2,400 

17.7 

18.9 

20.1 

21.2 

22.2 

23.1 

23.9 

24.6 

26.3 

2.500 

18,3 

19.6 

20. B 

21.9 

23.0 

23.9 

24.7 

25.6 

26.8 


18.9 


21.6 

22.6 

23,7 

24.7 

25.6 

26.4 

27.1 

2.700 

10.4 

20.8 

22.1 

23.3 

24.4 

25.4 

26.4 

27.2 

28,0 


19.9 

21.4 

22.8 

24 0 

26.1 

26 2 

27.1 

28,0 

29.9 

2,900 

20.4 

22.0 

23.4 

24.7 

26.8 

26.9 

27.9 

28.8 

28.7 



22 7 

24.0 

25.3 

26.5 

27.6 

28.6 

29.6 

30.6 

3.100 

21 4 

23.0 

24 5 

26 0 

27.2 

28 3 

29.4 

30.4 

31.3 


21.8 

23.5 

25.1 

26.6 

27.8 

29.0 

30.1 

81.1 

32.0 

3.300 

22.3 

24.0 

25.6 

27.1 

26.4 

20.6 

30.7 

31.B 

32.8 


22.6 

24.5 

26.1 

27.6 

29.0 

30.2 

31.4 

32.6 

33.6 


23.0 

24.9 

26.6 

28.1 

20.6 

30.8 

32.0 

33.x 

34.2 

3, BOO 

23.4 

25.3 

27.0 

28.6 

30.0 

31.4 

32.6 

33.8 

34.8 


23.7 

25.6 

27.4 

29 1 

30.6 

31.9 

33.2 

34.4 

38.5 


24.0 

2B.0 

27.8 

29.5 

31.0 

32.4 

33.7 

34.9 

36.1 

3,900 

24.2 

26.3 

28.2 

29.9 

31.5 

32.9 

34.3 

36.6 

36.6 

4.000 

24.5 

2B.6 

28.5 

30.3 

31.9 

33.4 

34.7 

36.0 

37.2 


24.7 

28.8 

28.8 

30.6 

32.3 

33.8 

35.2 

36.6 

37.7 


24.8 

27.1 

29.1 

30.9 

32.6 

34.2 

35.6 

37.0 

38.2 

4,300 


27.3 

29.3 

31.2 

33 0 

84.6 

36.0 

37.4 

28.7 

4,400 

26.1 

27.4 

29.6 

31.6 

33.3 

34.0 

36.4 

37.8 

39.1 

4,500 

25.2 

27.6 

29.7 

31.7 

33.5 

35.2 

36.7 

38.2 

39.6 

4,000 

25.2 

27.6 

29.9 

31.9 

33.T 

35.5 

37.0 

38.5 

39.9 


25.2 

27.7 


32.0 

33.9 

35.7 

37>3 

38.8 

40.2 


25.2 

27.7 

MiM 

32.2 

34.1 

36.9 

37.6 

39.1 

40,5 


25.1 

27.7 

30.1 

32.2 

34 2 

36.0 

37.7 

39.3 

40.7 


25.0 

27.7 

30 1 

32 3 

34.3 

36.2 

37.9 

39.5 

40.9 


i =* 2C -f (Tr/2)(D + d). In this oase L = 2(32) + (3.14/2)(26 + 6) - 112.8. There- 
^ a Bll2 belt should be used. Using the formula for center distance 


^ h + Vb* - 32(I> - d)* 
^- 16 


tliri center distance will be found to be 31.2 in. A 6-in. sheave operating at 1,750 rpm will 
have a belt velocity of 2,746 fpm. From Table 14-40 the horsepower per bolt will be found 
to be 3.6. Correcting horsepower for arc of contact on small sheave 

Arc of contact = 180 — [(D — ci)601/C 

Irom Table 14-48 correction is 0.90; 00 X 36 « 3.24. Finally (16/3,24) « 4.94. There^ 
fore five belts will be required, and the drive will be 5-B112-60-260. 

lOQl 
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Table 14-44. Service fiecten 


AppliDStiooB 

E^ectrie motora 

Engines 

Lina shafts and 

clutch starting j 

Alternating current 


1 

■n 

1 

a 

0 

1 

Bqoirrel 

eage 

Wound rotor 
(slip-ring) 

Syn¬ 

chro¬ 

nous 

Single 

phase 

Shunt wound 

Compound wound 

Normal torque 
line start 

Normal torque 
compensator start 

High torque 

Normal torque 

High torque 

u 

B 

9 £ 
c 5 

D X 
1 - 
!■“ 

1 

A 

& 

o 

4 or more cyluiders 
above 700 rpm 

Agitaton—paddle-propeller. 

1.2 

n 

1.4 

1.2 








■ 


Brick and clay machinery. 

1.6 

1.3 

1.8 

1.6 





1.4 



HR 

2.0 

Bakery machinery. 

1.2 






1.2 

■nil 




HR 


CompreBBOiB. 

1.4 

1.4 


1.5 

i.6 


1.2 

1.2 

1.2 


1.2 

^H 


Conveyors.. 


1.6 

1.8 






1.0 




1 ^ 

Cruahing machinery.... 


1.4 

1 6 

1.4 

1.4 

1.6 




1.6 

1.6 

RHI 

1 6 

Fans and blowen. 

1.6 

1,6 

mm 


mm 

2.D 



1.4 


1.6 

RH 

1.6 

Flour, feed, and cereal mill machin¬ 














ery. .. 

1.4 

1.4 

1.6 

1.4 

1.4 






1.8 



Generators and exciters. 

1.2 








1.2 


2.0 

1.4 

1.4 

Laundry machinery. 

1.2 









1.2 




Line shaftfl. 

1.4 

i .4 


i 4 

i .4 

2.0 

1.4 

i .4 

i .4 

1.4 

1.6 

1.6 

1.6 

Machine tools . 

1.2 



1.4 



1.2 

1.2 

1.2 

1.2 




Mills. 


1.6 

1.6 

1.4 






1.4 



1 6 

Oil-^ld machinery'. 

1.2 

1.2 

1.4 






1.4 

1.4 

1.4 

1.4 

1.6 

Paper machinery. 

1.2 

1.4 

1.8 

1.6 

1.6 

1.8 



1.6 

1,6 



1 B 

Printing machinery. 

1.2 

1.2 


1.2 





1.2 

1.2 




Pumps. 

1.4 

1.4 

i .4 

1 a 

i .6 

i .8 

i !2 

i ,2 

1.2 


2.0 



Rubber-plant machinery. 

1 4 

1.4 

1.4 

1.4 


1.8 






2.0 


Screens. 

1 2 

1.2 

1.4 











Textile machinery. 

1.6 


1.8 












Horsepower Transmitted by V Belts. The following formula was developed for 
horsepower transmitted by V belts by Bobert F. Vogt, former Chief Consulting 
Engineer for Allis-Chalmers Manufacturing Company 


TT lx r 

Hp/bdt - [icnn - ^ 


w /ryi (r, - ro v 

g VOO/ J (Ti - Tc) 33,000 


where Hp/bclt 
K 
T, 
N 
E 
i 

Ni 

d 

W 

9 

V 


horsepower recommended per belt 

load safety factor 

breaking strength per cord 

number of cords in belt 

modulus of elasticity of cords 

outer cord distance from neutral axis of cord section 

number of cords per square inch 

diameter of small sheave 

weight of belt per foot of length 

gravity constant 

velocity of belt, fpm 
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w 

Q 


Ti 

n 

Te 
KTf^N 
iMtn - Tb 



E 


N, 

T, 


Uaadosi m Bid« 
tension on sUelj^ mdo 
tenmon due 4o oentiilugal foreo 
maximum allowable tenakm 
bendin^HStresa term 

centrifugal-fon^e term 

190 
14 lb 

(Ti - r«) B-I 
(Ti - r.) “ R 


) 


8 


where R * tension ratio «■ 5 

The general horsepower formula can be converted to a more simplified form by 
using the constants given m Table 14-38 (page 996). The simphfied formula ia 


where S 


Hp/belt 

V 

1,000 


[0 339A:n - 6 14lm - 0 209Tr5*)5 


Table 14-46. Standard V Belts 


Section A, 

Section B, 

Section C, 

Section Dt 

Beotian B, 

>i X m. 

X Mem 

1 

K X in. 

IM X H m. 

IM X 1 in. 

Senal 

Pitch 

Serml 

Fitch 

Sennl 

Pitch 

Serial 

Pitch 

Benal 

Pitch 

No 

length 

No. 

length 

No 

length 

No. 

length 

No. 

length 

A2e 

26 0 

B36 

36 1 

rsi 

62 G 

D120 

122 4 

£180 

IBS 3 

A31 

31 g 

B38 

39 1 

coo 

61 4 

D128 


E19G 

198 6 

A35 

36 9 

B42 

43 1 

C68 

69 4 

D144 1 

146 4 

£210 

218 0 

ASS 

38 9 

B46 I 

47 1 

C75 

76 6 

D158 

160 4 

£240 

240 0 

A42 

42 9 

B51 

52 1 

CBl 

82 6 

D162 

164 4 

E27D 

270 0 

A46 

46 9 

B56 

60 4 

C85 

86 2 

D173 

176 4 

£300 

300 0 

A5I 

61 9 

B60 

01 0 

C90 

91 9 

D160 

182 6 

£330 

330 0 

A60 

60 9 

B68 

GO 3 

C96 

97 9 

D196 

197 6 

£300 

360 0 

A6S 

68 9 

B75 

76 3 

C105 

106 9 

D21D 

213 1 



A7A 

75 9 

B81 

82 3 

C112 

113 9 

D240 

240 0 



ABO 

Bl 1 

BB6 

80 6 

C120 

122 0 

D270 

270 0 



AS5 

86 1 

B90 

91 5 

C12B 

130 0 

Daoo 

300 0 



A90 

91 1 

B97 

99 0 

ri44 

146 0 

D330 

330 0 



A96 

97 1 

BIOS 

100 5 

C15S 

160 0 

D3eo 

360 0 



A105 

106 1 

B112 

114 0 

C162 

164 0 





Ail2 

113 1 

B120 

121 5 

C173 

175 0 





A120 

121 1 

B128 

129 5 

C180 

182 0 





A128 

129 1 

B144 

145 5 

C195 

197 0 







B158 

159 5 

C210 

212 0 







B173 

174 6 

C240 

240 0 







B180 

ISI G 

C270 

27D 0 







B195 

196 3 

C300 

300 0 







B210 

211 3 

, C330 

830 0 







B240 

240 0 

1 C300 

860 0 







B270 

270.0 

i 








B300 

300 0 
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Table 14-4B. General Belt Selection 


„ . 

I Motor speed, rpm 


1800 

1200 

900 

720 

600 and below 


A 

A 

A 



1-iH 

A 

A 

A 



2-3 

A or B 

A or B 

A or B 

A or B 


5 

A or B 

AorB 

A or B 

B 


7H 

A or B 

A or B 

B 

B or C 

B or C 

10 

AorB 

B 

B 

B dt C 

C 

15 

B 

B or C 

B or C 

C 

C 

20 

B or G 

C 

C 

C 

C 

26 

C 

C 

C 

C 

c 

30 

C 

C 

C 

c 

c 

40 

c 

C or D 

C or D 

C or D 

D 

60 

c 


C or D * 

D 

D 

00 

c 


C or D 

D 

D 

76 

c 


C or D 

D or E 

D or E 

100 

c 


D 

D or E 

D or E 

125 



D 

D or E 

D or E 

160 



D 

D or E 

E 

200 



D 

E 

E 

250 and over 




> E 

E 


When two cross sections arc shown; 

If sheave pitch diameters are limited, use the smaller cross section. 

If sheave face widths are limited, use the larger cross section. 

If no limitations, use cross section providiUB the most economir drive. 


Table 14-47. Groove Dimensions 
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VAKIABLE-SFEED V-BELT DRIVES 

VwriAt^ for V-belt drives can be obtained by the use of vatiable-pitch- 

diamoter i^eaves. Van-Pitch variable-pitch-diameter sheaves for A-, B-, C-, D-, 

Q-, and E-section belts are made. ' Two types of Vari-Fitch sheaves are available; 
stfttionAry oontrol, in which the adjustment for speed must be made with the drive 
stopped, and motion control, in which the adjustment for speed can be made with the 
drive ruiuimg. 

Table Wide-ruige Vari-Pitch Tezrope Drives 

Honepower ratini^ of wid&>raBKe Texrope belte * 


Piivli diam, m. 









































1 

Q oeotion (iHt X H in.) 


Serial Nq. 

Pitch 
lengthi in- 

Approx, 
weight, lb 

BeriatNo. 

, Pitch 
length, in, 

Approx, 
weigbi, U) 

Q-aa 

34-18 

0.0 

11-50 

63.0 

2,0 

Q-42 

ag.93 

0.8 

E-hl 

68.62 

2.9 

0-44 

42,59 

0.0 


62.02 

2,3 

<^50 

47.93 

1.0 


66.02 

2.6 

Q-5S 

63.43 

1-1 

R-74 

72.02 

2.7 

Q-60 

67.93 

1.2 

11-76 

74 00 

2.B 

Q-as 

63.43 

1.3 

R-80 

77.84 

8,0 

0-70 

68.43 

1.4 

R-85 

82 84 

3.1 

0-76 

74.43 

1.6 

1 R-M 

B7.8i 

3,3 

0-80 

78.43 

1.0 

R-94 

92.21 

3.6 

<^90 

88.43 

1.8 

R-lOO 

97 84 

3.7 

0-100 

98.43 

2.1 

R-110 

107.84 

4-1 

0-110 

106.43 

2.3 

R-120 

117 84 

4.4 




R-ISO 

127.84 

4-a 




R-150 

147.84 

6.6 




R-170 

167.84 

6.3 


Table 14-68. Face Widths of Comiwioa Sheayes 

(Used with wido-range Vari-Pitch shpavea) 



VsTiable-speed drives using one Van-Pitch sheave protdde Speed adjustments fj^om 
14 to 28 per cent for standard A-, B-, C-, and E-section belts and 150 to 190 per 
rent for Q- and R-sertion belts. The use of two Vari-Pitch sheaves on a drive 
increases tho variation proportionally, and the amount of variation depends on the 
sizes of sheaves used. Tables 14-61 to 14-64 show sizes of Vari-Pitch sheaves. 

Companion sheaves are required for drives using Vari-Pitch sheaves owing to the 
construction of the sheave. The groove spacing of Vari-Pitch sheaves is not the.same 
as for standard haed-^iametcr V-belt sheaves. Table 14^5 (page 1025) gives face 
widtli of Companion sheaves. 

Selecting a Vari-Pitch Drive. The data required for selecting a Vari-Pitch drive 
nre the same as for a standard V-belt drive, and the rating is the same except when the 
drive is used for a constant horsepower application. In this case, the horsepower 
inting must be calculated using smallest pitch diameter^ 

Horsepower tables for Q and R belts are given in Table 14-51. Serial Bumbers 
and pitch lengths of Q and R belts are given in Table 14-52. Face widths of Com¬ 
panion sheaves for Q and R belts are given in Table 14-53. 

V-FLAT DRIVES 

A small grooved sheave used with a large flat pulley and a set of V belts arc most 
Guccessful when the following conditions are satisfied: 

1. The speed ratio is 3:1 or more. 

2. T^ cento, distance is less than the diameter of the huge puMey. Centos of 
^ the diameter of the large pulley are desirable and should not exceed 1}4 times the 
diameter of the large pulley. 
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Sec. 141 MUtflPLB AND WAUlAShM^EED V-BELT DRIVES 

T«bl0 14*54. Dimezisioi^ of Wide-ruigo V«ri-Piteh Shooves 


Belt 

BLSe 

Range of 
pitch 
diam 

No. of 
grooves 

Outside 

diam 

-3- 

Dimensions 

A 

B 

c 

D 

E 

F 

Q 

a.50- 7.60 

1 

7Kn 


2H 

2 

3 

1 Kb 

H 

Q 

8.60- 7.60 

2 

7Hb 

7H 

4H 

2 


1Kb 

K 

Q 

a.50- 7.60 

3 

7Ka 

9H 

7H 

2 


IKb 

K 

Q 

4.50- 5.00 

1 



m 

2 

3 

2K 


Q 

4.50- 8.00 

2 

8K. 

7H 

4K 

2 

3^ 

2K 

H 

Q 

4.60- 5.00 

3 

BK. 


7H 

2 

5 

2K 

H 

Q 

5.60- 9.00 

2 


7H 


2 

3"4 

2K 

H 

Q 

6.50- 9.00 

3 

UMb 


7H 

2 

5 

2K 

H 

Q 

5.50- 9.00 

4 

OMb 

12 

9H 

2 

Oli 

2K 

H 

K 

5.25-10.00 

2 


9 

6 

2H 

5 

3K 

H 

R 

6.25-10.00 

3 


12 

9 

2H 

7 

3K 

H 

R 

6.25-10.00 

4 

105^ 

15 

12 

2^ 

7^4 

3K 

H 

R 

6.25-11.00 

2 

im 

9 

6 

2H 

5 

3K 

H 

R 

B. 25-11.00 

3 

IIH 

12 

9 

2H 

7 

8K 

H 

R 

6.26-11.00 

4 

IIH 

15 

12 

2H 

7H 

3K 

H 

R 

7.25-12,00 

2 

12H 

9 


2H 

5 

3K 

H 

R 

7 25-12.00 

3 


12 


2?^ 

7 

3H 

H 

R 

7.25-12.00 

4 

vm 

15 


2H 

7?i 

3K 

H 




Table 14-66. Correction Factors for 

V-flat Drives 

Arc of ctmiaci 

Correction factor 

180 

0.74 

170 

0.77 

160 

0.79 

150 

0 .B2 

140 

0.84 

130 

0.80 

120 

0.B3 

110 

0.79 

100 

0.74 

90 

0.69 

Table 14-^6. 

V-flat Drives 

Add to of 

Btit sedivn 

fiat puire^p Iru 

A 

0 35 

B 

0.45 

C 

0.50 

D 

0.75 

E 

1.00 


Table 14-67. Deep-groove Sheave Face 
Width 


No, uf 
grooves 

Sheave face width 

A 

belt 

B 

belt 

c 

belt 

D 

beU 

E 

belt 

1 

H 

1 

IK 

m 

2H 

2 

W 

IK 

2M. 

m 

M 

8 

2 

2H 

3K 

6>i 

6.K 

4 

2« 

3K 

4iMs 

OK 

8H 

6 

an 

4K 

BK 

8K 

lO.K 

6 

3K 

6K 

7Ms 

10 

I2H 

7 

4K 


8K 

UK 

I4H 

B 

6K 

7H 


13K 

IBM 

9 

5H 

B 

XOK 

14K 

i 18H 

10 

OK 

m 

12M« 

16K 

1 20H 
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FLYWHEM, EFFECT {WB^) OF V^BMLT SMEAVES [Bm.U 

3. The large pulley haaa flat face (no crown) ^ 

4. The face width of th& flat pulley is at leaat 1 in. wider than the face width of the 
grooved sheave. For l^ge drives a IQ per cent increase in face width riiould be 

Flat pulleys of cast iron or pressed steel are generally used. If crowti-face puHeys 
are used, there will be unequal tension between the center and outer belts which may 
cause the belts to "crowd” toward the center of the crown. 

Selecting a Drive. The coirection factors for arc contact in Table 14-65 

should be used. The pitch diameter of the flat pulley (for calculatioii purposes) is 
found by adding to the diameter of the fiat pulley the amount shown in Table 14^6. 
All other data required are the same as for a V-bclt drive. 

qdarter-turn v-belt drive 

Quarter-turn drives (Fig. 14-12) are used to transmit power from a horizontal shaft 
to a vertical shaft or vice versa. Speed ratios should not exceed to 1. Horse¬ 
power ratings of belts arc 75 per cent of those listed in Tables 14^39 to 14-43. The 





arc of contact correction factor is disregarded. The center distance should not be less 
than 5(P -|- TF) where P « pitch diameter of larger sheave, and W * face width of 
large sheave. The center line of the horizontal shaft should be half the diameter of 
the large sheave above the center line of the vertical shaft, and the vertical shaft 
should be offset half the diameter of the small sheave. Special deep-groove sheaves 
are required. Face widths of deep-groove sheaves are given in Table 14-67. 

flywheel effect (TFH*) OF V-BELT SHEAVES 

In Fig. 14^13 the lines on the left, designated C7, D, and B represent the standard 
sections of belts. To use the chart, find the place where the lines representing the 
pitch diameters of sheaves intersect the lines (TFB* standard sheave) for the correct 
section of belt, and read on the right the value (TFi?*) per inch of width. Multiply 
the face width of sheave in inches (Table 14-50) by the value read cm chart, and the 
result will be the TFJR* of a standard sheave. 

To find WR^ for heavy flywheels where the value WR* is given, determine the TVS* 
per inch by dividing the total WR^ by the face width in inches, and read to left to 
intersect with diagonal line (pitch diameter) for size of sheave required. Then read 
at >)ottom of chart the extra w'eight to be added to a standard sheave (per inch of 
widih). The total extra weight required to be added to a standard sheave will be 
found by multiplying the value read at bottom of Fig. 14-13 by the face width of 
sheave in inches. 

"Magic-Grip” sheaves are of cast-iron construction and are made in two general 
lypes so far as location of hub is concerned. These two types are illustrated by 
Fig. 14-14. Tables 14-58 to 14-60 list the type in which each pitch diameter is fur¬ 
nished. In general sheaves up to 8.6 in. pitch diameter in B section, 10.6 in. pitch 
diameter in C section, and 18.0 in. in pitch diameter section are made in web style; 
larger sheaves have arm-style constniction. 

FTotu: The terms "Texrope,” “Vori-Pitch” and *‘Magic-Grip” are trade-marka of 
AUis-Chalmera Manufacturing Company. 
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14-68. DimensioiiB of Mapc-Grip Sheaves, B Section, 2 to 80 Up 

(fc*tr7rk pneaves for B-section belt^ available m 2 to 10 prooves only) 
inehes. &hea\ above line are web style. Sheavee below line are arm st) le. 



Type 16 *IVp® 































Tabid 14-58. DimenaioiiB of Magle-Grip Sheavea, B Section, 2 to 30 Hp* {Coni.) 


8bo. 14] UmjftPLE AND VARIABLM-SPEBD V-BBLT DRIVES 
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i* Approy: -uate net weight of aheawt: and bushing of medium-eiee bore 



























Table 14-69. Dimensiobs of Magic-Grip Sheaves, C Section, 16 to 126 Hp 
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Table 14-59. Diinenaiaiia of Magic-Grip Sheaves, C Section, 16 to 1S6 Hp* {Coni.) 
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t Approxltnate net freight of ehepi. and buBliing of tnedium-siBe bore. 

































































Tftble 14-60. Dunensions of Magic-Grip SheaveB, D Section, 60 to 260 Hp’ 

(Stock aheavea for D-sectian beita available in 5 to 12 grooves only.) 
iona are given in inches. Sheaves above hne are vreb atyle. Sheaves below line are arm style. 
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* Courtesy Allia-Cbalmera Manufacturing Co. 

t Approximate net weight of sheave and buahing of niedium-aiae bore. 













le 14-60. Dimensions of Magic-Grip Sheaves, D Section, 60 to 360 Hp* (Cont.) 
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Itoc. H] MlUflPlB AMD VAUAmM^BBD V-MmT JmvSS 



Courtesy Allis-Ch^lmers ManufiictiinnB Cn 

Number of turns nf adjusting i^i'b to make a complete change in pitch diameter A section, 3^ turns, B section, 4^ turns 













rabie 14-02, General Dimensions of Stationary-control Van-Pitch Sheaves for Texrope Belts 

C-section Tezrope belts 

































































Table 14-^8. General DimensiotiB of Stationary-control Vori-Pltch Sheavea for Texrope Beita* (Cant.) 

D-ae€tion Tezrope belta {Cant.) 


Sm. m MULTIPLE AND YARIABLE-^EBD V-BBLT DRIVES 



* CourtcBy AUiB-Chalitum Mon^lifaoctiiine 

t Niimbfir of turns «l adjustuig nut to moke a complete chiuigB in pitch diameter, turns, 
t Number of luma of adfUstuig nut to make a coimdete chuiie in pitch diameter, 9^ turns, 
i Number of turns of adjusting nut to make a complete change in intch diameter, 12 tnma. 
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Table 14'-64i Motion-control Vaii-Pitcb Sheaves for Texrope Belts 
C-section Texrope belts 

All dimensionB are giveii in inches. 

























































































MULTIBUS AND VA&IABLE-8PESD V-BEIT DRIVES 
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Tsble 14^. Fiice Width of Companioii Sheavei Uaod with Van-Pitch SheaiWB 
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PIVOTED AND SPRING AUTOMATIC MOTOR-BASE 

DRIVES* 

BT Samitsl L. Allen 

Design Engineer, J, E, Rhoads and Sons 

The pivoted motor-base drive is a carefully engineered power-transmission unit 
adopted by industry for the efficient operation of short (Center belt drive installations. 
It utilizes the simplest form of power transmission: a motor, two pulleys, a strong 
flexible belt, and a pivoted motor base. The motor is mounted on adjustable base 
arms which are free to rotate about a horizontally mounted pivot shaft (Fig. 14-14a) or 
ball-and-socket bronze bearing (Fig. 14-146). 



Fio. 14-14a. Motor mounted on pivoted Fig. 14-14&. Motor mounted on pivoted 
motor base. motor base, reaction-torque type. 


The motor is bolted to the arms and is free to swing about the pivot point, its 
weight being supported partly by the pivot and part^ly by the belt. With the motor 
correctly placed on the arms, it automatically maintains the belt tension necessary to 
ensure a continuous flow of power at all times. This drive is economical, efficient 
dependable, and requires little, if any, maintenance. Pivoted bases are available for 
practically every size of motor, and they can be installed to operate vertically, hori- 
zontidly at any angle, mounted on the ceiling, on the floor, on the wall, or mounted 
on the machine itself. 

Pivoted bases are adjustable devices which can be used on many types of installa¬ 
tions almost too numerous to mention. Some of the more common uses are on fans, 
compressors, machine tools, pumps, generators, industrial line shafts, textile spinning 
frames, beaters, etc. 

CLASSES OF BASES 

There are two distinct classes of bases: One is the Rockwood base which depends 
mainly upon motor weight to supply tension to the belt, acting through an adjustable 
lever arm. The other is the American Econ-o-matic base with the pivot point clope 
to the motor shaft. This base utilizes mainly the twisting or rotating action of the 
stator which is equal and opposite to the rotor action. The motor weight is offset 
enough to give initial tension, and the load determines the tension in the belt auto¬ 
matically. The underlying principles of these drives are the same, but motor weight 

* The data and tables for this BubBeetion are by the Dourtesy of J. E, Rhaads and Sone, American 
FuUeyCo., Automatic Motor Base Co., and Rookirood Manufacturing Co. 
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WH 

IB more irnpartmt in type ihfm the oth^« "Jtoe two bpm, p/m^fmdy Afl^ied 
and control belt tension aceurat^^ taking i^nl; eenter^b^t drives prsetml 

and eeenonucid. These two general classes are suita^e for ^r, oeilmgy walt^^and 
vertical drives. Three special textile bases lor spinning and twiater frames are avails 
able for motors up to 20 hp at 1,800 rpm. 

figure 14-15 shows the different types of Rockwood bases and tkeir range of 
application. 



^ilount«d on celling 



Tig, 14-16. Geiling-driw type, American Fib. 14-17 Wall-drive type, Amwican 
base, base. 


f'igures 14-16, 14-17,14-18, 14-19, and 14-20 show the different types of American 
bases. On all drives, the tight side of the belt must be near the pivot. This rotation 
gives increased tension with increased load and decreased tension with decreased load. 
The opposite rotation gives just the reverse of this, and some drives may be inopera¬ 
tive. In this case, the drive should be changed or a different base used so that the 
load pull comes near the pivot. 
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Etso. m PIVOTED AND SPRINO AUTOMATIC MOTORrBASS DRIVES 

Bases. Frequently ceiling drives constitute a trauble aone for plaot 
maintexiance men. Belts stretch, but because of their inaccessibility, they are not 
i^ven proper attention, and production is slowed down owing to excess ^p. A pivoted 
motor base on the ceihng will correct this. 

The floor-type American base is used on the ceiling with special emphasis on the 
belt direction. The tight side of the belt must approach the face of the motor pulley 
closest to the pivot of the base (see ceiling installation, Fig. 14-16). 



Fio. 14-18. Floor-drive type, AmericEin Fig. 14-19. TopsidB-drivo type, Amer- 
base. ican base. 


The Rockwood base for use on ceiling drives has special hanger arms and auxiliary 
adjusting screw's for changing tension, if nece.ssary. All other adjustments are the 
same as in the floor base. 

Vertical-type Bases. Fixcd-centcr vertical-motor drives cause trouble sooner or 
later because of belt stretch resulting in slip and loss in production. The spocia] 
vertical-type Rockwood base eliminates all this trouble. With the motor above, the 
springs support the entire motor weight and supply belt tension. With the motor 

below, the springs take off the motor weight 
not needed for belt tension. 

The American down-drive base (Fig. 
14-20) mounted either on suitable brackets 
or platform keeps the belt tight with the 
motor above. The topside base (Fig. 14-19) 
is used when the center line of the drive is 
within 45 deg of the vertical. Both types 
have all the adjustable features found in the 
regular floor-type bases. 

Construction of Rockwood Bases. On 
a standard base, the motor is bolted rigidly 
to a pair of steel arms instead of to the usual 
slide-rail motor base. These arms are piv¬ 
oted on a steel shaft which is in tur:i 
Fio. 14-20. Down-drive type, Amer- mounted on adjustable screws running the 
icBR base. length of the housing. Therefore, the entire 

pivot shaft can be moved forward or back 
to accommodate an endless bdt length by turning the adjusting screws. The arms 
are movable parallel to the pivot shaft to accommodate different motor-frame sizes 
and for alignment. These arms arc provided with slots on the sides so that the motor 
bolted to the arms can be moved toward the pivot for less tension or away from it for 
more tension, giving a wide range of belt tensions, the final position being determined 
by the load to be transmitted. The large take-up provided is sufficient in most 
eases to take care of speed changes by using pulleys of different diameter. 
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THE ' BELT ANJ> BBET ElMmATtOE 

If the base ie mot quite parallel to the driven abaft alt^ inBtallatia&, the pivdt 
shaft caa in moat eases be made parallel by tuminf^ oned the long adjustiiig screwa*^ 
This can be done while the drive is running. Sinee the pivot shaft^is bdow the motor 
feet, the end bells on the motor can be removed without removing the motcur from the 
base. The many adjustments provide interchangcabilily of motors in case of failure 
or in many cases make it possible to install a larger motor on the same base without 
moving the base on its foundation. Figure 14E-21a shows a typical pivoted motor-base 
hat-belt drive of the Rockwood floor-type base driving a fan. 

Construction of the American Base. The American £con«o-matic motor base is 
made of steel throughout—steel because it combines strength with lightness. Bted 


also has a natural elasticity wbich relieves 
may be set up within the motor because of 



btise installation driving an air-conditioning 
fan. 


and neutralises any destructive forces that 
imperfect balance of the motor, pulleys, or 
belt. Resilient steel absorbs noise-produc¬ 
ing vibrations and motor hum, thus taking 
^he place of an expensive type of noise¬ 
proof foundation. The base itself is per¬ 
fectly quiet in operation, the finished as¬ 
sembly permits no looseness or rattle. 

The only moving part is the "cradle” 
made of cast- or forged-steel cranks, solid- 



Fig. 14-21b. Floor-type American-base in¬ 
stallation driving compressor. 


steel cross rods, and pressed-sieel motor-base arms. This cradle is pivoted in bronze 
bearings * of the ball-and-socket self-aligning type. These bearings ensure free move¬ 
ment in any position and eliminate all danger of “freezing” or "binding.” 

Standard bases are available in seven sizes; duplex-type bases in nine sizes; topside 
bases in five sizes; and there is also a full line of textile bases for spinning and 
twisting frames. Other bases can be built to special dimensions when required. 

It is a simple matter to adapt the base to motors of various dimensions, liiberal 
ai*3iistmeni8, easily accessible, have been provided in the foundation plates, in the 
bt aring standards, and in the motor-base arms. Any adjustments necessary for the 
t'^^riection of belt alignment or for the take-up of belt stretch can be made while the 
drive is in operation. 

Figure 14-2lb shows a floor-type installation using a special-tannage leather belt 
on an American base driving a compressor. 

BELT ELONGATION 

Belt elongation occurs from centrifugal tension, too much tension, high humidity, 
heavy loads, too small a belt, and permanent stretch. Stretch allows the motor to 
tilt on these variable-center drives, but ring-oiling bearings leave a permissible tilt 

* With the Bzeeptlon of AOO aod AO. 
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S*M5.14J PIVOTED lifD SPRINO AUTOMATtC HOmB^BASE DRIVES 

of *7 4^ from the hombntal before the arms have to be leveled up by turning the 
aerewe provided, Ball-beamg metore oan talt any amount ae long aa the armfl do not 
boUoni'dn the base, For the sake of appearance, the feet ^ould be kept horiamital. 

THE BELT 

While any type of belt can be used on the pivoted motor drive, certain belts are 
better than others. Special-tannage, endless leather belts are very flexible, have the 
highest grip on the pulleys, can be made endless any desired length, and on the average 
longer. Cord belts, V belts, chrome-tanned leather belts, oak belts, special- 
tannage leather belts, rubber belts, steel-cable flat belts, and others have all been used 

successfully. 

Steel-cable V belts can be operated 
at 6,000 or higher, but the manu¬ 
facturer should be consulted on these 
drives. 

The steel-cable flat transmission 
belts require special engineering, and 
the manufacturer should be consulted 
regarding those belts and pulley crowns. 
High-speed drives up to 10,000 fpm are 
possible with this steel-cable flat belt. 

While any type of pulley can be used, 
the pulleys presenting the greatest resist¬ 
ance to slip should be used. The motor 
pulley should be paper or wood, and the driven pulley as well, when the pulley ratio 
is near unity. Large driven pulleys may bo cast iron, pressed steel, or w(»od. V 
sheaves should be used with \-belt drives. 

All pulleys selected should be large enough for the job to be done. Table 14-66 
shows NEMA standard minimum motor-pulley diameters for a given motor size. 
Motor pulleys smaller than those recommended by NEMA introduce high belt ten¬ 
sions and bearing pressures; therefore, they should be avoided where possible. Belt 
speeds between 2,500 and 4,500 fpm are ideal. Speeds up to 6,000 fpm and higher 
are permissible under certain conditions but are not generally recommended. The 
exception is the steel-cable construction referred to above. 

Jolley ratios up to 8:1 are permissible, and ratios up to 50:1 on the double-reduc¬ 
tion gravity-base drive are practical, see Fig. 14-21 c. 

MOTOR FLOAT OR VIBRATION 

With the motor free to follow the load pulsations, the motor must move in unison 
with these pulsations. The amount of vibration or motion depends upon several 
factors. If the load is steady, the float may hardly be noticeable. Drives on violently 
fluctuating loads may need snubbers to keep the drive steady. A base too small for 
the motor may cause vibration, resulting in breakage of some part of the base. 
Uneven belt thickness, eccentric pulley, and uneven load are all causes of motor 
vibration. Occasionally, a motor rotor may be out of balance causing undue vibra¬ 
tion. With the motor free to follow the load pulsations, the motor, machine, and 
bearings are freed of these harmful load shocks, and longer machine, bearing, and belt 
life relate. 


orMng 



kbtof ten ^ 

Fio. 14-21 c. Double-reduction Rockwood- 
baae drive. 


Pulley Centers 

Pulley centers may be as short as the diameter of the large pulley, although 
preferably a little longer. Some drives have very short centers with the pulley faces 
just missing each other. These ultrashort centers are found mainly in the textile 
industry on spinning- and twister-frame drives where the space is very lindted and 
the speed ratio is about 2.5:1 or less with a range of 5 to 20 hp. Large horsepower 
drives may require long centers depending upon circumstances. Most of these 
drives will come within 12 to 14 ft. 
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Bffldentty 

^fiicien6y of the invoted drive vatiee Bomewhat with phf, belt, but it readb$s 
a peak around per cent which it closely approaches over a wide range in tenstoiis. 
Pivoted drives should be designed to handle the maadmum capacity of the motor, 
which for most types of motors is at least 160 to 260 per cent ol their rated capacityp 
However, motors usually operate at less than their rated capadty, so that the drive 
is operating most of the time at less than one-half its peak capacity. This load char- 


Table 14-66. Recommended Minimum Pulley Diameters for Pivoted Motor-baso 

Drives 




NEMA 
frame size 

Min pulley 
diam, in. 

FlDor-baae size, 
Kdckwood 

D 

— 

E 

a 

BA 

203 

3 

0 

6 

4 

2H 

3H 

204 

3 

0 

6 

4 


3K 

224 

4 

0 

5H 

4i4 


ajf 

225 

4 

2 

SH 

4H 


3M 

264 

4K 

2 

dH 

5 


4H 

284 

6 

4 

7 

6H 

4« 

4H 

324 

6 

4 

8 

6W 



326 

8 

6 

6 


6 


364 

9 

6 

6 

7 

dH 

5H 

365 

9 

6 

9 

7 

6H 


404 

10 

8 

10 

8 

eM 

m 

405 

10 

8 

10 

8 

6H 

6H 

444 

12 

10 

11 

9 

7H 

7K 

445 

12 

10 

11 

0 

8K 

7H 

504 

12 

12 

12H 

10 

8 

SH 

505 

16 

12 

12H 

12H 

9 

8H 


F 4- SA 4 4a pulley face width — iS. 

S - center of motor ancl base to center of motor pulley. 


arteristic makes important the ability of the drive to maintain its high efficiency under 
fractional load (see horsepower slip curves and horsepower efficiency, Fig. 14-22). 


^’RAPHICAL METHOD FOR D£TE|tMININO PIVOT CENTER DISTANCE 

Suggestions for Layout Select the pulley diameters commensurate with the hors^ 
ivjwer and load to be transmitted. Suggested minimum motor pulleys are shown in 
Table 14-56. Figure the driven pulley diameter D by the following method: 


Let 


a^uPLB; 


Moto: 
Motor pulley dii 


Then 


= 60 

» S60 full-load speed 
— 14 in. 

= 167 


D dN/n m (14 X 860)/167 72-in. diameter driven puUsy 
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If the fan speed must be figured mere accurately, add the thicknesa of the belt to each 
pulley diameter, and deduct 1 per cent from the driven speed for slip and creep losses. Accu¬ 
rate pulley oioes can be figured by the same method; but add 1 per cent of driven speed to 
the ^>eed wanted, and deduct the belt thickness from the pulley diameters. 


Dtrection of Rotation. It is desirable on floor, wall, and ceiling drives to liave 
the tight strand near the pivot shaft, although a few ceiling drives will operate better 

with the tight side away from the pivot. 
I This can be controlled by the position of 

4 0 -tf-the motor as well as the direction of 

__rotation of the driven shaft. 

7 $ Center Distance. The center dia- 

30 IQO— -_tance may be as short as the large pul- 

t ^ ley diameter (as long as the pulley faces 

* 0 0 8 —-touch) although preferably a 

Sz0 I 96 4^— J\ _ 

^ iB I Slope of Center Line between Pul- 

I *^9 4 -J -^-leys. The most favorable position of 

S \ / the motor is with its center on a level 

'0 ^ ^2 4 ' the driven pulley center, although 

qJ qq/ _few drives have horizontal centers. 

The motor center is usually below the 
0 -------- driven shaft, or it can be slightly above. 


10 ZO 30 

Horse power Solution for Pivot Center Distance 

^ * PerCeni Slip ^ ^ Having selected the motor, pulley 

„ iT,x diameters, center distance, and position 

Fig. 14-22. Efficiency and clip chart. 

the pivot, the proper setting of the base can be determined. First, calcubite the belt 
tensions at the peak load. The second step is to determine the offset of the motor 
needed to balance the resultant belt tension. 


Nomenclature 

In the following calculations, a slide rule can be used: 

Initial Data: 

1) “ diameter of driven pulley, in. 
d =* diameter of motor pulley, in. 

C »= distance between pulley centers, in. 

II ■» height of center of driven pulley above the bottom of the Uockwood base, in. 
P — peak load to be transmitted, hp* 

K » speed of motor at peak load, rpm 
n = speed of driven pulley, rpm 
W = weight of motor, lb 
Data to Be Determined: 

V — belt speed, fpm 
Ti — tension in tight side of belt, lb 
Ts « tension in slack side of belt, lb 
G s= resultant belt tension, vector sum of Ti and 7*2, lb 
Tt = Ti ^ Ti or effective tension, lb 

e = pivot center distance (horizontal distance between motor center and pivot 
shaft, in.) 

K « see Table 14-69 
IT * 3.14 
Calctdate: 

(1) F = dirAr/12 

(2) T, - 33,000/>/F 

(3) {D-d)/C 

* Safe tbIubb of peak load for UnB-start motors may be takOn as 2.5 times the nam«-l>late rating: 
oompenaator-started motors as 1.5 times name-plate rating. Three values for peak load may ■>« 
adjusted according to the frequency of oepurrence or the inertia and oharacter of the load. 
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From Table 14-d9, take tb^ corresponding value of K far the type of belt and small 
pulley to be used. 

(4) Ti = TJC !Pji - Ti - T. 

Cany through the following operations; 

1. From the motor-dimension sheet, select the appropriate base size or from Table 
14-66, 14-67, 14-68 or 14-72. For motors not listed, consult your belting suppliefi 

2. Lay out the side view of the drive to any convenient scale. First, draw the 
6our, wall, or ceiling line on which the base is mounted. Then include any post, pipes, 
I'ti;., which limit the location of the drive. Finally, place the pulleys in their positions 
to assure getting the correct angle of drive. Extend the lines of the belt strands to 
thpir point of intersection.* 

8. From the point of intersection B, lay off Ti to any convenient scale on the 
engineer's rule along the tight strand. At C, lay off Tz parallel to the slack strand 
using same scale as above. Draw and scale the resultant belt tension G *= BG. 

4. Draw a vertical line tlirough the center of the motor, and from its intersection A 
with the resultant belt tension, lay off G on its extension using the same scale as in 
(3) or to a smaller scale if more convenient. AX BG, only a smaller scale is used. 

5. At X, lay off the motor weight W vertically downward using the same scale as 
in (4). Draw the diagonal from W to A. 

6. Draw a horizontal line at the level of the pivot. Its intersection Q with the 
diagonal AW locates the desired horizontal position of the pivot shaft. The hori¬ 
zontal position of the base with relation to the pivot shaft can be determined from the 
dimensions shown in Tables 14^71, 14-72, or 14-73. The work may be checked by 
measuring e and P. If correct, We equals GP, P is perpendicular distance from Q 
to the resultant BG, 


Table 14-67. Rockwood-base Selection Tables 


Base No. 

Motor horsepower and rpm based on NEM \ 
frame sixes 

Heaviest motor 
for this base, lb 

— 

Shipping wt, 
lb 

1.800 

1,200 

900 

0 

1 



ISO 

35 


2 

1*2 

1 



2 

3 

2 

IH 

250 

56 


6 

3 

2 



4 

7y2 

5 

3 

450 

80 


10 

7H 

5 



0 

15 

10 

7H 

650 

115 


20 

1.1 

10 



B 

25 

20 

IS 

900 

160 


30 

2.J 

20 



10 

40 

30 

25 

1,500 

240 


- 50 

40 

30 



12 

60 

.50 

40 

2,500 

390 


75 

60 

50 




Tde the 14-i!ieries basea far motoie up to 17.1 hp Uftr the lO-BPnes bases for innlurB up to 2.'>0^. 

Ilie choice of base for a Kiveii motor is made with reference to the maximum bolthple spacing tTabtas 
and 14-72) and weight limitation of the base. If your motor weisht is more than allowed for a 
eiv'nn base, aelsot the base from the maximum-weight cDlumn, 

7. If it is found that the required overhang of the motor is greater than the stand- 
fird base permits, the drive is not practical as laid out. By applying one or more of 
ttie corrective measures listed on page 1035, almost all drives can be accommodated. 

* Whan (D — ^/C is loss than_O.20O, the intersection of_the strands is Wcely to fall off the paper. 

“ pprozi- 

. Jiebelt 

* lu tiwu bv j 1 auu A'z i*uc |juauii VI UAfAfluuna vcom a l. \jr wiia ongh the 

iMiints of division. 
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Table 14-68. American-base Selection Tables 
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Table 14^9. Vdh»«a of J: C<»rreifoa4btc tolTeloei^ {D - 4)/€ for DtSerentTj^ 
of Belt and Bnfloy, Ti • {Tt - Tt)tS: 




а. Arrange the drive with the tight ride of the belt running toward the pivot 
unless already done. (With some ceiling drives, more tension is obtained 
with the tight ride away from the pivot.) 

б. Increase pulley diameterB and belt speed up to 6,000 fpm if possible. 

c. Use a special-tahnage belt and paper pulley, if not already done. 

d. Raise the motor center up to lO deg above horizontal, 
e* Use a heavier motor, or weight the motor. 

/■ Use special long arms or the neitt larger size base. 
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Fig. 14-23. Diagram for Table 14-71. 

Soliitioii for Flat Belt Width and Thickness 

Belt cross section must be sufficient to accommodate the maximum belt tension 
Tm which equals 7'i plus the centrifugal tension. 

Tm = MTi where M is a factor taken from Table 14-70 for the type of belt and 
belt speed. 

Belt thickness is limited by the diameter of the small pulley. From Table 14-74, 
take the belt thiekness suited for the small pulley diameter. Belts suited for still 
smaller pulleys will give increased life, particularly at high speeds. 

Use the corresponding value of Tm per inch of width (Tabic 14-74). 

Belt width W =* TiMlTm per inch of width 

When the width comes to a fraction, use the next larger standard width (see Table 
14-75 for maximum width of belt for motor in use). These values may change with 
(lifTcreiit motor manufacturers, and they should be consulted on wider widths. 

To find the horsepower of a given belt, solve the following equation, 

Hp = WTmV/d3,W)0KM 

Solution for Belt Length 

For open belt calculate (D — d)/C, and from Table 14^76 find the value of /, and 
Ihcn multiply by C. Calculate D -f d, and from Table 14-77, find the corresponding 
■'^alue of WTiere D -|- d is not an even number or is not given in the table, it may 
be calculated. 

Belt length equals JC + X, This is tapeline length. Deduct 1 per cent for 
elasticity on leather belts. On very short center drives where the pulley faces 
jdmost touch each other, add the belt thickness to each pulley diameter before figuring 
the belt length. This corrects the pulleys to the pitch diameter and gives the coxtect 
flat measure of the belt. 
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Tibbie 14^72. Rockwood Semietandard-type Bases* 

(See Tig. 14-24) 


No. 14 
baoe 
No. 

Max boltr 
hide 
spading 

Max 

mdtor 

wt, 

lb 

Y 

D 

Net 

base 

wt. 

lb 


Max bollH 
hole 
Spacing 

Max 

motor 

wt, 

lb 

Y 

D 

Net 

base 

wt, 

lb 

14A 

6 


10 

29 

629 

16A 



26 

46 

1,278 

14B 

8 

3,200 

12 

31 

660 

16B 



28 

48 

1,296 

14C 

10 



33 

671 

16C 


6,400 

30 


1,315 

14D 

12 

Kltiffn 

16 

36 

592 

IBD 


6,600 

32 

62 

1,334 

14£ 

14 

3,800 

18 

37 

€13 

16E 


6,800 

34 

64 

1,353 

14F 

10 

4,000 

20 

39 

636 

18F 


7,000 

36 

56 

1,371 

14G 

18 


22 

41 

666 

16G 



38 

68 

1.390 

14H 

20 

4,400 

24 

43 

677 


32 

7,400 

40 

Mnil 

■gliM 

141 

22 

4,600 

26 

46 

698 

IBI 

34 

7,600 

i 42 

62 

1,428 

14J 

24 

4,800 

28 

47 

698t 

16J 

36 

7,800 

44 

64 

1,446 

14K 

26 

■WlTlTll 

30 

49 

717 

IBK 

38 

8,000 

46 

66 

1,465 

14L 

28 

fi.20n 

32 

51 

730 

16L 

40 

8,200 

48 

68 

1,484 

14M 

30 

5,400 

34 

53 

75G 

16M 

42 

8,400 

60 

70 

1,603 


* Courtesy of RcMikwood Maniifai'tuiiiig Co. 

t This size aud targer, also batjes viith 30-m. rails, have frame-conattucted bottom plates. Add 8 lb 
to net weUsbt loi each 2-in. increase in length o^ er 24 in. 

t Add 10>i lb to net weight for eaeh 2-in, increase in length Oi'pr 40 in. 

Noth: Bases of all sizes can be suprilied with bottom plates longer than standard at nominal extra 
cost (see price sheet). These usually are for bases that must fit over presout foundation bolts, and 
bottom plate will be drilled to correspond to spacing of bolts in foundation. Rsisod foundations must 
be as wide and long as bottom plate. 

Notk: N'q. 14 bases only. Bases requiring angle-iron ami 40iu. oi more long will be supplied with 
the SB-in. rail and bottom plate. Bases requiring shorter arms will be supplied with 24-in. rail and 
bottom plate. 

When ordering specify horsepower, speed, mako, type, frame number of motor. The latter very 
important. If not given, specify bolt size and spacing in in Dior feet. Give motor pulley diameter, 
kind and size of belt, dnven speed or pulley diameter, shaft centers, and height of driven shaft above 
foundatioa top for Rockwood base. 


Solution for Bearing Pressure 

When the motor-pulley diameter is smaller than recommended by the motor 
manufacturer or wider than the standard width, the bearing pressure in the near- 
motor bearing may limit the belt tensions and should be checked as follows to see that 
it comes wdthin the safe limits: 


Nomenclature 

G = the resultant of the tensions Tj and Ti under peak loads, lb 
Z « the resultant of the tpiisions Ti and Ti at no load, lb 
e =* horizontal distance between the center of the motor pulley and pivot shaft, 
in. 

F ^ the perpendicular distance from pivot shaft to the line joining the pulley 
centers 

W ** motor weight 

R ^ distance from center line of motor pulley to center of the far bearing 
S = distance between centers of the tw^o bearings 
Z = eW/Y 

Using either Z or G, whichever is the larger, the maximum bearing pull = Z 
(or G) X {R/&). 

Where R and S are not known, it is usually safe to assume that R/S ■» %. 

The projected area for moat motor bearings equals (shaft diameter inches)* X 2.5. 

« . i maximum bearing pull 

Bearmg pressure troin belt -:—— - 

projected area 

The maximum allowable bearing pressure varies with the speed, make of motor, 
and other conditions. Tabic l4:-7S»a gives valuea that are generally safe. 
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5ff/ shoft //f/s position when instaUing base. Allows for future adjustments 
ff necessary without effecting shaft centers or belt length 



Fra. 14-24. Diagram for Table 14-72. 
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TaUe 14-TS. American- 


Symbol No. 



00 

0 

2 

4 

6 

B 

10 



X-12 

X-U 

it<lB 

JC-IB 

Kn20 

^:-a2 

K-24 

2i:-24 

£-28 

£-28 

£-32 

A 

OH 

m 

13H 

13H 

15 

IS 

15 

15 

15 

15 

19 H 

19H 

B 

SH 1 

7 

13^ 

17H 

17H 

19H 

21H 

23^ , 

24H 

2BH 

27H 

31H 

C 

2H 

iH 

4H 

4H 

5H 

5H 

5H 

5H 

6Mb 

BMb 

m 

6H 

D 

IH 

2^ 

2Jfi 

2H 

3^48 

s'Hfl 

3'Hh 

mu 

4Hb 

4Hb 

6H 

5H 

E 

0 

mi 

17 

17 

20H 

20H 

20H 

mi 

25 

25 

2B 

28 

F 

5H 

'8 

B 

6 

13H 

13M 

13H 

13H 

m 

9H 

m 

9H 

G 

4H 

6H 

7H 

IH 

B'Hb 

B'Hb 

BIMb 

8>Mb 

lOH 

lOM 

12 

12 

H 

H 





"Ha 

"Ha 

"Ha 

"Ha 

"Ha 

"Ha 

"Ha 

J 

6H 

12H 

uw 

. 1 

im 

13H 

13H 

13H 

13H 

17 

17 

18 

18 


1H-4H 

8-6 

4M-8H 

4M-8H 

5H-BH 

S)4-«H 

BH-9H 

£H-0H 

5J.4-9H 

5H-9H 

7W-12H 

7H-12H 

E 

0 

2H 

a 

IH 

IH 

1‘Hb 

mu 

mu 

l‘H» 

IH-Ib 

l'H» 

2H 

2H 

P 

B 

12Hb 

15 

15 

17 

17 

17 

17 

17 

17 

22 

22 

Q 

m 

laH 

17H 

21H 

22H 

24H 

2SVi 

2fiH 

29 

33 

34 

38 

ft 



4 

4 

4M 

4H 

4H 

4H 

4H 

4H 

5H 

5H 

s 



H 


H 

H 

H 

H 

H 

H 

H 

H 

T 


IH 

VA 

IH 

2M 

2H 

2H 

2H 

2Mb 

2M8 

29 Ha 

23Ha 

U 

M 


1‘Hb 

I'Mfl 

2Mh 

2H« 

2M6 

2M» 

2Mb 

2Mb 

2'Hb 

2>Mb 

V 


3H 

3‘Mb 

aiM* 

VHn 

4'M8 

4'Mb 

4H4b 

6Mb 

BMb 

m 

6H 

w 

z 



'Ha 


“Hi 

*H2 

"Ha 

"Ha 

"Ha 

"Ha 

"Ha 

"Ha 
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base Dimeniioni* 


^mbdKo. 


12 

14 

16 

10 

18 

T-2 

r.4 


T-8 

T-MJ 

K-ifi 

K-4Q 









26 

26 

26)i 

33 

33 

18)4 

15 

15 

15 

lOH 

35 

38^4 

40 

61)4 

55)4 

13)4 

17M 

21M 

24)4 

27M 

7H 

m 

0)4 

OMb 

7‘Mb 

4»M# 

fMe 

5Mb 

6Ha 

6H 

0M 

7 

8 

9)4 

11 

2)4 

6i)fii 

ai)4a 

4)^6 

5)4 

mi 

asM 

43)4 

50)4 

50)4 

ir 

20)4 

20)4 

25 

28 

m 

1614 

12 

18M 

18M 

6 

I3H 

13)4 

OM 

OH 

14 

I5h 

14)4 

1HIM« 

18'Mb 

7‘Mii 

9)4 

0)4 

10)4 

12 



‘Me 

IMe 

IMn 

*)4a 

*)42 

*)4a 

a)4x 


an 

23H 

24M 

29)4 

29)4 

11)4 

13)4 

13)4 

17 

18 


40 

44 

48 

14 

18 

22 

24 

28 


91^-1BV4 

14)4-20)4 

14)4-23 

14)4-23 

2)4-«)4 

2)4-6)4 

2)4-6)4 

m-9H 

aHHBH 


2)4 





IIHb 

1')4b 

1»)4b 

m 





11M-15M 

14)4-18)4 

14)4-18)4 

18)4-22)4 

20-26 

2SH 

28)4 

20)4 

38)4 

38)4 

15 

17 

17 

17 

22 

43 

4B^ 

55)4 

64)4 

68)4 

18 

22H 

26)4 

29 

34 

6)^ 

0)4 

6)4 

8)4 

8)4 

4 

4)4 

4)4 

4)4 

5)4 

H 


1)4 

3 

4>^ 

4)4 

M 

H 

M 

H 


an 

37^ 

4‘Mb 

4>Hb 

1^4 

2)4 

2H 

2Mb 

2)4 

31h 

3)4 

2)4 

21 Mb 

21 Mb 

1'Mb 

2Mii 

2Mii 

2Mb 

2‘M8 

B 

0 

10 

12)4 

13J4 

31)111 

4iMb 

4lMi« 

5Mb 

6H 


*54a 

‘Mb 

1M» 

1Mb 

i;4> 

2)4a 

nia 


=Ha 




19'Mft 

24Mb 

24 Mb 

27iMb 

32)4 


• Courtesy American Pulley Co 

t M M aximum aad mimmuiii dutani^ From pi\ ot to foundation bolt Lolea Differente between M dimeiunonn i 
udjuatment available for belt take-up 



(Nob. 15 , 16 , 18 ) 
floor type 



(Nds T- 2 , T- 4 , T- 6 , T- 8 , T- 10 ) 
Type T 
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Pivoted Motor l>rive 
Work Sheet 


Base Data 
No. 12 Bbim- 
C — 10 in. 

F - in. 


Direatiion ol Full Bottom 
Gentn^fugal-fan Dnre 

Height of Driven Shaft Center above Floor 04 in. 


Motor Speomoation 

HP_M KPM 

Type^ 

Start 


BOO 


Make 


G. E. 


K Frame 
Compeneator 


006 


Driven Maohine RPM 


167 


Motor Data 
W - 1,300 lb 
D -< 12.6 in. 
R « 10 in. 

F « 9 in. 


P - 50 X L5 
Jlf -i SBO 
D - 72 in. 
d * 14 in, paper 
C - 75 in. 

D-d OS „ 


V - 3.150 

5 - 1.32 (Table 14-69) 

„ 33,000 X 75 ^ , 

" 3,150 “ ™ 

Ti - a: X 7B6 - 1.038 
Tl - Ti - - 253 

Q » 1,230 Boaled from drawing 
e « 13 in. by incaeurement 
To obeck work 


IPb - QP 

1,300 X 13 - 1,230 X 13.76 
10,900 - 16,920 


Belt Thiokneee 

Medium Double Special Tanned 
- (Table 14-70) 


Tm per in. of width 
1,038 X l.ll 

• 94 (Table 14-74) 

~ 12.25 use 12 in. medium double 
Belt Length — JC? -f- X 
J - 2.1505 (Table 14-76) 

JC - 161.5 

13S.1 (Table 14-77) 

^ " 296.B 

—2.6 Bpproz. 1 per cent 

* 294.0 in. net length 



Layout diagram 


If the calculated bearing pressure exceeds these vplues, the drive is not safe a-, 
laid out, and the same corrective measures as m (7), page 1033, should be applied. 
The bearing pressure will be highest yrheii the resultant belt tension is highest. 
When the tight strand is nearer the pivot than the slack strand, the resultant belt 
tension becomes highest at the peak load; and when the slack belt Strand is nearer 
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4m«Ts«. Dmmm 


tMUtlMHI 


Typo of 
bait 

Weieht and ply 

Mihpuild^ 
diami in. j 

Tm per 
im, 
width 

Standard YidtJik prodmtad« ia. 

Balta ' 
uhder 

Belta 
8 in. 
and 
over 

Min 

Intermediate 

Mas 

SpocUl 

Medium ^ng^le 

2 

2y^ 

52 


quarters to 2 in., by halves to 

6 

tanniirgo 

Heavy ^ngle 

2H 

3 

02 

^ 1 ' 

By quarteTB id 2 in., by halves to 

6 

leathar 

Lufht double 

4 

S 

84 

IH 

By halves to 3 in., by oiie« to 8in., 








by twos to 

18 


Medium double 

6 

7 

94 

2 

By halves to 3m., by ones to Sin., 








by twos to 

30 


Heavy double 

7 

9 

108' 

2 

By halves to 3 im, by ones to 3iu., 








by twos to 

36 


Medium 3 ply 

15 

20 

142 

4 

By ones to 8 in., by twos to 

76 


Heavy 3 ply 

13 

24 

104 

4 

By ones to 8 in., by twoB to 

76 

Oak- 

Medium einale 

3 

5 

52 

1 

By halves to 4 in., by ones to 

6 

tanned 

Heavy eiuKle 

S 

7 

62 

1 

By halves to 4 in., by ones to 

6 

leather 

Light double 

6 

B 

84 

IH 

By halves to 3 in., by ones to 8 in., 








by twos to 

18 


Medium double 

8 

10 

94 

2 

By halves to 3 in., by ones to 8 in 








by twos to 

30 


Heavy double 

12 

14 

108 

2 

By halves to 3 in., by ones to 8 in., 








by twos to 

36 


Medium 3 ply 

20 

24 

142 

4 

By ones to 8 in., by twos to 

76 


Heavy 3 ply 

24 

30 

104 

4 

By ones to 6 in., by twos io 

76 

32-OX 

3 ply 


4 

45 

1 

By halves to 

4 

duck 

4 ply 


6 

60 

2 

By halves to 4 in., by ones to 8 in.. 


rubber 






by twos to 

12 


6 ply 


8 

75 

4 

By ones to 8 in., bv twos to 

24 


6 ply 

12 

90 

B 

By ones to 6 in., by twos to 

42 


7 ply 

IB 

105 

26 

By twos to 

54 


»ply 

24 

120 

30 

By twos to 

72 


0 ply 

30 

136 

30 

By twos to 

[ 72 


lU ply 

36 

150 

30 

By twos to 

72 

1 _ 


Table 14-76. Maziinuin Bdt WidthB for Motore, la. 


Motor 

hurnB- 


Nomioal motor speede, rpm 
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TftUo 14-76. Values of J Correspondix^ to Values of (D — d)/C for CalculatinK Belt 
Length on 0]ien Drives 



Table 14-77. Values of X Corresponding to Values of D + d for Calculating Belt 

Length ' 

(Where * (D + d/2)r) 




















































































MOtOn^ROTOU FWAT 


CpBod. 

rpm 

600 

720 

DOO 

1.200 

i.aoo 


Tablo 14-78a 

Ufaxtmum hearing 
preature, pH 
projected area 

no 
100 
90 
75 
60 



the pivot than the tight strand, the rp.sultant belt tension is highest At zero load. 
Using the fan-drive work sheet for data: 

Example: Z => eW}Y 

Let e = 13 in. 
r = 20.75 
W = 1,300 
G ^ 1,230 

R/& = % (assume, since R/S is unknown) 

Motor Bpeod = 870 rpm 

Z = (13 X 1,300)/20.76 » 81 

Use G » 1,230 as it is larger than Z = 814. 

Max bearing pull = 1,230 X — 1,640 lb 
Projertod bearing area = 3^ X 2.5 = 22.6 

Using Gt the bearing pressure from belt = (1,640/22.5) = 72.8 psi of projected area. 

The maximum bearing pressure allawahie from Table 14>7Sa above indicates that this 
figure will be satisfactory. This pressure comes only at extreme peak load so that the 
running pressure is below this figure. 

INSTALLATION 

Place the motor base on its foundations with the pivot shaft moved back about 
oiie-third the \otal take-up. With the pivot in this position, future increase in ten¬ 
sion, if necessary, can be had without changing the center distance. Change the oil 
rups on the motor to the machine side of the motor. Put oil iu the bearings, and 
with the belt in place start the drive up. Any small amount of misalignment can be 
corrected by turning one of the take-up bolts. Some sniall amount of tension increase 
or decrease may be necessary depending upon how close your original assumption of 
the peak load required was to the actual load. Some very heavy static friction loads, 
as in a heavy fan, may have to be freed before the motor will start the fan. This 
in no way is a reflection on the belt drive. 

POSSIBLE FIVOTED-MOTOR-BASE-DRIVE DIFFICULTIES AND 
HOW TO OVERCOME THEM 

Following the graphical solution for the pivot setting should eliminate most 
difliculties that are encountered. Vibration can in most cases be reduced to a mini¬ 
mum. Usually the cause suggests the cure. In some cases bracing the base support 
nuy eliminate vibration. Slightly more or less tension may be required. The bolts 
holding the motor to the base may be loose, or the cap bolts holding the arms 
In the pivot hubs may be loose. A worn bearing may be the cause. Checking the 
p<'riod of vibration of the motor with the belt or driven machine may help in locating 
tlip difficulty. Divide the belt length in feet into the belt speed in feet per minute. 
If this number is the same as the number of vibrations per minute, the belt is the cause. 

MOTOR-ROTOR FLOAT 

L Often misaUgnment causes the belt to hold the motor rotor tight against the 
l^taining colars, and there is no float at all. With correct alignment and with puUeys 
in the same plane, this should be eliminated. 
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2. Motor^tor end |day may not be sufficient. This sbunld be increased to 
H or reduced to practically nothing by using fiber washers. 

Ibe belt runs on the center of the pulley when load is on but runs oS center with 
no load. Misalignment is the cause. If the belt will not run true by turning one of 
the cen^ distance adjusting screws, the drive is out of level with the driven machine 
and idL<^uid be corrected. 

Advantages 

To sum up, the main advantages of pivoted motor-base drive are 

, 1. Complete dependability 

2t Low maintenance 

2. Constant correct tension (overcomes centrifugal tension) 

4. Maintains its high efficiency over a wide range o( loading (see Fig. 14-22) 

5. Kequires little space 

6. Furnishes long life to belt and pulleys 

7. Has a definite release point eliminating costly repairs to expensive machinery 
if a jam occurs 

8. Easy drive alignment 

9. Inexpensive to install 

SPRING AUTOMATIC MOTOR BASES 

The Automatic motor base is a device used in place of motor slide rails. It can be 
used in any position with any direction of rotation of the motor and no engineering 
is required for proper application. The base consists of a stationary member, motor 
plate, tensioning springs and adjusting screw. 

Selection. To determine the size of base required, obtain the NEMA frame num¬ 
ber from the motor name plate. Then refer to Table 14-786 of NEMA equivalents 

where he relation of frame numbers and 
base sizes is given. 

In the absence of the NEMA frame 
number, ascertain the horsepower and 
speed of the motor and the distance be¬ 
tween centers of the bolt holes. Then 
refer to Table 14-78c (Rating) and Table 
14-78d (Dimensions). The slots are ar¬ 
ranged to accommodate motors having 
standard NEMA frames. If the motor- 
bolt holes are not located to NEMA 
standards, use one pair of slots and drill 
two holes. 

On sizes 40, 45, 50, and 55 the motor support is articulated and may be separated 
BO the slots will accommodate nonstandard motors. 

For vertical down drive, i.e., where the motor is side-wall mounted with the sha^t 
horizontal and located above the driven pulley, specify ^‘vertical'' when ordering. 
"Verticar^ bases should also be used where the inotor-pulley diameter is smaller than 
recommended by NEMA standards and for all chain drive applications. Vertical'’ 
bases are equipped with larger adjusting screws and with additional or heavier springs. 

Figure 14-26 shows the spring arrangement and the simplicity of the base design. 

The recent trend to increase motor horsepower without increasing the size of 
frame and the fact that the enclosed and explosion-proof motors are usually in larger 
frames, accounts for more than one size of base being listed under the same rating in 
Table 14-78C. 

As the chain or belt stretches from normal use and wear, the tension is easil}'' 
readj^isted by turning a screw while operating under load. 

Motor-mounting position, direction of pulley rotation, the type of belt or chain 
used or the nature of the load m no way affects its operation, fl^re 14-27 shows a 
typital flat-belt installation. 



Fig. 14-26. Bose 35 inverted ta illustrate 
airaugenient of springs. 
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mmu babm 


tau* 14-m 
Nemft Eqidyalent 0 


/rame 

BftM 

No, 

No. 

2C3 

15 

204 

15 

224 

20 

225 

20 

254 

26 

284 

30 

324 

36 

326 

35 

364 

40 

365 

40 

404 

45 

405 

46 

444 

50 

445 

50 

604 

66 

505 

55 



Fio. 14-27. A 50-hp motor 
mounted on a 55-K Automatic 
base. 


The type R automatic was recently developed for motors up to 100 hp. The 
“R” stands for roller bearings, eight of them, which ride on cold-drawn steel tracks 
and support the motor. On the larger sizes, duplex springs and adjusting screws 
are used. The screws are connected by a roller chain, hence their action is syn¬ 
chronized. Turning either screw adjusts both springs simultaneously. This base is 
extremely compact and can be mounted in any position. 

Installation. The automatic motor base is bolted to the motor feCt and together 
they are bolted down as a unit. With the motor plate all the way forward, place the 
belt or belts on the drive. Apply tension to the drive by turning the adjusting screw 
shown in Fig. 14-26. This puts tension in the springs and belt by pulling the motor 
plate away from the driven machine. With the motor running, final tension adjust¬ 
ment can be made to handle peak loads. 


Table 14-7Bc. Rating Table 


Motur hp 

1 Any phase BO-cycle a-c, or d-o motors, 

any voltage, rpm 

25- or SO-cyele a-c 
motors, rpm 

1,800 

1,200 

900 

720 

600 

514 

1,500 

750 

H-H 

5 

10 

10-10A 

15 

20 





10 

lO-A 

15-20 

20 

20 




H 

lO-A 

15-20 

20 

20 

25 

30 

35 

20 

1 

15-20 

15-20 

20 

25 

30 

30^6 

16-20 

25 


15-20 

20 

25 

30 

30-35 

35 

20 

30 

2 

20 

20-25 

25-30 

30-35 

35 

36-^0 

20-25 

30-35 

3 

20-25 

26-30 

30-36 

35 

36-40 

4(M5 

25 

35 

5 

25-30 

30 

35 

35-*0 

40-45 

45 

30 

35-iO 

7H 

30 

35 

35 

40-45 

40-45 

46-50 

30-35 

40-45 

10 

35 

35 

40 

40-15 

45-50 

50 

35 

40-45 

15 

35 

40 

40-45 

46-50 

46-50 

60-55 

40 

45~S0 

20 

40 

40-45 

45 

46-50 

50-55 

55 

40H1B 

45-50 

25 

40 

45 

45-50 

50-65 

50-65 

55 

45 

50-66 

30 

40-45 

46-50 

50-55 

50-55 

65 


45-50 

50-56 

40 

45-50 

50-55 

50-55 

55 



50 

55 

50 

50-65 

50-55 

55 




50-5B 


60 

50-56 

55 





50-55 


75 

60-65 






55 


100 

55 
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Table 14-76<2, The “Automatic’* Motor Base 


Nos, 40ond45 
OrtfcuhtOii as 
SfKHSn 


fNosStoJS 
/ inc/. sotid 
t here 



T 

Sliding type 
ei 2 es 5 to 45 inci 


Type-R 

sizes 50 and 55 



• Variable 
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CHAIN DRIVING 

BY Charles R. Weiss 


Chief Engineer, Chain Division, Link-Belt Company 

INTRODUCTION 

Mechanical transmiasion of power and speed conversion through chains is exten- 
eively employed because of the following factors: 

1. Efficiency comparable to any means or method of positive drivings Nt> 
slippage. 

2. Flexibility and ease of application to meet widely varying industrial require¬ 
ments. 

3. Absorption of shock with less vibration than with gears. 

4. Reasonable installation costs. 

A chain drive consists of a chain connecting a driver sprocket to one or more driven 
sprockets. Pitch, either chain pitch or sprocket pitch, is the distance from center to 
center of two adjacent chain joints. The pitch circle of a sprocket would be the circle 
drawn through the centers of the chain joints of an endless chain, all the links of which 
are in mesh with all the teeth of the sprocket. The diameter of the pitch circle is 
called the “pitch diameter" of the sprocket. The number of teeth in the sprocket 
times the pitch of the chain in inches, times the rpm of the sprocket equals its pitch- 
line speed in terms of inches per minute, or dividing by 12 gives it in feet per minute 
(fpm). 

The types of rhaln in most general use are treated in this subsection. However, 
many various other types of chain are produced, together with devices for adapting the 
various types of chains for use in conveyance. 


Table 14-7d. Industrial Standards for 
Open-type Detachable Chains* 


(Chiuna listed in the order of their strengths) 


C'halii 

No. 

ritch, ill. 

Avk 

uUimste 
strength, lb 
(mall, irnii) 

Avg wt 
per ft, lb 

26 

0.002 

700 

0.24 

32 

1.164 

1,100 

0.32 

33 

1.304 

1,200 

0.32 

34 

1.398 

1.300 

0.40 

42 

1.375 

1,600 

0.55 

46 

1.630 

1,700 

0.62 

ftl 

1.166 

1,900 

0.70 

65 

1.631 

2,300 

0.72 

62 

1.606 

2,300 

0.80 

62 

1.664 

3,200 

1.04 

77 

2.297 

3,600 

i.46 

76 

2.609 

5,600 

1.60 

68 

2.009 

0,400 

2.30 

103 

3.076 

10,000 

4.00 

114 

3.260 

12,000 

6 26 

124 

4.063 

17,000 

0.40 


* Courtesy Unk-Belt Co. 


OPEN-TYPE MALLEABLE-IRON AND 
PRESSED-STEEL CHAIN 

In 1874, the first chain, the Ewart- 
type detarhable shown by Fig. 14-28, 
was developed and is still produced for 
speeds up to 400-fpm for low-load non- 
abrasive installations for power transmia- 
sion and, with suitable carriers, for con¬ 
veyance. It consists of cast malleable- 
iron links designed to allow ease of 



Fia. 14-28, Ewart-type detachable chain, 
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afisembly and diisaBaembly; usually operating on cast-tooth cast-iron sprocketa. A 
number of common sizes are given in Table 14-79. In recent years this chain has also 
been produced in peariitio malleable iron, increasing, xiltimate strength approximately 
25 per cent with higher wear-resistant qualities, in bronze for corrosion resistance, 
and in chrome-nickel alloys, in the larger pitch sizes, for corrosion resistance. 

In the smaller sizca the Ewart-type chain is made in heat-treated steel stampings 
with substantially identical performance characteristics at a slightly lower cost and 
is used to the greatest extent on agricultural machinery with special sprockets. 

CLOSED-TYPE MALLEABLE-IRON CHAIN 

The closed-type malleable-iron chain, as shown by Fig. 14-29, is used for chaia 
installations of speeds up to 400 fpm where loads are greater than could be carried with 
open-t}'pB chain and where increased abrasive-resistant qualities are required. The 

sprockets used are identical with those for 
Table 14-80. Closed^type Malleable- open-type chains. A number of common 
iron r iiHific * sizes arc given in Table 14-80. Other 


(Cbaiaa listed in the order of their HtrengthB) StOck sizeS and Special types are maUU- 



* Courtesy Link-DpJt Co. chain. 

The closed type is also manufactured in pearlitic malleable iron for increased 
ultimate strength, in bronze for corrosive resistance, in stainless steel for corrosive 
resistance; and in chrome-nickel alloy for corrosive and heat resistance. 

STEEL ROLLER CHAIN 

Steel roller chain is constructed from steel side bars and hardened steel pins, 
bushings, and rollers. It will operate at speeds up to 700 fpm under heavier loads and 
with improved wear resistance as compared with corresponding sizes of malleable-iron 
chains. Parts may consist of stainless or alloy steel for special applications. This 
chain will operate on the same sprockets as malleable-iron chains, although for heavier 
loads a sprocket of more rugged design is required. Cast-tooth spro ckets are generally 
used because ofjower initial cost. However, operation at the higher speeds necessi¬ 
tates cut-tDoth sprockets to increase chain life with smoother operation. In selecting 
sprockets, it is generally recommended, for increased chain life with more satisfactory 
service, that the smaller sprocket have not less than 10 teeth, which will usually limit 
ratios to not more than 5:1. A limited list of popular sizes is given in Table 14-81. 
Numerous other stock sizes are produced by various manufacturers, together with 
many special designs. 

FfniBlied-steel Roller Chain (ASA Standard). Manvfarture. The links, rollers, 
pins, and bushings oi this type, as shown by Fig. 14-30, are accurately made of high- 
grade steel, hardened, with the latter two being finish ground. Owing to the precision 
manufacture, the pitches are held to close tolerances. This results in smooth operat¬ 
ing action and increased chain and sprocket life. These chains are made of other 
materials, including bronze and stainless steel, to meet special operating requirements. 

Section of Chain Siise. The revolutions per minute of the faster running shaft 
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sidebar Type* 

Cltidioctiial tLtnndftrda) 


Chain No. 

Pitoh, in. 

Ultunate 
strength, lb. 

IS.620 

1 654 

6,000 

IS-622 

1 654 

20.000 

i8-iseo 

2.600 

60,000 

18-861 

2.609 

20,000 

lS-862 

2.609 

28,000 

18-1032 

3.D75 

60.000 

18-3514 

3 500 

140,000 

18-1242 

4 003 

140,000 

18-1245 

4.073 

170,000 


* CourlBBy Link-Belt Co. 


T«||& %Md« mi ntUh#' 

TtaMied-cM Rotltf Chaia* 


BFMof 
small sprocket 

Tecih, if 
used sn e 
driver 

Teeth, if 
driven 

Trial 

pitdh, 

lo. 

2,200-8,200 

21 

23 

H 

1,700-2,200 

21 

23 

H 

1,400-1.700 

21 

23 

H 

1.000-1,400 

21 

23 

H 

800-P,h00 

21 

23 

1.0 

600- 800 

21 

23 

IH 

400- 600 

21 

23 

IH 

340- 400 

21 

23 


250- 340 

21 

23 

2.0 

Below 260 

21 

23 



* CcuTteey Link-Bdt Co. 


limttB the maximum pitch of chain that should be employed. A trial chain pitch 
should be selected from Table 14-82. If the single-width trial chain does not meet 
working-load-capacity requirements, proper multiple width of chain is selected. 

Working Load Capacities. The average ultimate tensile strength for the various 
pitches of single-strand finished-steel roller chain are shown in Table 14-83. 



Fig. 14-30. Finished-steel roller chain. 


The working load capacity based upon durability and ultimate strength is governed 
by horsepower, chain speed, and operating conditions. Permissible working loads for 
single-strand chain for various pitches and speeds are given in Table 14-84. The 
horsepower values listed in this table are 
biLsed on 10-hr-i>er-day service, uniform 
loads, and good lubrication, where there 
is little shock or sharp variation in speed 
throughout a single revolution of the 
driven wheel. This rating can be ad¬ 
justed to other periods of service and load 
characteristics by multiplying the known 
horsepower to be transmitted by the 
fact-ocs given in Table 14-85. 

Chain Spseds. Finished-steel roller 
I'liiuns operate from 1,400 to 2,400 fpm 
r1 ijfiending upon number of teeth in faster 
running sprocket and chain pitch, as given 
ill Table 14-84, Under certain operating 
('ondildons, roller chains can be operated 
at speeds up to 4,000 fpm, but the chain 
manufacturer should be consulted in such 
cases. Proper lubrication is essential for satisfactory chain life, and the importance 
of sufficient lubrication increases with the higher ch^ spee^. 

Sprockets, Sprockets are aU cut tooth, accurately machined from grey iron, cast 
steel, and forged or bar-stock stc^l, with pinions hardened and the larger sprockets 


Table 14-83. Manufacturers' (ASA) 
Standard Sizes* 


Chain 

No. 

Pitch, 

in. 

Average ultimate 
strength, lb 

Wt per foot, 
lb 

35 


2,100 

0,20 

40 

H 

3,700 

0.41 

60 

H 

6,100 

0.64 

60 

H 

6,500 

1 00 

60 

1 Q 

14,500 

1 68 

100 

IH 

24,000 

2 56 

120 

IH 

34.000 

3,73 

uo 

IH 

46,000 

4 66 

160 

2 0 

56.000 

6 32 

200 

2H 

95.000 

11 00 


• Courtesy Link-Belt Co. 
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liuSAt Bone^Wcr of SiiiclB*«tr«iid FinialMd-Bteel Boilu' Ckain, Bated on 
Pitch and Speed* 


Revolutiona per minute 



3.86 

4.16 

4.22 

4.56 

5.28 

5.64 




1.06 

1.97 

3.59 

4 98 

6.22 

7.32 

8 29 

9 91 

11.1 

12.1 

12.7 

1.18 

2.23 

4.05 

5.62 

7.03 

8.29 

9 42 

11.3 

12 B 

13.9 

14 7 15 2 

1.311 

2.46 

4.49 

6.24 

7.80 

9.19 

10.4 

12.6 

14 1 

16.4 

16.3 16.9 

1.44 

2.69 

4.90l 

6.83 

8.53 

10.1 

11.4 

13.7 

15.5 

16.0 

17.8 18.5 

1.8G 

3.48 

0.32 

8.78 

10.9 

12.8 

14.6 

17.4 

19.6 

21.1 

22.2 

2.16 

4.03 

7.29 

10.1 

12.5 

14 7 

IG 6 

19.G 

21 9 

23.4 


2.45 

4.55 

8.20 

11.3 

14.0 

16.3 

18 4 

21.6 

23 0 



25 

60 

100 

150 

200 

300 

400 

500 

600 

700 

BOO 1,000 



























































































STESIi. BCXLE& 


TaU« JiMM, Pt SU00>‘Plrmi fkMu4itfP^ KeUprXbOa, Miwa ti 

Pitch aad l^eed* (Cint.) 


ritob 

No. of 
teeth 

BiOvolutiona per minute 

S 

10 

25 

50 

100 

150 

200 

Bi 

D 

jm 

a 

ig 

IH. No. 120 

17 

HR] 

1.79 

4.23 

7.91 

14.4 

19.9 

24.9 

29.3 

33.2 

39.7 

44.6 



19 

nrri 

2.01 

4.74 

8.90 

16.2 

22.6 

28.2 

33.2 

37.6 

45.2 

51.1 



21 

1,14 

2.23 

5.24 

9.85 

17.9 

24.9 

31.2 


41.7 

KULi 

56.7 

61.7 


23 

1.25 

2.43 

6.74 

■ lilt:] 

19.6 

27.3 

34.2 

gfiyl 

45.7 

54.8 

62.1 

67.5 


30 

1 B3 

3.17 

7.44 

13.9 

25.3 

35.f 

43.8 

51.4 

58.3 

69.5 

78.2 



3S 

1.89 

3.68 

8.64 

16.1 

^^9.1 

KIJKj 

50.1 

58.0 

66.2 

78.3 




40 

2.16 

4.16 

9.80 

18.2 

32.8 

45.2 

■jim 

65.3 

73 ,4 

86,1 





5 

10 

20 

50 

El 

150 

20 a 

m 

300, 

BI 


450 

No. 140 

17 

1.45 

2.83 

5.40 

12.^ 

22.2 


38.0 

44.3 

49.9 

54 7 

58.8 



19 

l.fll 

3.17 

6.06 

13.9 

25.1 

34.7 

43.0 

mm 

56.7 

62.3 

■tvsiil 



21 

1.78 

3.49 

6.70 

15.3 

27.7 

38.4 

47.6 

65.7 

62.8 

09.0 

74.5 

79.0 


23 

1.97 

3.83 

7.33 

16.8 

30.3 

42,0 

52.1 

81.0 

68.7 

75.5 

81.2 

86.5 



2.57 

4.98 

9.51 

21.7 

39.1 

53.9 

66.7 

77.8 

87.3 

05.7 

MMa 



35 

2.99 

5.78 

11.0 

25.0 

44.9 

61.8 

■riiisi 

88.4 

98.9 

EE3 




40 

3.40 

B 68 

12.5 

28.3 

60.6 

69.1 

84.9 

98.2 

g 






5 

10 

20 

60 

Bi 

m 



BI 


mg 

380 

2.0, No. 160 

17 

2.14 

4.18 

7.97 

21.1 

32.4 

42.0 


58.1 

64.8 


75.6 



IS 

2.40 

4.69 

B.9S 

23.9 

36.4 

47.6 

57.2 

65.8 

73 6 

80.3 

86.2 



21 

2.65 

5 10 

9.88 

26 4 

40 4 

52 6 

63.4 

73.1 

81.5 

89.1 

96.6 

102. 


23 

2 93 

5.68 

10.8 

28.9 

44.2 

57 7 

69.4 


89.3 

96,7 

104. 

111. 



3.B1 

7.38 

14.0 

37.3 

55.9 

73,9 

88.9 

102. 

114. 

124. 

132. 



36 

4.40 

8.57 

16.3 

42.9 

65.4 

84.6 

101. 

116. 

129. 

139. 




40 


9.74 

18.5 

48.5 

73.5 

94.8 

113. 

129. 

142. 






6 

g 

20 

40 

60 

80 

mg 

BI 

BI 

180 

BI 

260 

2}^, No. 200 

17 

4.18 

B 

15.3 

28.3 

39.9 

^93 

60.2 

69.1 

77 . fl 

92 3 

ua 



19 

4.70 

9.05 

17.1 

31.8 

45.0 

57,0 

68.2 

78.2 

87 7 

105 

im 



21 

5.18 

9.99 

18.9 

35.1 

49.7 

63.1 

75.3 

86.6 

97.2 

116. 

132. 

146 


23 

6.68 

10 9 

27.0 

38.6 

54.5 

Km] 

82.4 

94.9 

■HIM 

127. 

144. 

160. 


30 

7.39 

14.2 

26.9 

49.8 

70.3 

88.8 

106. 

122 

136. 

162. 

184. 



35 

8.59 

16.4 

31.2 

57. 5 I 

BO.O 

102. 

122. 

139. 

155. 

184. 

208. 



40 

0.76 

18.7 

35.3 

64.9 

91.0 

115. 

136. 

150. 

173. 

204. 




* CourtoHy Link-Btdt Co. 


Table 14-BB. Service Factors* 


Mnohine load ohoraoterislicfi 

lO-hr per day service 

24-hr per day ecrvico 

Type of drive 

Motor or 
turbine 

Steam nr gas en¬ 
gine (4 cycles or 
more) 

Mntor or 
turbine 

Steam or gas en¬ 
gine (4 cycles or 
more) 

liven load. . 

1.00 

1.20 

1.25 

1.50 

Moderate uneven load. 

1.30 

1.60 

1.G5 

2.00 

oGvoro uneven load. . 

1.40 

1.70 

1.80 

2.20 

load.... 

1.60 

1.90 

2.00 

2.50 


* CourtoBy Link-Belt Co. 
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Bao. 14} mAIK EmVim 1 

Maarhnttitt Bom %Hth Scot WImii ffiiiag Maxkaifik 

Hub Z>is&ieten*f 

Fitch of roller oluiin, in. 


teetk 

H 


H 


1 

m 

m 

iM 

2 

2H 

0 


H 

H 

H 

H 

1 

IM 

IM 

2 

ZM 





nil 

IH 

XM 

IM 

2H 

2H 

3H 

11 

H 

•Hi 



iH 

IM 

2M 

2H 

9 

3M 

12 

W. 


IM 

1Mb 

iH 

2H 

21Mb 

3M 

m 

4M 

13 

'He 

1 

1H% 

IM 

2 

2H. 

3M6 

3M 

4 

9H 

14 


IMe 

1Mb 

I^Mb 

2H 

21M6 

2^ 

4Mb 

4Mb 

BH 

15 


IM 

1« 

I^Mb 

2Mb 

3M 

4 

4iHb 

6 

AIHb 

16 


IM 

IM 

2H 

2H 

3M 

4Kb 

5Mb 

BM 


17 

1 


IM 

2Hb 


31Mb 

41Mb 

5M 

BMb 


IB 


IH 

2Me 

2>i 

3M 

4Mb 

3Mb 

5"Mb 

7 


19 


IH 

2H 

21Hb 

3iM« 

4M« 

6Mb 

AMb 



20 

IHb 

I^Hb 

2H 

21Mb 

3iM« 


6iMb 

7M 



21 

V4b 


2M6 

3Ha 

4H 

5M 

AM 




22 

1Mb 

2Mb 

2‘Hb 

aw 

4Hb 

6M 

«‘Mb 




23 

l^Me 

2Ma 

21 Mb 

SMb 

m 


7Mb 





Maximuin value of S (center lino □! shaft to top of key seat) 


9 


H 

Ms 


"Ma 

H 

"Mb 

1Mb 

IM 

IM 

10 

Hi 



*M4 

"Mb 

H 


IMb 

1Mb 

2 Mb 

11 

Mb 

^Hi 

-M4 

1 Mb 

H 

1 

1®M4 

i*M4 

IM 

2Ma 

12 

^Hi 

Mb 

1 Mb 

»Ma 

1«4 

1Mb 

l^Ma 

1"M4 

2M 

2»M« 

13 

Mb 


^Mb 

•Ma 

1"M4 

l»Ma 

l»Ma 

21 M 4 

2*M4 

3M 

14 

iMs 

^M4 

»M4 

IMa 

1*M4 


2M 

2iMa 

2»Ma 

3>Kb 

15 

M 

nil 

IHa 

IMa 

1*M4 

2 

2M 

2»M4 

3M 

4Ma 

16 

^Hi 

»Hi 

IM 

PM4 

IM 

2Ma 

2H 

3Mb 

3Mb 


17 

H 

•H4 

1‘M4 


2Ma 

2 Mb 

3 

3"Ma 

3M 


18 

nil 

1M4 

mu 

l»Ma 

21 M 4 

2H 

3M 

3M 

4M 


19 


IMa 

IM* 

l*Ha 

2iMa 

2M 

3M 

4Ma 



20 

®Ma 

IM 

1Mb 

1»M, 

2«M4 

SMa 

3M 

4Mb 



21 

^Hi 

1*M4 

l^Ma 

1'»M4 

2^Hi 

3Mb 

3"Ma 




22 

"Mb 


IM 

21U 

2»M4 

3M 

4Ma 




23 

IHa 

m 

l*Ma 

2 IM 4 

2«M4 

3*M* 

4iMa 





* Courteay Link-Belt Co. 

t Standard tolerances for bores are aa shown below. Unless otherwise ai>ecified, the tolerance hiniia 
wUl be observed aa standard 


Bores, in. 

Tolerance limits, in. 

Less tlian 2 

+ 0 002 

-0 000 

2 and lew than 3 

+0 003 

-0.000 

8 nnd lew than 4 

+ 0 004 

-C 000 

4 and over. 

-bO 005 

-0 000 


usually hardened for durability. It is recommended for most satisfactory service 
that sprockets have a mmimum of 21 teeth, but pinions with as few as 15 teeth ari 
used to meet special conditions. Sprockets are available without hubs, with hubs 
one or both sides, split tyj>e, demountable-rim type, and in the shear-pin type. To 
accommodate bore for the shaft, it may at times be necessary to increase the number 
of teeth in the smaUer sprocket (see Table 14-86). 

Vdociti/ Batios. A wide range of ratios is permissible. It is economy not to exccecl 
6:1, but larger ratios are possible. Where a larger ratio is required, a two-step drive 
is recommended. 
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mu»Nn mjkm 


Chmin Cm* XAbiriKa.tioa af eWiis be gulkient effec^r^ to oil the tm* 

tftctmg surfaces of the eham jomts acid J^prooketo, Esf^crlniee mdasatoi that 
the liable method is influeneed by speedt and pibvfer tmusmitted Im 
T able 14iS7). Coxisideraiion idiould he giveo to the use of chain casingB, properly 
designed. C^ien running drives ^uld be demounted and dbaned reguh^y with 


Table 14-87* 


Chain Bpeed 

Lubrication method 

Auto ma tic 

Manual 

Under 600 fpm. 

Bath or ejdaah 
Bath or aplaah 
Pump or disk 

Oil BUp or brush 

Oil cup (rapid drip) 
Not recoininended 

SOO-1.500 ipm. 

Over 1,B00 fpm... 



* Courtesy Link-Belt Co. 


Bolvents, care being taken to reoil bearing surfaces copiously before reinstaliing. 
Proper chain tension and alignment of sprockets are necessary for satisfactory chain 
life. 


SILfiNT CHAIN 

Manufacture. A silent chain consists of a number of flat leaves contoured to 
provide teeth at both ends and connected by various types of pins to form a flexile, 



Fiq. 14-31. Middle-guide ailent chain. 



^ontinuo^ rack in ft wide variation of widths. Prociaan tods are used in the 
factu^e to xnaintam close control over size of hole, contour, pins, and bushmg^/where> 
ensuring Oiccurate pitch. Tinlrfi are made of heat-ti^ted hiid^Mbon or aHoy 























Sbo. i4] 


CBAIN BRIVim 


sted. Piiu may conskt of a singlo pin, bnahed or unbushedi or a pair of pins with 
rooker faces. All joint parts are hardened for wear resistance. 

Chaitt Guiding on Sprockets. Two classes of arrangements are used: 

jElange links as a component part of the chain, known as the middle-guide type 
(Fig. 14-31) and (2) the aide-guide type (Fig. 14-32) 

Sdsctian of Chain Size. The revolutions per minute of the faster running shaft 
limits the maximum pitch of chain that should be employed. Select a trial pitch 
size from Table 14-88. 

Table 14-37a. Oil Viscositj for Silent Chain 
Ambt«n< famp., detf F SAE viKonty No, 

20-40 20 

40-100 30 

100-140 j. 60 


Where quiet operation is essential, use should be made of smaller pitches and wider 
chains, conservative ratings, and not less than 25 teeth in the faster running sprocket. 
The approximate maximum width of chain that may be used is 16 times the pitch. 

Working Load Capacities. The working load capacity, based on durability and 
ultimate strength, is governed by horsepower, chain speed, and operating conditions. 
After selection of trial pitch size, reference should be made to Table 14-90, which gives 
horsepower ratings for various pitches of chains per inch of width. This rating is 
governed by a combination of rpm and number of teeth in small sprocket. The 
horsepower values listed in this table are based on 10-hr-per-day service, uniform 

loads, and good lubrication, where there 
is little shock or sharp vibration in speed 
throughout a smgle revolution of the 
driven wheel. This rating can be ad¬ 
justed to other periods of service and load 
characteristics by multiplying the known 
horsepower to be transmitted by the fac¬ 
tors in Table 14-85. Small sprockets 
must be checked to determine that 
maximum bore size will accommodate 
shaft necessary to transmit required 
horsepower. 

Chain ^neds. For long life and low maintenance silent chains should be operated 
at maximum speeds from 1,400 to 3,500 fpm, depending on pitch and number of teeth 
in small sprocket. Silent chain drives under certain operating conditions are func¬ 
tioning successfully at chain speeds in excess of 5,000 fpm. 


Table 14-86. Silent Chain, Speed and 
Pitch Sizes* 

Bpm u/ amall wkoel Trial pilch 
4.000-6.000 H 

3.50(M.0O0 M 

2.600-3.600 H 

2.000 2.600 H 

1.500-2,000 1 

1,300-1,500 l}i 

900-1,200 1}4 

Below 900 2 

* Caaxtitey Link-Belt Co. 



Fia. 14-33. Thiplex silent chain. 


Sprockets. All sprockets are of the cut-tooth type, acciu'ately machined from 
gray iron, cast steel, and forged or bar-stock steel with pinions hardened and the 
larger sprockets either hardened or unhardened. It is recommended for most satis¬ 
factory service that sprockets have a minimum of 21 teeth (2^ teeth where quiet opera¬ 
tion is essential), but pinions with as low as 17 teeth are used. Sprockets are available 
without hubs, with hubs on one or both sides, in the split type, and in the ehear-piu 
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siism’ CMAlif, ^ M 

Table 14>n. Haxfamnii Berea for Sileot (%iId Wbedi* 

(UnlsBB dthCTwiM speeified, the ioleraftoe limits irill be oottad^end as standud,) 


BoreSf in. 

limitB, in. 

Bores, in. 

limits, in. 

Lesei than 1 

±0.001 

a-4 

+0.004, -O.OOO 

1-2 

+0.002, -0.000 
+0.003, -0.000 

4 and over 

+0.006, -0.000 

2-3 





(DiDicnnoAfl in in^hea)" 


Fitch of pinion, in. 


No. of teeth 



^2 

H 


1 


iH 

2 




Maximum advisable value of S, in. (approx) 


15 

H a 

H 

H 

H 

1 

IH 

IH 

2Hb 

2H 

BH 

IB 

li2 

Hb 

"Ha 

•Ha 

IH 

IH 

1"Hb 

2H|| 

3Ha 

3H 

17 

H 

H 

H 

IHa 

IH 

IH 

2H 

2K, 

3H 

4H 

18 

%2 

"Ha 

"Ha 

IHa 

IH 

IH 

2Ha 

2"Hi 

31H» 

4H 

19 



1 

IH 

IH 

2 

2H 

BM. 

4H 

6 

20 

"Ha 

"Ha 

iHa 

l"Ha 

IH 

2Ha 

2"Hb 

3Ha 

4Ha 

6H 

21 


H 

IHa 

IHa 

IH 

2H 

2H 

3H 

4H 

6H 

22 

"Ha 

"Ha 

IH 

l"Ha 

IH 

2iHa 

3H 

3H 

SHa 

6H 

23 


1 

iHa 

IH 

2 

2"Ha 

3H 

4 


6H 

24 

"Ha 

1>16 

l*Ha 

IH 

2H 

3aH8 

3H8 

4H 

S"Hb 

7 

25 


IH 

IH 

IH 

2H 

3 

3H 

4H 

6 

7H 

26 

"Ha 

iHa 

IHa 

l“Ha 

2iHa 

SHa 

3"H5 

4»Ha 

6Ha 

7H 

27 

Ha 

IH 

IH 

2Ha 

2Ha 

2Hn 

4H 

4iHa 

6H 

8H 


Maximum advisable bore B 


15 

H 

H 

IH 

IH 

IH 

2H 

2H 

3H 

4H 

8H 

10 

Ha 

"Hb 

IH 

IH 

1*K. 

2H 

3Hii 

3H 

4H 

6H 

17 

H 

IHb 

iH 

IH 

2 

2H 

3H 

4H 

5H 

7 

18 

Hb 

IH 

iH 

IH 

2Hb 

3 

B'K. 

4H 

OH 

7H 

19 

H 

IH 

IH 

2 

2H 

3H 

4 

4H 

BH 

BH 

20 

Ha 

IHb 

IH 

2H 

2H8 

3H 

4H 

BHa 

7H 

SH 

21 

H 

IH 

IH 

2H 

2H 

3H 

4H 

6H 

7H 

9H 

22 

"Hb 

IH 

2 

2Ha 

3 

4H6 

6 

6 

BH 

lOH 

23 

H 

IH 

2H 

2H 

3H 

4H 

6H 

6H 

9 

11 

24 

"Ha 

1"Hb 

2H 

2'Hb 

3Kb 

4Ka 

6H 

6H 

OH 

32 

25 


IH 

2H 

3 

3H 

4H 

6 

7H 

10 

13 

26 

'Ha 

IH 

2H 

3H 

3H 

5Hb 

6H 

7>H8 

inH 

13H 

27 

1 

2 

2H 

3H 

3H 

5H 

BH 

fiH 

liH 

14 


• Courtesy Lmk-Belb Co. 


type. To acconimodatc bore for the shaft, it may at times be necessary to increase 
the number of teeth in the smaller sprocket (see Table 14-89). 

Velocity Ratios. The most desirable ratios for this chain range from 1.1 to 6; 1. 
Larn^ratio drives are less economical in both first cost and maintenance than corn*- 
parable double-reduction drives would be. 

Buplez or Double-back Type. The duplex or double-back type unit (Fig. 14-33) is 
constructed of silent chain parts so assembled that there are driving teeth on both 
Sides of the chain. Sprockets can be driven from both its surfaces. It is partic^hrly 
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B»c,M 


cB4i^ Bmvim 


{adi of W14tii* 
(MaximuiB mdth of ohaik, 4 pitch of chiun, H in.) 


No. o! 


Hevolutiona per imnu.te, siiuill sprocket 


small 

tpFOCkst 

lOQ 

600 

1,000 

1,200 

1.500 

1,800 

2,000 

2,500 

3,000 

3,500 

4,000 

6,000 

6,000 

i7t 

0.37 

1.7 

3.7 

3.9 

4.2 

6.2 

5.5 

6.3 

6.8 

7.0 

7.0 



m 

0.42 

2.0 

3.3 

4.3 

5.2 

’6.9 

6,3 

7.3 

7.9 

8.3 

8.4 

7.8 


21 

0.46 

2.2 

4.1 

4,8 

5.3 

6.6 

7.2 

8,3 

9.1 

9.6 

0.9 

9.6 

8.2 

22 

O.fiO 

2.4 

4.6 

6.3 

B.4 

7.4 

8.0 

9.2 

10 

11 

11 

11 

9.5 

2A 

0.65 

2.3 

4.9 

6.8 

7.0 

8.1 

8.8 

10 

11 

12 

12 

12 

11 

27 

0.60 

2.3 

6.4 

6.3 

7.6 

3.3 

0,6 

11 


13 

14 

14 

13 

29 

0.B4 

3.0 

6.8 

6.3 

8.2 

9.5 

10.3 

12 

13 

14 

15 

16 

14 

21 

0.6S 

3.3 

6.2 

7.3 

6.3 

10 

11 

13 

14 

16 

16 

16 

16 

33 

0.72 

3.6 

6.6 

7.8 

9.4 

11 

12 

14 

15 

17 

17 

17 

16 

3fi 

0.77 

3.7 

7.0 

6.3 

10 

12 

13 

15 

16 

18 

18 

18 

17 

37 

0.32 

3.9 

7.3 

8.7 

11 

12 

13 

16 

17 

19 

19 

19 


4D 

0.0 

4.2 

8.1 

D.6 

12 

13 

14 

17 

ID 

20 

21 

21 


45 

1.0 

4.6 

fl.l 

10 

13 

15 

16 

19 

21 

22 

23 



50 

1.1 

5.3 

10 

12 

14 

10 

18 

21 

23 

24 





Bath or splash, 





Consult manufacturer's engineering 


oil cup, or brush 

Disk or circulating pump 

department for proper method of 











lubrication 




(Maximum width of chain, 7 in,; pitch of chain, H in.) 


No. of 


Tlevolutiuns per minute, small sprocket 


small 

sprocket 

100 

600 

700 


1,200 

1,800 





4,000 

17t 

0.60 

3 

4 

5 

6 

8 

9 

0 

9 

9 


10t 

0.74 

3 

4 

6 

7 

9 

10 

11 

11 

11 


21 

0.81 

4 

A 

7 

8 

11 

11 

12 

13 

13 


23 

0.89 

4 

6 

8 

9 

12 

13 

14 

15 

15 

14 

26 

0,97 

4 

6 

8 

10 

13 

14 

16 

17 

17 

16 

27 

1.0 

6 

7 

9 

10 

14 

15 

17 

19 

19 

18 

20 

1,1 

6 

7 

10 

11 

15 

17 

19 

20 

20 

20 

31 

1.2 

6 

8 

10 

12 

17 

18 

20 

22 

22 

22 

33 

1.3 

6 

8 

11 

13 

18 

19 

22 

23 

24 

23 

35 

1.4 

6 

9 

12 

14 

19 

20 

23 

26 

26 

24 

87 

1.5 

7 

9 

13 

16 

20 

21 

24 

26 

26 


40 

1.6 

7 

10 

14 

16 

22 

23 

26 

28 

28 


45 

2 

8 

11 

16 

18 

24 

24 

29 

31 



60 

2 

g 

12 

17 

20 

27 

29 

32 





Bath or splash, 





Consult manufaclurer’s 

snginesring 


oil cup, or 

Disk or circulating pump 

department for proper method of 


brush 






lubrication 




* Courtesy Link-Belt Co, 

t For best results, snialler sprocket should have at least 21 teeth. 

adaptable where eeveral ahafts are required to operate in different directions of rota¬ 
tion or where it is desired to employ a chain take-up device on the back of the Ghain.^ 

CHAIN-TYPB SELECTION 

Qiaiiifl of the diff^nt types to fft varying nee^ls are grouped in Table 14-01 to 
facilitate a satisfactory selectiau,based on a comparison of the design characteristics. 
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CSAtS-FTPB m^toa 


IMto '^'BoelKpMNr f8rlBalti«l''VMftt^CMtf3 

(Mm^hPcuJa^ wi<Ulk of ekiiiD, piteAiidl «hBfai> H in') 




* Courteay Link-B«lt Co. 

t For best results, smaller sprocket should have at least 21 teeth. 


'^he numerals indicate order of preference,, t.e., 1 is most desirable, etc., and the x's 
indicate recommendations, 


Chdla Centers and Length 

In the following computations of chain length, applicable to all types of 
chains, an even number of pitches is desirable* However, offset coupling links 
uiay be furnished if necessary. The center distance for any drive must he more 
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aBc.i4f 


€BAIN DHiriNQ 


Ttiila Hoitt^ower ^ Ineh of Width* 

(Maximum width of chain, 14 in.; pitch Uf chain, 1 in.) 


No. of 
teeth* 

Revolutions per minute, small sprocket 

email 

eproeket 

ipo 

200 

aoo 

400 

600 

700 

1.000 

1.200 

1,600 

1,800 

2,000 

I7t 

3 

6 

7 

g 

11 

14 

17 

18 




19t ' 

3 

6 

8 

10 

12 

10 

20 

21 

22 



21 

a 

6 

9 

12 

14 

IB 

23 

25 

26 

26 


23 

•3 

7 

10 

13 

15 

20 

25 

2S 

30 

30 


26 

4 

7 

11 

14 

17 

22 

28 

31 

33 

33 

33 

27 

4 

8 

12 

16 

19 

24 

31 

34 

37 

37 

1 36 

29 

4 

9 

13 

16 

20 

26 

33 

37 

40 

41 

40 

31 

5 

9 

13 

18 

22 

28 

36 

40 

43 

44 

43 

33 

6 

10 

14 

19 

23 

30 

39 

43 

47 

47 

40 

36 

6 

10 

16 

20 

24 

32 

41 

45 1 

49 

50 

49 

37 

Q.4 

11 

16 

21 

26 

34 

43 

48 

62 

63 


40 

G 

12 

1 18 

23 

28 

36 

47 

52 

56 



46 

7 

13 

20 

26 

31 

41 

62 

67 

61 



60 

8 

15 

22 

28 

34 

45 

57 

62 





Bath or splash, Disk or circulating pump Consult manufacturer's rngi- 

oil cup, or brush neering department for proper 

method of lubricatinii 


(Maximum width of chain, 20 in.; pitch of chain, l}>i in.) 


I Revolutions per minute, small sprocket 


email 

sprocket 

100 

200 

300 

400 

500 

600 

700 

BOO 

1,000 

1,200 

1,600 

19t 

4.5 

8 

12 

16 

19 

21 

23 

25 

27 

28 


21 

5 

9 

14 

18 

2l 

24 

26 

29 

32 

33 


23 

5.5 

10 

15 

19 

23 

27 

29 

32 

3G 

37 

37 

26 

6 

11 

10 

21 

25 

29 

32 

35 

40 

42 

42 

27 

6.4 

12 

18 

23 

28 

32 

35 

' 39 

43 

46 

46 

29 

6.9 

13 

19 

26 

30 

34 

38 

« 

47 

50 

61 

31 

7.4 

14 

21 

27 

32 

37 

41 

45 

51 

54 

55 

33 

7.9 

15 

22 

28 

34 

39 

44 

48 

55 

58 

59 

36 

8.4 

16 

23 

30 

38 

42 

47 

51 

58 

62 

62 

37 

9 

17 

24 

32 

38 

44 

60 

54 

61 

65 


40 

9.6 

19 

27 

35 

42 

48 

54 

59 

66 

70 


45 

10.7 

21 

30 

39 

47 

64 

60 

65 

73 



50 

12 

23 

34 

43 

52 

59 

66 

72 

SO 




Bath or splash, 




Consult manufacturer's engineering 


oil cup, or brush 

Disk 

or circulating 

department for proper method of 






pump 



lubrication 



• Courtesy Link-Belt Co- 

t For best lesults, smaller sprocket should have at least 21 teeth. 


than half the sum of the diametors of the two sprockets in order that the teeth may 
clear. The pitch diameters for the sprockets may be computed from the followiiiR 
formula, or from Table 14-92: 

180 

Pitch diameter =■ pitch X cosec „ > x .li_ ■ 14. 

Ivo- of teeth m sprocket 

1000 






m^CTlON 




T«ble 14^90, lUcii cl WldUk* {CoiU,) 

(MMimum -width ^ ohain, 24 pitch of ehain^ io,) 



Eevolutions per minute, small sprocket 

No. of teeth, __ 

small 

sprocket lOO 200 300 400 500 600 700 BOO 900 



Bath or splash. Disk or ciroulat- Consult manufacturer’s engineering department 

oil cup, or brush ing pump for proper method of lubrication 


* Courtesy Link>BeU Co. 

t il'or best results, smaller sprocket should have at least 21 teeth. 


Ja order to determine the exact center distance requiredp it is first necessary to com¬ 
pute the correct number of pitches for the approximate desired center distance. The 
following three steps are necessary to arrive at the solution of the number of pitt^es 
required 

1. Subtract the pitch diameter of the smaller sprocket from the pitch diameter 
of the larger sprocket. 

^ method takes into oonsideration the fact that the length of chain around a sprocket is 
thu Uie oireumfMrencB of the pitch rirole beoauss the chain links describe a Series ol ehords witiihi the 
pitch circle. ' ' 


lOfil 




















4lK3.tl4 


CBMM 


GharacteriBtiQB 


For use in low Hpeeda, such aa elevator and conveyor chain, where 

lubrication and cleanUneas are impracticalt. 

lichi and heavy power-tranemiaaion primary drive. 

Power-tranatuiaaioii aecondary drive. 

Li^t oDuveyor and elevator work aa conveyor or elevator chain 

under olean conditions not nBoeaaaiily lubricatedf. 

Heavy conveyor and elevator chaina. 

Speeds up to 400 fpm. 

Speeds up to 700 fpm. .... . 

Speeds over 700 fpm. 

Ratios tip to 5:1. . 

Ratios up to 10:1. 

Ranking as to quietest, cinoothest, and most efficient drive at equal 

speeds. 

Sprockets 

Cut tooth. 

Cast tooth. 



• Courtesy Link-Belt Co. 

t Favors malleable and rough-finiahed chain because of larger bearing area in joint. 


Table 14-92. Pitch Diameter far a Pitch of 1 in.* 

(Fitch diameters for other pitebee are in proportion to the pitches) 



1062 
































































2. I^vide thhiiiffemiefi by tb» desired chain centars. 

3. in GqL a in Table 14-^' tbn valnt tiesd; latter than the lesiilt obtained by 
2i i^d use the eprrea^nding values (in the eame lfaej £r¥]^ni Qola, and # to 

solve the {oibwins^equations: 

Centers 

B X pitdi « no. of pitches between sprockets 
C X Ti B no. of pitches on smaller sprocket 
D X Ti ^ no. of pitches on larger sprocket 

where Ti ■> no. of teeth in smaller sprocket r.' 

Ti OB no. of teeth in larger sprocket " 

The sum of these three oalculations in step 3 is the number of pitches of chain 
required for the center distance used. However, if this value works oqt to a fractional 
number of pitches, it is necessary to perform additional calculation to obtain the proper 
center distance, except when the fractional number of pitches is slightly less than the 
nearest whole number, which difference will take care of desired coupling slack. So 
select the nearest whole number to the calculated number and proceed as follows: 


Table 14-98 
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CM AIN DRiVim 


Far AJl Types af Chains 

H tile Humber of Pitches Selected Is Less than tite Calculated Length. Subtract 
the number of pitches selected from the fractional number of pitches. The result is 
then multiplied by the pitch, and to this is added the amount of coupling slack desired. 
Divide this sum by value Bj and subtract the result from the center distance used in 
the original calculations (refer to Example 1). Use an even number of pitches where 


Ezampud 1. When CENtTBBS Most Bb DBcnBASBo to 9uit Chain Lbnoth. 



Ti = 19-tuDth sprocket, pitch diameter = 12.151 in. 

26.064 in. 


Then from Table 14^03, 


26.064 in. 
2 X 30 


0.43440 


Value A » 0.43445 

Value B « 1.8014 X (30/2) = 27.021 

Value C « 0.3569 X 19 = 6.781 

Value D 0.6431 X 60 » 38.586/72.388 pitches required for 30-in, centers 

Specify 72 pitches, assuming that }'{ g-in. coupling slack is desired. Decrease center 
distance by 

72.388 

72.000 

0.388 X 2 “ 0.776 in. 

+ 0.062 in. riack for coupling 
0.838 in. 

0.B38 in. 1.8014 = 0.466 in. 


Then the oorrect center distance for this drive is 

30.000 in. — 0.465 in. = 29.535 in.—say 29^5^2 m. 

If thu Number of Pitches Selected Is More than the Calculated Length. Subtract 
the fractional number of pitches calculated from the number of pitches selected, and 
multiply by the pitch. From this subtract the amount of coupling slack desired, and 
divide by value B. Add the result to the center distance used in the original calcula¬ 
tions (refer to Example 2). 

Ezakplb 2. Whbm Cbntbbs Must Bb Inorbabbd to Suit Chain Lbnoth. 



^ 

Ti dogtooth sprocket, pitch diameter 
Ti. ^ 19-tooth sprocket, pitch diameter 


26.064 in. 
2 X 29 


0.44938 


38.216 in. 
12.151 in. 
26.064 in,'> 
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Tikoa from Tohlo 14-03 
Value A m 0.45010 

Value B 1.7860 X (20/2) - 25.897 ^ f 

Value C « 0.3614 X 19 - 6,677 

Value D B 0.6486 X 60 »= 39.916/71.490 pitched required for 29-iii. Oeatere 

Specify 72 pitches, assumine that ooupliug slack is desired. Inerease center 

distance by 

72.000 

71.490 

0.510 X 2 in. « 1.020 in. 

—0.062 in . slack'for coupUng 
0.95^ in. 

0.958 in. -S- 1.7860 = 0.636 in. 


Then the correct center distance for this drive is 

29.000 in. -|- 0.536 in. = 29.636 in.—-say 291^^2 in* 

Relative Position of Sprockets 

Careful attention should be given to the relative positions of shafts. Satisfactory 
operation can be secured with the drive at any angle to the horizontal if proper con¬ 
sideration is given to tension adjustment (see Fig. 14-34). Certain positions require 
less care and attention and are therefore less apt to cause trouble. 

Tonsion-adjusting Devices 

Means for adjusting tension will prolong chain life particularly when the position 
of the drive approaches the vertical. On positions approaching the horizontal, the 
chain itself acts as a tensioner. Regardless of position, a drive subject to pulsations 



Fio. 14-34. Shaft positions for chain driving. 




and shocks requires some form of adjustment. The methods employed are either 
the standard slide rails of the motor or an idler sprocket mounted for aiitomatie or 
manual adjustment. It is essential to locate idler sprockets on the slack or non-load- 
carrying side of the chain and preferably as close as possible to the driving sprocket. 
All idler arrangements should provide for no less than three teeth of the idler being in 
<'>ntact with the chain. Installations of both manual and automatic idlers are shown 
hy Fig. 14-35. 

INSTALLATION 

Alignment. Care should be exercised in the alignment of chain drives to obtain 
maximum service life with satisfactory performance. Proper alignment is particu* 
larly important with high-speed installations where silent and roller chains are used. 
The following checks should be made of the drive installation: 

1. By cheekily the distance between the ends of the shafts on both sides of the 
sprockets it can be seen whether the shafts are parallel. These distances must be 
equal (Fig. 14-36). 
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2. A spirit level ahould be used on the sprocket shafts to see that they are level 
(Mg. 1M6). 

0. Alignment of the vrheels should be checked by the use of a straightedge uUmg 
the false of the two wheels. On center-guide silent chain drives, this test should be 
made on center groves of sprockets (Fig. 14-36) 






Fig. 14-36. Method for aligning sprockets. 


4. Bearings should be su0icieiitly rigid to maintain alignment as ori^nslly 
mouoted. 

5. Sprockets should be located as near as possible to shaft bearings. 

After drive is started, the alignment can be checked by inspecting the sides of the 
sprocket faces. This is particularly necessary if one sprocket is on the shaft of a motor 
that has shaft float. Wear on faces indk^ates ^riieel misalignment, which should be 
immediately corrected. 
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€OBRO8I0N- ANik MEAT^mSTANf CBAim 

Gwtjflk^z of ClUiia- OUmrn 1194^Wmcfb^ouijlqd by iapjsji^ the 
j^nd et^t^uaig, teeth of the larger cprocket, wMch toehold thee $^dB tog^thier 

wJute tiie ^ made. In eonije^ eases it mey be to uese the 

coupling took produced by chain manufa^urer. Some silent cheine are dejig^^ 

to operate in one direction only, and care ipuat be taken with thk type of Chain to eee 
that the arrow on the Bide of the chain pojnte in the ditectijcm of chain movement. 
Eward and closed-end pm*type chains will operate most satisfactorily if Ibe hook or 
barrel end is run ahead of the bar end. 

Tension^ Owing to varying conditions, the amount of tension on a chain is diffi¬ 
cult to prescribe. As a general rule, however, this tension should be less than that of a 
leather belt because a chain does'not de|^nd^on tension for its tractive power. It is 
well to arrange for adjustable centers, if-possible, in order to mainta^ a uniform 
amount of slack. In the case of vertical drites and in cases where there is likely to be 
considerable fluctuation in ^ecd, irregularity of Ioe^, and considerable stopping and 
starting, chain should be run comparatively taut. 

CASING 

Chain-drive casmgs are used to exclude foreign materials which would cause 
excessive chain-joint wear; to provide means for adequate chain lubrication; to pro¬ 
mote safety; and to improve the, appearance and maintenanee of cleanliness of the 
installation. Generally there are two types of casings produced: the oil-retaining 



casing and the oil- and dusttight casing. The first is most commonly used because 
of its low initial cost, but the latter will be found to be less e>q;)enBive over a period of 
time where the chain must operate in an atmosphere laden with abrasive materials. 
Where absolute cleanliness is required, the latter type will prove the most satisfactory. 
For methods of lubrication see Figs. 14-37, 14-38, and 14-39. 

CORROSION- AND HEAT-RESISTANT CHAINS 

Corrosion Resistance. The rate of corro^on of a meted is dependent on many 
Variables such as temperature, concentration, and degree of aeration of the corrosive 
iiirent which must be taken into consideration in the sdection of the material used in 

chain. Care must be taken to avoid electrolytic action, or chains will show exees- 
■^ive corrosion. There are two general types of ohain for coirosiou resistance; •. 

1. Standard chains, which are galvanised^ cadmium plated, or tinned. 

2. Chains made of special materials, such as manganese, ^bosphor, aluminum, or 
silicon bronze, stainless fiteel (18 per cent chfome and 8 per cent niefc^), or sk^alghb; 
i^hrome stainlm steel (12 to 14,pei/jDqnt chrome). 

^^bains of the first category will resist mild corrosive conditions, but the presenupe of 

imi 





csAiN bmvim 


tnoredeVere coadHionfl will require that a ehaixL of special materials be Used. Maliu- 
faoturei^ ^ould be consulted for recommendatioiiB as to suitable material best to 
resist eouditioua to which chains will be subjected. It is highly desirable wherever 
possible to subject a small length of chain to the actual operating conditions before 
TTia king a decision because of the fact that there are so many variations which mate¬ 
rially affect results which on the surface seem of small importance. 



Heat Resistance. Metal loses strength rapidly with increase in temperature and 
is subject to oxidation and scaling. The factors that affect the life of a chain at ele¬ 
vated temperatures are the maximum temperature, the length of time at that tempera¬ 
ture, and the atmospheric conditions. Standard chains will generally operate satis¬ 
factorily at temperatures up to 500‘'F, while some pearlitic malleable chains arc 



Fia. 14-39. Casing for force-feed lubrication. 

operatmg satisfactorily at temperatures up to 1000‘’F. However, operating loads 
must be reduced with increase in temperature. Cast or unit-type construction is 
preferred for all high-temperature application to chains made up of a number of parts. 
For higher applications special alloys are available, and the chain manufacturer 
should be consulted. Many of these speoial alloy chains are operating successfully 
at temperatures up to ISOO'^F. 
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pmiBLE COUPUNGS 

BT Ekkest Haounlooheb 

Vice-Prerident^ Thimas Flezihle Coupling Company 

CAUSES OF SHAFT MISALIGNMEITT 

The most efTicient means for transmitting power from a prime mover to a reduction 
gear or machine or from one machine to another is by flexible eouphngs ol the prop^ 
selection and design. 

Flexible couplings are designed to be u^ed between two connected shafts to elimin^ 
ate the stresses that would occur if the shafts were out of line and a solid coupling or 
through shaft were used. They are principally used to take care of misalignments 
that occur during operations. They also assist in the setting up of machines outside 
the erection shop since it is sometimes very diflicult to get exact alignment in the held. 
Borne types of flexible couplings also enable marhines to be disconnected easily by 
the removal of the center ring assembly, 

The misalignments that occur in operation result from 

1 . Settling of foundations 

2 . Wear in bearings 

3. Temperature distortions 

4. Vibrational disturbances 

5. Belt tension, etc. 

Machines should be aligned as accurately as possible when first set up. The full 
capacity of the coupling is then available to take care ol subsequent misslignmenta. 

The manufacturer's catalogue should be referred to for information as to the per¬ 
missible amount of misalignment. 

In parallel misalignment the two shafts are not in line but are displaced so they do 
not intersect (see Fig. 14-40a). In angular misalignment the center lines of the two 
shafts intersect at an angle (see Fig. 14-40?>). 

In practice there usually exists a combination of angular and parallel misalignments 
(see Fig. 14‘40c). For this reason^ it is a good practice to install a flexible coupling 
between the two connected shafts so that each machine can assume its normal position 
in its bearings without affecting the other machine and to eliminate undue strain on 
the shaft, cross pull, and end thrust on the bearings. 

Consideration of what would happen in a diesel-engine and ammonia-compressor 
combination will indicate how serious it would be if a misalignment, either angular or 
parallel, were present and the two shafts were connected by a solid coupling, ^nce 
the four or more bearings cannot be held absolutely in line, reverse bending effects 
would occur in the shafts with each revolution. This would be disastrous both to the 
crankshaft of the diesel engine and to the crankshaft of the compressor. 

The Solid connection of a two-bearing motor and a two-bearing generator would 
f^ibject the shafts to the same reversed stresses, and they would eventually break. 

When a reduction gear is used, flexible couplings are required on borii the high- 
iiid low-speed sides to take the strain off the pinion and its bearings as well as the 
low-speed gear and its bearings. 

Similarly when three units are coupled together such as the motor-driven multiple- 
stage pump shown by Fig. 14-41, flexible couplings should be used to aUow the shaft 
iu each unit to run in its own bearings without any cross pull or end stresses from the 
other units. 

TYPES OF FLEXIBLE COUPLINGS 

Tliere are many types of flexible couplings available, and new ones or improvemmits 
of older types are constantiy being developed. However, of all the couplings on the 
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majk^f there are only a few types that meet the requirements of present-day 
industrial operations. These are the that will be treat^ here. 

Couplings can be roughly divided into two general types—sin^e and double 
groups of elements. Single types are used for angular misalignment only, while double 
types are used for parallel and angular miaaUg^unent. Parallel misalignment is 
resolved into double angular by the action of the center member. 

Dependability, long service, freedom 



FRONT VrEW 
(a) 



FRONT VIEW 
(&) 



FRONT VIEW 


(c) 


from iniury to connected machines, and 
low maintenance are the prime require¬ 
ments for flexible couplings. 

A flexible coupling except in a few 
special cases should drive like a solid 
coupling (especially important when the 
operating speed approaches critical); re¬ 
quire a minimum of h^brication; have a 
minimum of backlash; provide for angular 
or parallel misalignment or both; have 
free end float under load and misalign¬ 
ment; have a minimum of wearing parts; 
and be noiseless. 

Gear-tooth Type. Gear-tooth cou¬ 
plings consist primarily of two hubs with 
flanges, on the outei iim of which are gear 
teeth surrounded with an outer shell- 
type center member having internal teeth 
which mesh with the toothed flanges. 
The drive is from one toothed flange to 
the center member to the other toothed 
flange (see Fig. 14-42). 

The method of supporting the floating 
center member and the shape of the gear 
teeth, as well as the method of retaining 
the lubricating oil, are the principal differ¬ 
ences between the various makes of gear- 
tooth couplmgs. 

Gear-tooth couplings are inherently 
of the double-engagement type and can 
be used for care of angular as well as 
parallel misalignment. A certain amount 
of clearance between teeth is necessary to 
permit the movement of the center mem¬ 
ber which acts as the flexible element in 


conjunction with the teeth on the flanges. 

The gear teeth actually act as a spline 
Fig. 14-40. The three ways of misalign- drive (see Fig. 14-43). 
toent. (a) Parallel misalignment, (b) An- Grid-Spring Type. The grid-spring 
isular mis^ignineut. (c) Combination of coupling has a grid-formed spring 

UKUlu with parallel miasligiiment m one grooves which have 

been milled in the outer edges of two 
flanged hubs. The drive is through the sections of the i!«pring grid that are carrying 
the load (see f^g. 14r44). Because of the constant working of the Springs in the 
grooves, the coupling must be lubricated. This is accomplished by a bolted split 
cover oveir the flanges. This coupling is priimuily a single-type coupling. 

Pin and Bushing Type. Another iorm of coupling, the pin and bushing type, 
usually consists of a number of pins engaging with rubber bushings which are imbedded 
in holes in the opposite flange (see Fig. 14-45). This coupling is a single type. In 
operation this coupling depends upon the resiliency of the rubber for its flexibility 
which is flubject to considerable stress in transmitting driving torque and aceommodat- 
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FLEXIBLE COUPLINGS 


isig misalipcoient. In cid€r to prevent the rubber bushings from being chafed by the 
aetion of the pinB| they are usually provided with metal bushing inserts. 

Chain Type. Ch^n4ype couplings usually consist of two sprockets with hubs, 
one driving the other through a chain wrapped around the sprockets. The chain may 
be of the finiahed^steel roller or silent type (see Fig. 14-46). 

Chain couplings are primarily of the single type and find application on smooth 
torque jobs. To obtain flexibility, there must be play and clearance between the 
cham and sprockets which result in a small amount of backlash. 



Fig. 14-45. Pin and bushing coupling. Fiu 14-46. Chain coupling. 


To accommodate misalignment, the chain must be loose, wliich makes the chain 
carry the load in an offset manner. Some chain couplings have multiple rollers 
which reduce the friction on the teeth but place the strain on the pins. 

Chain couplings require an enclosure to retain a lubricant and as a protertiou 
against foreign matter. 

Block and Jaw Type. Block and jaw couplings are built on what is known os the 
Oldham principle, in which two hubs are pro'v^ided with jaws which surround a square 
block, which acts as a center driving member (see Fig. 14-47). 



Ftu. 14-47. Block and jaw coupling. 


When such a coupling is operated 
under parallel misalignment, the block 
is free to slide provided there is no load 
on it. 

If there is a load on the coupling and 
no misalignment, the jaw drives through 
a line contact on two corners of the 
block. As the coupling rotates under 
parallel misalignment, these comers nib 
back and forth. The greater the load, 
the more pressure there is on this line of 


contact. If operating under angular misalignment, line contact changes to point 


contaet. 


Clearance must be provided if there is to be any angular misalignment. 
Metal-diok Type. The metal-disk coupling consists of two hubs with flanges 
to which are bolted flexible laminated-disk rings. These laminated disk rings in 
trim are bolted to a center member which may be in the shape of a round plaie, a 
cylindrical spool, or a long shaft wnth flanges on the ends (see Figs. 14-48 and 14-49), 
The principle on which the flexible metal-disk coupling operates is that any mis¬ 
alignment causes a slight displacement of the center member permitted by the bending 
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vi theiiiak rinjgBi This Is limited to 1 deg, whioli {>rotecta the metal fn___ 

The bad is carried by the metai of the disks in direct teo^n between the bolts. 
Th^ is BO driving through spring action. The metal used in the disks is a specially 
deigned alloy which has ejctremely high fatigue resistance.. 

This type of coupling drives like a solid coupling but has flexibdity to take care 
of both kinds of misalignment either singly or in combination as well as providilig 
free end float under load. There are no wearing parts, and no lubrication is required. 



Fia. 14-48. Metal-disk coupling Fia. 14-49. Metal-'disk coupling—heavy 

heavy duty, high speed. duty, medium speed. 


All parts are in balance under any conditions of misalignment, which is especially 
important in liigh-^peed couplings. The torsional characteristics remain constant 
regardless of length of operation since all parts are solidly bolted together. 

In the double type of couplings, angular misalignment flexes the laminated disk 
rings with the total divided between the two rings. Parallel misalignment would 
also cause flexing of the disk rings, the total being divided between the two rings the 
same as if each disk ring were taking care of angular misalignment. 

_ The flexible metal-disk ring coupling in the single 

type (see Fig. 14-50) is used for many purposes. The 
center ring is omitted, leaving one flexible laminated 
disk ring bolted to one flange and at alternate points 
to the other flange. In tills form, since the parts are 
solidly bolted together, the concentricity is assured 
at all times, and the disk ring can be designed to carry 
any amount of weight. It can be used to support 
generator armatures where the generator has only one 





Fig. 14-5(1. Metal-disk sin¬ 
gle-type coupling. 


Fig. 14-51. Floating-shaft metal-disk cou¬ 
pling. 


outboard bearing. The outboard bearing carries approximately half the weight of 
the armature, and the other half is carried through the coupling to the nearest bearing 
of the driver. Similarly, in motor-driven compressors the motor need have only one 
bearing—^resulting in economies in material, floor space, and maintenance. 

The Floating Shaft. The floating shaft is in reality an elongated flexible ooujding 
and is generally used to span shaft-connected distances where the use of bearings is 
prohibitive. Many of the standard makes of flexible couplings can be used in oon- 
jimction with it. The metol-disk-type flexible coupling, when used in conjunction 
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thft floating fibaft, resiflts in a very relkye and efficient drive fiinee tlia farUier 
4jiart tbe <Udc Tikga are the' more misalignment can be accommodated. All parts of 
the iiicital«diak coupling type of floating shaft remain in perfect balance regardless of 
the period of operation since there are no wearing parts, and there is no change in 
the torsionial ^characteristics. A floating-shBlt metal-disk coupling is showm by Fig. 
14-fll. No pilot bearings are required. 

SELECTION 

Flexible couplings sliould be selected with care so that they will be large enough to 
accommodate the shaft sizes and suitable to withstand the stresses that occur owing 
to the torque load and to misalignment. The coupling should preferably have a 
minimum of backlash. With pulsating or uneven loads, backlash results in a hammer- 
like action which tends to shorten equipment life. 

An important requirement in a flexible coupling is free end float 'uvder load so that 
no side thrust or axial strain will be transmitted to the Competed machine. Gener- 
lldors and motors require a oertain amount of free float in order to run in their magnetic 
Renter. McN 9 t machines are not provided with thrust bearings. 

There is another important requirement when selecting couplings for machines 
that are placed some distance apart. Coupling hubs should be placed as closely as 
possible to the bearings of the connected machines, thereby shortening the overhang. 
Hiie floating-shaft center member should be able to maintain its central position with¬ 
out the use of pilot bearings. The floating-shaft type of coupling is a very desirable 
method ol fK^nnecting two machines since it permits greater misalignment, and this 
condition usually exists when machines are on separate foundations. Couplings of 
the flexible metal-disk t}T)e are held in exact centers because of their solidly bolted 
construction, and since there are no wearing parts, they always stay in balance. 

Where there is a possibility of torsional vibration from medium or high speeds, 
serious thought should be given to flexible-coupling selection. If a coupling has wear¬ 
ing parts or is built upon the principle of springs or cushions, it is apparent that its 
torsional characteristics will vary with the degree of wear, the misalignment, and the 
load. Couplings of the flexible metal-disk type drive like a solid coupling, and their 
torsional characteristics are constant. This is of great importance since torsional- 
vibration stresses can be very harmful to the connected machines. 

The factors that usually enter into the selection of the size of couplings are 

1. The coupling must be able to transmit the torque, 

2. The coupling must be able to withstand the type of load, /.c., whether steady, 
fluctuating, or reverse. 

3. The coupling selected on the basis of the above factors should have hubs that are 
large enough to accommodate the shafts of the units being connected. 

4. The coupling should be of the type to withstand the stresses due to the speed 
at which it will run. 

5. The misalignment to be encountered should be within the rating of the coupling. 

6. Torsional stiffness. 

7. The Coupling must always remain in balance. 

Most manufacturers supply complete information for standard applications. If 
the application is of a special nature, additional data should be obtained from the 
manufacturer before making the final selection. It is good practice to olitain the 
manufacturer’s recommendation on applications where unusual conditions exist. 

Referring to factor 1, calculate the maximum horsepower per 100 rpm on the 
coupling. Take the overload horsepower of the driver, divide by the rpm, and 
multiply by 100. 

For factor 2, consult manufacturor’s catalogue for type of load, such as compressor, 
pump, crusher, etc., and suk'ct a service factor that is dependent upon the character¬ 
istics of the driving unit. 

Factor 3 is definitely a matter of dimensions. 

In reference to factor 4, high-spec^d couplings are usually made erf steel forgings 
machined all over and balanced. Over \,6oo rpm is usually considered high speed. 
Low-speed couplings are usually made of castings of steely cast iron, or other metal. 
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Cox^dering factor 6, if the mstallatioa is such that torsional vihnMfcioii Jieuiy be « 
factor, it is important to select a coupling posaessiiig permanien|; torsional charaeteris- 
tics. If torsiodal vibration is present, it is almost ipipossitde to ahsmb in the small 
space occupied by any mahc of coupling the energy nocessary to change the period of 
vibration unless it be the floating-shaft type where the diameter of the intermediate 
shaft can be altered. This is moat effective only if the floating shaft is at the center 
of the node of vibration. 

Balance (factor 7) is especially important in couplings running at high speed, but 
it is also of great importance in slow-epeed coupling where the center member is 
large, especially in applications such as ship drives, etc. 

There are many applications where, by the use of a single-element coupling, 
the unit may be designed to save both space and cost. Single-bearing motors and 
single-bearing generators, when attached to their driven or driving units, introduce 
angular misalignment only. Such applications are found in diesel-driven generators 
on submarines, locomotives etc., and in motor-dnVen compressors etc. The cost of 
one bearing can be eliminated, and the amount of metal in the bedplate can be reduced 
in two ways—^first, by shortening the bedplate owing to less space required; second, 
by lightening because less rigidity is required. Couplings for these applications must 
be capable of supportmg the weight of the armature and still maintain exact concen¬ 
tricity between the shafts. Angular misaligument of 1 deg is usually permi^ble in 
such a design. 

The floating-shaft type of coupling, i.s., two single-element couplings connected 
by an intermediate tube or shaft, is being used more and more where greater misalign¬ 
ment is found. It also solves the problem of having the driving and driven units in 
different compartments or separated by fireproof walls, etc. Such cases are found in 
some pumping stations and aboard some ships. Also in marine work it is the ideal 
installation between the propeller shaft and the diesel engine. Couplings exceed¬ 
ing 20 ft in length have operated successfully. In such cases, however, the coupling 
must bo I'apablc of carrying the weight of the intermediate shaft and mamtain its 
concentricity especially at medium and liigh speeds. 

If thrust is present in marine applications, the application becomes special, and 
should be referred to the manufacturer for recommendations. 

APPLICATIONS 

In the ordinary installation of machinery, each unit in a coupled combination has 
its own bearings. This requires a ^'double type'’ of coupling to take care of the 
stresses that are set up if they were connected solidly to each other. This type of cou¬ 
pling has a center ring with connections on each side to the flanges which tran^orms 
the coupling into the equivalent of two “single types,” each taking care of an angular 
condition resulting from the misaligninfmt. This is easily recognized in some Of the 
types and is illustrated here with the flexible'disk type of coupling (see Figs. 14r52, 
1^53, and 14-54). If a double type of eouplmg is not used for this condition, the 
result of a single type is destructive cross puU on the bearings. 

A single t 3 rpe of coupling is one that consists of two flanges with rubber bushings, 
chains, spring grid, or a single flexible metal disk ring connecting the two flanges. 
These are fundamentally able to take care of angular misalignment only, which is a 
condition which exists when the two shafts intersect at a point near the oonter of the 
coupling. This condition exists when a single outboard bearing is used to support a 
shaft or in a combination of two machines, one of which has only one bearing. Two 
single-type oouplmga connected with an intermediate shaft are the equivalent of a 
double-type coupling. 

Low first cost is one reason for the popularity of some types of couplings. Maau- 
facturers find it convenient to install these on units that are very competitive in price, 
and since their guarantee does not extend over a year, it is the customer's responsi^ 
biiity to take care of the replacements or maintenance after this period. Meanwhile, 
the coupling, if not of the right type, affects adversely the beai^gs and other ports 
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of the A litl^ more thought given to the seloction of a eoajxhng would doubt- 

toBB justly some additional expenditure initially and result in an mstallation that wUl 
reqiure a ™inmwm of maintenance or replacement. 



Fiq. 14-52. Metal-disk cuu- Fio. 14-53. Metal-disk Goupling 

lu parallel imsaiign- in angular mbaliguincnt. 


ment. 



MAINTENANCE 

To avoid costly shutdowns of machinery, the couplings should he inspected on 
pumps, compressors, and other essential units periodically. Guard rovers over cou¬ 
plings should be hinged to facilitate inspection. 

Certain types of couplings require lubrication. If this requirement is neglected, 
wear will take place and will therefore do considerable damage to the coupling. Some 
couplings depend on lubrication to give free end float. If this is not present, side pres¬ 
sure is likely to be transmitted to the connected machines. This will damage the 
beaxings or other parts. Where couplings are made with self-contained oil reservoirs, 
it is sometimes difficult to retain the oil at high speeds. This should be considered 
when making a selection. 

If couplings of the single type are being used on installations that require the 
double type, wear and other troubles arc multiplied. 

For b^t performance couplings should always be placed close to bearings. 

If trouble is experienced with a coupling drive, the initial cheek should be on the 
alignment of the shafts. This should be corrected if necessary. Then the coupling 
should be studied to see if it is the right type for the purpose. If not, it should be 
replaced with one that is more suitable and correct for the requirements. 

When a coupling shows signs of strain or wear, it is economy to replace it at once 
before it damages the connected machinery. 
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VARIABLE-SPEED MECHANISMS 

BY H. G, Keller 

i4^mton^ Chief Engineer^ Power TransmismUf LinkrBelt Company 
INFINITE OR STEPLESS SPEED VARIATION 

Infinite or stepless speed variation has extensive industrial application within two 
general categories; 

1. Synchronizing the speeds of parts of the same machine or operations carried 
out in aeries to provide for uniform flow 

2. Providing rapid, manual or automatic, flexibility in the operations of a machine 
for increased capacity, lower production costs, and higher precision standards 

This subsection will treat the merhanical methods of stepless speed variation (see 
Sec. 17 for hydraulic systems and Sec. 16 for electric speed control). Mechanical 
systems have the advantages of being low in first cost, simple in construction and 
maintenance, and comparatively efficient in operation. Stepless speed variation, 
under load, may be obtained through the use of one or more of the following five 
mechanical principles: 

A. Flat-belt type 

B. Friction-disk or cone type 

C. Ratchet or interrupted-motion type 

D. V drives with adjustable conical pulley or pulleys 

1. Vari-speed-pulley type 

2. Interlocking dual pulleys, countershaft type 

3. Adjustable cone pulleys, parallel-shaft type 

а. Belt drive 

б. Chain drive 

c. Ste^el-ring drive 

4. Compound adjustable pulleys and interlocking dual pulleys 

E. Controlled diflercntial-gear system 

In the selection of the type of speed-variation mechanism to employ, consideration 
should be given to sonic or all of the following factors: 

]. Ratio of speed variation required 

2. Torque or horsepower, in relation to speed requirements, throughout the range 
of speed variation 

3. Operating conditions 

a. Source of power 

b. Uniform loading 

V, Mo<lerate or heavy shock loading 

d. Necessity for frequent starting or reversal 

e. Braking effect required 

4. Type of unit (open, semi-enclosed, enclosed) dust, fumes, weather, etc. 

5. Space and mounting requirements 

6. Accuracy of unit in respect to ability, under constant torque load, to duplicate 
ratio settings after previous adjustment 

7. Per cent change of ratio accompanying change in torque 

TYPES OF VARIABLE-SPEED MECHANISMS 

Flat-belt Type. The flat-belt type of mechanism consists essentially of a flat belt 
operating with twq conical (nonadjustable) pulleys with suitable belt guides and shift¬ 
ing means as shown by Fig, 14-55. 
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Low Hp 

Lflrga ran^e of variation 

Ft a. 14-55. 


f 

High Hp. 

Small tonga of vorlotion 
Flat-belt type. 


Two general types are in common use, 



aiist of manufactiiierfl of vaiious uuits, 
aubseoUon, 


although not available as etojidard trans- 
misaion units. Flat-belt mechanisms are 
usually designed to suit specific applica¬ 
tions. 

Friction-disk or Cone Type. One of 
the earliest forms of a mechanical speed 
mechanism consisted of a driver and a 
driven disk mounted at right angles to 
each other^ and having a friction contact 
(see Fig. 14-56). Control of the relative 
speed of rotation of the two disks was 
maintained through varying the point of 
contact of the disks. 

A friction-cone type of variable-speed 
drive is maniifactuTed^ * which utilizes the 
planetary system similar to that used in 
the differentia] drives. Three tapered 
rollers are used, supported in a carrier 
rotated by the input shaft. The rollers 
are free to revolve about their own 
centers and are mounted so that their 
tapered outer edge is parallel to the cen¬ 
tral axis of the machine (see Figs. 14-57 
and 14-58). A steel nourotating ring 
contacts the outer edge of the rollers, 
ted by supefior numbers, is siveu at the end r»l this 
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Thw rmg ia BiovaWe IcmgitndiB&lly so that thfe point of ooatact on the r^era h« 

changed to any position between eHh^ end. of the roJlera^ thus varying the velocity 
at whii^ they revolve. Finions on one end of the rollers engage a ring gear connected 
to the output shaft. i 

The carrier supports each roller in double bearings located between the pinitnxB snd 
the cone. Bearings are shim-adjusted in assembly to assure proper contact between 
rollers and ring. Centrifugal force acting upon the roller during rotation presses the 



roller firmly again&t the ring. The small end of the tapered roller (the end giving the 
slowest, or reversed, speed when contacted by the ring at that point) is at the end of 
the roller opposite the sliding hloek Thus the lever /irm of the roller in relation to the 
lever arm of the ring is the greatest during the slow speed, or reversed, operation of the 
output shaft, giving the greatest traction of the roller on the ring at that time. 

This unit is made in seven motor sizes from li 55 to 3 hp, and these units have speed 
ranges from approximately one-fifth motor speed down to zero. The same units arc 



Fis. 14-58. Friction-cone type (exploded view). 


available for speed ranges which are equal on both sides of zero, the range being 
approximately one-sixth motor speed forward and reverse through zero. Motors 
and reduction-gear sets are available for integral mounting. 

Ratchet or Interrupted-motion Type.’ The prineiple of the ratchet or interrupted- 
motion device is shown by Fig. The amount of throw to the crahk (thus ihe 

rotation of the output shj^t) may be adjusted by varying the amount of eccentricity 
obtained on the input shaft through rotation of the double eccentrics. Another 
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method is to provide a center pivot about which the crank arm rotates, and by change 
ing the point of pivot of the crank arm, the amount of throw at the output end of the 
crank may be varied. Through the uae of a ratchet or roller clutch, movement of the 
crank produoM unidirectional rotation of the output ehaft. Increasing the number 


ol eccentrics, cranks, and clutch units will 
reduce the time lag between pulsations in 
the output shaft. 

A unit of this type (shown by Fig. 14-60) 
is manufactured particularly for use with 
feeders and conveyors. This unit is rated 


Oscillating strokm 



Fid. 14-59. Hatuhet type (principle). 



Fid. 14-60. Ratrhet type. 


at 3 hp, 250-rpm maximum input speed. The output-speed range is adjustable from 
22 to 0.83 per cent of the input speed. 


V DRIVES WITH ADJUSTABLE CONICAL PULLEYS 
The majority, in number of different t^’^pcs produced, of stepless speed-variation 
devires are modiheations of V drives with adjustable conical pulleys. In general, 
they can be grouped under one of four subclassifications, though wdth some specific 

devices there will be an overlapping of the 
methods involved: 

1. Van-speed pulley 

2 . Interlorkiiig dual pulli-ya, coimtershaft 
type 

3. Adjustable cone pulleys, pariillel-shaft 
type 

4. Compound adjustable pulleys and inter¬ 
locking dual pulleys 

Van-speed Pulley.'* The simplest form of 
speed control, the vari-speed pulley, consists of 
two conical, or half pulleys, mounted on the 
motor shaft, one half being fixed and the other 
sliding laterally along the shaft. The sliding half 
generally has a loading spring pressing against 
its outer face (see Fig. 14-61). Provision m made 
for adjustable shaft centers, usually by means 
of a sliding motor base with screw-adjustable 
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Fio. 14-01. Vari-speed pulley. 


handwheel. When the motor is nearest the driven shaft, the V belt assumes the 
largest arc of contact on the pulley faces, with the operating effect of large pulley diam¬ 
eter. By turning the handwheel, the motor is moved away from the driven shaft, 
and the tightening of the V belt forces the pulley faces apart by compressing the 
spring, thus reducing the arc of contact of the pulley with the effect of smaller pulley 
diameter. The total variation in the shaft center distance varies from approximately 
2 in. on the smaller sizes to 8 in. on the larger sizes. 

Vari-apeed pulleys are manufactured in a number of sizes for use with standard 
V belts, with capacities up to 7^ hp, 1,740 rpra, and ratios up to 4:1, They are also 
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made in six sises^for use with block^ype V belts ioft motors up to 15 hp^ $70 

rpm, and ratios of 214 • 1 ^ 'I'he maxmum ratio obtainable with this type is 8; I on some 
of the smaller motor sises. A special belt may be used which combines the features 
of a V belt for contact between the V disks and a flat belt fon contacting the driyen 
pulley, with operating characteristics substantially the same as for standard V belts. 



SJow speed posMion 



High ^eed position 

Fxo. 14'C2. Intralc^cking dual pulleys. 

Interlocking Dual Pulleys, Countershaft Type.*^ The countershaft type of inter¬ 
locking dual pulleys (Fig. 14-62) consists of two interlocking split pulleys mounted on 
a countershaft between the fixed driving and driven wheels. The two variable pulleys 
are connected on the shaft in such a manner that movement of one of the faces of one 
pulley, increasing the distance between the faces and thus reducing the effective pulley 
diameter, results in an equal amount of closure in the space between the faces of the 
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!«ril*'i»iireMed effeetiv« pulley diameter on the weond J^ley, 
is pivoted on its bsse (or in some cases on a sliding bafie) tonJJoW lateral 
fnovemOxit toward either the driver or dnven shaft, which movement will result in a 
tightening of one belt and a slackening in the other. The effect of tightening one belt 
and slackening the other causes an automatic shift in the faces of the two pulleys 
equalising the tension in both belts and resulting in a new ratio between their rmuiing 
diameters. Provision is made for looking the countershaft in the new lateral position. 

Like the vari-speed-puUey type of drive, this device is economical in both first 
cost and maintenance but permits a greater ratio variation through the use of two 
adjustable wheels rather than one. 

These units are made for use with standard V belts or combination belts to operate 
on both V and flat wheels. Sizes range up to 7M hp at 21^: 1 ratio, and ratios up to 
10:1 may be obtained with some of the smaller horsepower sizes. 

Adjustable Cone Pulleys, Parallel*shaft Type. The parallel-shaft type of adjust¬ 
able cone pulley consists of two parallel shafts on which are mounted a pair of adjust¬ 
able cone pulleys, with a belt, chain, or ring as the connecting medium. Provision is 



Fig. 14-63. AdJustablQ none pulleys, parallel-shaft type, motorized with integral gear 
reduction. 


made for adjusting the spacing between the faces of the cones by a movement of one 
or both halves of the pulley in such a manner that, when the sparing of the pulley 
opening on one shaft is being increased, the spacing of the pulley opening on the oppo¬ 
site shaft is being decreased. Thus when the effective diameter of the pulley on the 
first sliaft is being decreased, that of the opposing pulley is increased, and the necessary 
length of belt, chain, or ring to encompass the two pulleys is substantially the same.* 
A multiple of piiUoys and belts may be mounted within a single unit. 

Units of this general construction are invariably used where larger horsepower 
requirements are necessary. Most units are available with integral motors and gear 
redtiction units (Fig. 14^3) with floor, ceiling, or wall mounting in horizontal or 
vertical styles. 

Adjustable cone pulleys may be equipped with various accessories such as tach¬ 
ometers (mechanical or electrical type), electric control motors, or hydraulic control 
elements, with manual, semiautomatic, or full automatic control, cam or lever con¬ 
trols, etc. In fact, practically any known measuring or controlling instrument or 
element may be used to control variable-speed m echanisms provided a slight time lag 
ean be allowed in order to allow the control to function. Beyond this much depends 

^ AetufiUy there is a difference. The correct length of belt to operate over 1:1 ratio puUesm with 
fixed abaft centeia wfil not be long enough to operate on other than 1 •' 1 ratio pulleya on the aame abattn 
even though the aum of the pulley diaraetere in the sooOnd case be equal to the aum of the pulley dlatn- 
atere at the 1:1 position. On aome drives adjustment ia ipade by mechaniGal meana, auch aa equaluing 
tinhage or epnng loading of one half of a pulley, while on otherts a convex ourring of the V pulley faoea 
tlghteUa the belt aa it approachee the 1:1 position. 
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reBoHs. GeaiBtaJJy speaking, most automatic oontarolB we of th6 follower type; i.c., 
a temperature, tenaion, spcet^ etc., is the signal element whieh sets in motion tlm 
yanable^peed<-control actuating means. In such a case, the variable speed oontrol 
is attempting tio respond to, and correct, an existent condition which is approaching 
the limit of temperature, tension^ speed, etc. 

Manufacturers, when specifymg the m axi mum allowable ratio of speed variation, 
give the ratio from the highest to lowest output speed, not the amount of variation, 
higher or lower, that may be made of the output speed in relation to the input speed. 
Most units of this type are furnished with pulleynef equal m^ze on both shafts, which 
allows the speed of the output shaft to 
be increased or decreased an equal amount 
from the speed of the input shaft. In 
such a case, if the spOed of the input 
shaft is known, the maximum high or low 
speed of the output shaft may be cah 
culated by multiplying and dividing, 
respectively, the speed of the input shaft 
by the square root of the specified speed 
variation of the unit. With a unit hav¬ 
ing a specified ma3dmum speed variation 
of 9:1 and an input speed of 1,150 rpm, 
the maximum output speed would be the 
square root of 9 (or 3) times 1,150 for a 
total of 3,450 rpm. The minimum out¬ 
put speed would be 1,150 divid(*d by 3, 
or 383 rpm (3,450 to 383 is a 9:1 ratio). 

Thus in this unit, the ratio of input speed 
to output speeds is 3:1 and 1:3. 

The following discussion of specific 
applications of this device is divided on 
the basis of the type of connectmg me¬ 
dium (belt, chain, steel ring). 

Beit.® Devices are available for use 
with standard V belts or with special 
sizes of fabric and steel in rubber belts. 

These are manufactured in numerous ELEV, 

sizes up to 75 hp at 3 il ratio, while some Fig. 14-64. Adjustable cone pulleys, paral- 

smaller units will provide ratios up to 6 :1 lel-shaft type, inotonaed. 

(see Fig, 14-64), 

Several manufacturers produce devices for use with a special belt consisting of an 
endlesa-cord belt clamped between wood blocks whose ends, tipped with leather pads, 
are tapered at the same angle as the cone faces (see Figs. 14-^ and 14-66). Various 
sizes are produced up to 87-hp output at a 2:1 ratio. In the smaller sizes will be fnund 
uttitB providing ratios up to 16:1. 

C^insJ ftie PIV (positively, infinitely variable) type of transmission differs 
from the other types of V drives in that it does not depend upon friction for its tractive 
effort. The chaiii consists of bushed pin-joined cages, each holding a pack ef flat 
hardened-steel lammaUons tapered at the ends to the same angle as tiie whe^ faces. 
These lamina^ons are free to dlde from side to side, individually, with relation to 
each other (Fig. 14-67). This type of transmission utilizes an arrangement of conical- 
faced wheels having radial teeth cut into their faces (sec Fig. 14-68). The wheels are 
so mounted on the shaft that immediately opijosite the projecting tooth on one face 
of a wheel is a groove on the face of the opposing wheel. As the chain entem the V 
formed by the two wheel faces, the staggered teeth of the wheels push the requisite 
number of steel laminations transversely (at right angles to the chain travel) into 
position in the opposing tooth spaces to form the positive engagement whicb trant- 
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juit^ the load. Tfm engagement is complete before tbe load or pull on tho abia 
ifl applied, and there is no further movement while they are under load. 

The wheel feces are not straight cones but have a slight convex curve to maintain 
proper chain tension at all posttiona of speed variation. A hardened-steel shoe rides 



Fia. 14-66. Adjustable cone pulleys, parallelnshaft type, open. 


lightly on both the upper and lower strands of the chain to assure correct entry and 
engagement of the chain slats into the sprockets. The use of one on both the top and 
bottom strands allows the chain to be run in either direction. Splash lubrication is 
provided in the sealed case. 

Eight sizes are produced, in capacities from to 25 hp, with maximum ratios of 
up to 6:1. 

The VRD (variable roUer drive) is of 
the parallel-shaft type with a pair of adjust¬ 
able conical wheels and employs a roller 
chain of special design for the transmission of 
power between the wheels on the two shafts 
(see Fig. 14-69). The endless side-contact 
ciiain (Kg. 14-70) has openings in each pitch, 
or section of links, which provide a longi¬ 
tudinal (parallel to direction of chain travel) 
pocket for each of two hard-steel rollers 
which protrude sufficiently to contact the 
smooth-faced conically opposed disks. At 
each engagement ol chain and wheels, with 



Fm. 14-66. Endless belt with leather-tipped Fio, 14-67. PIV chain, 

blocks. 

the Opposed disks approaching at an acute angle, each pair of chain rollers is free to 
roil into driving contact with the wheels. The disengagement of the chain is likewise 
a rolling action. This device operates in a totally enclosed, oiltight housing, provid¬ 
ing splash lubrication. 
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tits conea and the ring in pToportinn to tiie load applied. Lubrication is provided by 
■ii oil bath in the sealed case. 

Various sizes of units are manufactured up to 3 hp at 6:1 ratio, with a maximum 
ratio of 15:1 available on some of the smaUer sizes. 

Compound Mjustable Pulleys and Interlocking Dual PuUeys.” Compound 
adjustable pulleys and interlocking dual puUeys are enclosed units. They contain 



Fro. 14'70. VRD chain. 


an input and an output shaft mounted in line, each with an adjustable V pulley. A 
8peed>adjustment lever controls the opening in each of these puUeya in such a manner 
that movement of the le\’^er increasing the opening of one pulley decreases the opening 
of the second. A countershaft of the interlocking dual-pulley type is mounted parallel 
to the first two shafts, one of the dual pulleys being belted to the input-shaft pulley 
and the second belted to the output-shaft pulley (see Fig. 14^72). Thus movement 
of the speed-variation adjustment lever, causing a tightening of one belt and a looseu- 



Fiq. 14^71. Bteel-ring drive. Fig. 14-72. Compound and interlocking 

dual pulleys, open type shown. Also avail¬ 
able with case and cover. 


lug of the other, will result in an automatic shift in the openings of the countershaft 
pulleys to equalize the tension in both belts at the new ratio. 

Various ^es of this device are produced, ranging from hp vdih. 16:1 ratio, up to 

10 hp witb 6:1 ratio. 

CONTROLLED DIFFERENTIAL-GEAR SYSTEMS 

A differential-ge&r system alone will not produce a variable-speed drive but must 
be supplemented by some other variable-speed mechanism to control the relative 
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rotfttloiL of Various ge^ Tfeia is 4oue by luMing to tbe diieafsutuil 

gi^riug s ©ontrol mechanism based upon the princilple t^e V belt or akam di^vu 
'a^ith. adjustable cone pulleys. The relative capacity of the combhied V driitT# and 
differential-gear systems depends upon the ratio range of the V drive and lequired 
ratio range of the differential system. 

The advantage of this combination over the use of the V drive alone lies in the 
fact that only a portion of the power transmitted by the combined system passes 
through the V-goveming drive. Thus the size and weight may be reduced as com¬ 
pared to V drives of equal ratingi and tmits may be constructed to handle larger 
horsepower requirements. Units may be constructed to operate as low as zero speed 
or through reverse. In some cases the differential gears are employed to supplement 
the accuracy of the V drive alone; in others to reduce the effect of ratio change vs. 
transmitted torque. 



The type of differential-gearing system a ill vary from one manufacturer to 
another, some being of the bevel-gear type and others of the planetary-gear type. 
Some devices employ a double differential-gear system. In the case of the single dif¬ 
ferential, the torque transmitted through the variable element deviates considerably, 
depending upon the relative ratio range. With the double-differential type, the tor¬ 
ques transmitted through the variable elements do not vary so widely as with the 
single-differential type. 

The gear system shown by Fig, 14-73 is typical of a single-differential device,* 
although numerous other combinations are possible. This uses planet gears (2) 
located symmetrically about, and meshing with, a pinion (1) which is driven by the 
input shaft through gears (5, 6, and 7). The inner end of the output shaft has pro¬ 
jecting fingers which form the shafts on wliich the planet gears (2) revolve. The 
speed of rotation of the output shaft is governed by coatrollmg the relative speed of 
rotation of a ring gear (3) encompassing the planet gears (2) with res|>ect to the rota¬ 
tion of the input shaft. This control is maintained by a V belt or chain mounted on 
two adjustable cone pulleys (8 and 9), one of 'wliich (9) is on the input shaft; and the 
other (8) is on a shaft geared through gear (4) to the ring gecir. 

The single-differential type, in sizes up to 100 hp, may be designed to allow con¬ 
tinuous variation from maximum to zero speed or through zero to reverse. 

A double-differential-gear system with V belt or chain control mechanism is 
iUustrated in Fig. 14-74. The pinion (15) on the input shaft drives two spider arm 
gears (1 and 2), which respectively carry the free-turning bevel gears (3 and 4), with 
them. The relative rotation of the two bevel gears (5 and 6), is controlled by the belt 
or chain on the two variable V wheels (7 and fi). With pulleys (7 and 8), at the 1:1 
position, the bevel gears (5 and 6), rotate at equal speeds, although the other gqars 
(3, 4, 9, and 10), may rotate at sundry speeds dependent upon the ratio of the gears 
(1 and 2), to pinion (15) and also gears (11 and 12), to gear (14). 
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VAnUBLE^SPEED MECHANISMS 


With equal ratios in gear sets (1 and 2), to (lli), (11 and 12), to (14), and in the two 
dil^FentialiS&ar sets, equal forward to reverse speed is obtainable by changing the 
VariabloHspeed V transmission an equal amount or range either side of the mean or 
1; 1 position, e,g., +400 through 0 to --400 rpm. 

2 



With unequal ratios in gear sets (1 and 2) to (15) and/or (11 and 12) to (14), 
substantially any desired variable-speed range may be oV>tained, as follow’d: 

Zero to maximum, e.g., 0 to +800 rpm 

Forward through zero to reverse, (unequal values), e.g.^ +250 through 0 to 
—75 rpm 

Minimum to maximum, e.^,, +10 to +600 rpm 

Manufacturers of Various Types of Variable-speed Units 
Number indicates reference in text to type of unit. 

1. Graham Transmissions Inc. 

2. Morse Chain Co. 

3. Equipment Engineering Co. 

Lewellen Manufacturing Co. 

Mechanical Handling Systems, Inc. 

Reeves Pulley Co, 

4. The American Pulley Co. 

The Do All Co. 

Ideal Commutator Dresser Co. 

Lovejoy Flexibility Coupling Co. 

Stephens-Adamson Mfg. Co, 

Toledo Timer Co. 

6. AUis-Chalmers Mfg. Co, 

Lewellen Mfg. Co, 

Reeves Pulley Co, 

Sterling Electric Motors, Inc. 

U.S. Electrical Motors, Inc. 

6. Link-Belt Company 

7. Master Electric Ckimpany 

8. Worthington Pump and Machinery Corp. 

9. lombard Governor Co. 

Mechanical Handling Systems, Inc. 

Speed Control Corp. 
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GEAR REDUCTION UNITS AND PLANETORQUE REDUCERS 

BY J. N. Morrell 

President, E. I, M. Company (Formerly Chief Engineer, Philadelphia Gear Works) 

MAJOR DESIGN FEATURES 

Many factors require consideration in the design of gear reduction units. It is 
not the object of this subsection to treat on detail design, However, the engineer 
should be familiar w'ith the major design features. These are as follows: 

HorsepoM er rating for strength of gear teeth 
Horsepower rating for surface durability of gear teeth 
Suitability of material for the gears 

Practical combination of tooth height, pressure angle, and/or helix angle 
Tooth runout, spacing, lead 

Relation of center distance and face width to avoid undue concentration of pressure 
arismg from deflection underload 
Shaft stresses 
Bearing loads and speeds 
Foundation and bearing-bolt stresses 

Rigidity of housing substantially to maintain shaft position under maximum loads 
Thermal horsepower capacity of the unit 

The American Gear Manufacturers Association was established during 1917. 
Within the Association is an engineering body which has formulated standards for the 
manufacture of gearing and gear reduction units. These standards fully consider the 
major design features outlined above and are looked upon as the basis for the design, 
manufacture, and application of the modern gear reduction unit. 

Gear reduction units and planetorque reducers are built in many forms, using a 
wide variety of gears to meet practically every kind of power-transmission and speed- 
reduction application. Each of the more commonly used speed-reduction units will 
be treated separately. 


PROPER SELECTION 

The general advantages of gear reduction units are manifold and must be con¬ 
sidered properly io select the correct type for the specific application. 

General Advantages. 1. Power Conservation. Because of accurate gear design, 
high-grade workmanship, proper bearings, and adequate lubrication, there is an assur¬ 
ance of minimum loss between applied and delivered power. 

2. Low Maintenance, If the correct design and power capacity for the require¬ 
ments are selected and occasional attention is given to the lubrication system, low 
maintenance costs will result. 

3. Operating Safely, All gears, bearings, and shafts are enclosed in oiltight, 
strongly built, cast-iron or steel housings. 

4. Silent Operation, The entire mechanism is tightly sealed and operates in a 
bath of oil; therefore noise and vibration are reduced to a minimum. 

6. Space Cone&vation, Units are entirely self-contained and extremely compact; 
therefore they require small space. This also enables them to be installed in out-of- 
the-way locations. 

6. Adverse Operating Conditions, Efficient enclosure protects the mechanism 
from dirt, dust, soot, abrasive substances, moisture, or acid fumes. 

7. Economy, Units permit the use of high-speed motors direct-connected to low 
applied speeds. High-speed motors cost less initially. 
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8. Lif€ Expecfancy. The life ef a unit is practically unlimited if it is properly 
lubricated and correctly aligned. 

9. Horsepower and Ratios. Unite are available in almost all desired ratios and 
for all practical power requirements. 

10, Adaptability. Hegardless of the direction between applied and delivered 
power, a reduction unit can be obtained to fill the requirements. 

Efficiency means iwwer oonservation. ’WTiile several typ6s of gear 
reduction units of identical ratio, identical input speed, and identical horsepower 
could be selected for a given application, the efficiency of the drive may vary from 
50 to 96 per cent. Table 14-94 shows anticipated efficiencies of the various types of 
speed-reduction units. 


Table 14-94 


Type of reduction unit 

Ratio 

Stage of 
reduction 

Efficiency, 
per cent 

Herringbone and helical. 

Up to 10:1 

Single 

Q8 


10:1-60:1 

Double 

97 


60:1-360:1 

Triple 

96 

Spiral bBvel and hypoid. 

Up to 6:1 

Single 

98 

Spiral-bevel herringbone anj spiral-bevel helical.... 

6;1--40:1 

Double 

06 


20:1-240:1 

Triple 

9fi 

Gearmotora. 

4:1-10:1 

Single 

98 


10:1-20:1 

Double 

97 


20:1-100:1 

Triple 

96 


3M*.1-100:1 

Single 

* 


100:1-10000:1 

Double 

t 


* Efficiency of Hingl&<reductioii unite ia 100 — (raUa/2). 
t Efficiency of daublcHreduciion uniLa ie 100 — (ratio of first reduction/2) 

X 100 — (ratio of eecond reductiDn/2). 

Space conservation also means efficiency. Gear reduction units, being extremely 
compact, comprising types built with various relations of input shaft to output shaft, 
pennit remarkable adaptability. The unit that satisfies the requirements of relation 
between applied and delivered power, both as to location and rotation of input and 
output ^afts, should be selected. Then the most efficient of the several types of 
drives available should be chosen. 

All other features listed under general advantages should automatically be realized. 

Before a gear reduction unit can be selected for any given application, the equiva¬ 
lent horsepower must first be computed by multiplying the specified or actual horse¬ 
power by a “service factor” for the particular class of service for which the gear 
reducer is to be used. It is necessary for low maintenance, operating safety, and 
reasonable life expectancy that the gear reduction unit selected have a capacity equal 

Table 14-96. Service Factors 


BuurcB of powBr 


Character of load on 
driven machine 

Electric motor drive ^ 

Multicylinder gas or 
steam engine or turbine 

Single-cylinder 
gas engine 

Inter¬ 
mittent, 
3 hr per 
day 

8-10 

hr 

per 

day 

24 hr 
per 
day 

Inter¬ 
mittent, 
8 hr per 
day 

8-10 

hr 

per 

day 

24 hr 
per 

day 

Inter¬ 
mittent, 
3 hr per 
day 

8-10 

hr 

per 

day 

24 hr 
per 
day 

Uniform. 

0.8 

1.0 

1.25 

1.0 

1.25 

1.5 

1.25 

1.5 

1.75 

Moderate shock. 

1.0 

1.25 

1.5 

1.25 

1,5 

1 75 

1 5 

1.75 

2,0 

Heavy shock. 

l.fi 

1.75 

2.0 

1.75 

2.0 

2.25 

2.0 

2.25 

2.5 
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to or in oxcosa of tiie equmdent horsepowor^ Tho roeommeEMled serriido to 

various load tsiuiracteristics and duration of service are fiven in Table 14*05. 

C^ain typical and more common speed-reducticm-mut appticatioits are claarified 
in Table 14-96 into the three commonly recopiiaed load claasihcatioiia according to the 
nature of the load and the usual duty cycle. No attempt has been made to include 
aU possible applications of gear reduction tinits, but a sufiicient number and variety 
have been covered to serve as a guide for jn-oper application classification. 


Table 14-96. Load Classification 


Uniform load 

Moderate-shttck load 

Heavy-Bbook load 

Agitators, liquid 

Fans, centrifugal 

Boaters, pulp 

Feeders, apron, 

Compressors, single- 

and seiniliquid 

and propeller 

Blowers, lobe 

belt, screw, 

,, or two-cylinder 

Blowers, oentrifugal 

Feeders, disk type 

Compremorfl, cen- 


Conveyors, reoipro- 

or vane 


trifugal or ro- 

Hoists, reversing 

eating 


Generators 

taiy reciprocating 

Skip 


CunveyoTfl (uni- 


(three or more 



furmly loaded 

Line shaftSi light 

cylindem) 

Kilns, cement 

Crusheis, ore 

or fed) 

duty 


Lime 

Stone 

Apron 


Conveyors, heavy 



Assembly 

Mixers, liquid 

duty 

Mills, baU 

Dredge cutterhead 

Belt 

Semiliquid 

Apron 

Pebble 


Oven 


Belt 


Feeders, reciprooat- 

Screw 

Pumps oentiifugal 

Live roll 

Mixers, dough 

ing 

Can-filling 

G^red 

Screw 



luachinas 

Rotnry 


Pumps, reoiprocat- 

Jordans 



Drawbeneh 

ing (three or more 


Elevators, bucket 

Screens, traveling. 


cylinders) 

Mills, hammer 

Pug 

(uniformly load¬ 

water, intake 

Dryers, rotary 


ed or fed) 




Rod 

Centrifugal dis¬ 

Stokers 

Elevators, heavy- 

Screens, rotary, 

Rubber 

charge 


duty bucket 

gravel or stone 

Pumps, roeiprocat- 

Gravity discharge 

Textile machinery 

Freight 


mg (sinRle or two 

Continuous bucket 


Fans, mine 

Stock cheats 

cylinders) 



Induced draft 

Washers, reversing 





Wire-drawing ma¬ 





chines 



While Table 14-96 is a suitable applicationnilassificatioii guide, consideration must 
bo given applications such as the following: 

High Energy Loads. Extreme repetitive shock and those applications where 
exceedingly high energy loads must be absorbed, as when stalling, require special 
consideration and are, therefore, not covered by service faet€)r8 given in Table 14^. 

High Momentary Loads. Where the actual maximum momentary or starting 
load exceeds 200 per cent of normal, the equivalent horsepower is obtained by dividing 
the maximum momentary load by 2. If this value exceeds the value for equivalent 
horsepower obtained from a consideration of the service and duty, it must be used in 
selecting the size of reducer. 

Brakes. Where motors are equipped with brakes and the torque rating of the 
brake exceeds the rating of the motor, the rating of the brake dictates the s^eciion 
of the gear reduction unit. 

High Input Speed. Gear reduction Units of the types listed in Table 14-94 are 
suitable for application where the input speed does not exceed 3,600 rpm and where 
the pitch-line velocity of the gearing or the rubbing vdocity of the worm m worm gear> 
ing is not in excess of 4,000 fpm. Special consideration must be given drives where 
these values are exceedf^. 

Speed-increasing Units. The single-stage reduction unit of the sevei^ t^^pes 
within Table 14-94 may be used for apeed-mcreasing purposes as well as E^ieed-reduelng 
units. However, the output speed in such instances must be limited to 3,600 tpm, 
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And the jiitohtlme velocity of the gearing or the worm rubbing velocity may be limited 
to 4,00Q Ipm. When higher output speeds and higher pitch-line velocity are required, 
these need special consideration. 

Overhung Loads. Where the gear reduction unit is not directly coupled to the 
motor or other high-speed prime mover and also where the gear reduction unit is not 
coupled directly to the load, special consideration must be given the resulting overhung 
loads. A gear, sprocket, sheave, or pulley may be mounted on either or both input 
and output shafts. It is advisable with such appb’cations to provide an outboard 
bearing. However, if structural restrictions interfere, the manufacturer should be 
advised of the pitch radius of the gear, sprocket, sheave, or pulley and the load to be 
transmitted by the gear, sprocket, sheave, or pulley so that full consideration may 
be given the bearings of the unit. 

WHAT CARE TO GIVE THE GEAR REDUCTION UNIT 

Proper selection of the gear reduction unit ensures low maintenance. But, this 
does not mean “no maintenance." 

Prime consideration must be given alignment of the equipment upon installation. 
Gear reduction units are frequently supplied coupled with the driving motor or other 
prime mover and mounted on a common bedplate. Such assembly ensures proper 
alignment and checking of alignment in the machine shop before delivery to the field. 

Upon field installation the bedplate assembly must be properly aligned and coupled 
to the driven machine. Much damage not immediately noticeable has occurred when 
misalignment has been initially present. 

Observation of coupling action when first operating a drive provides a simple 
reasonable check of alignment. Misalignment has been the cause of coupb'ng failure, 
shaft breakage, and bearing replacements, all of which ran be avoided by good 
alignment initially. 

After initial installation and alignment, the gear reduction unit should be filled 
with lubricant specified by the manufacturer. All gear reduction units built in 
accordance with the American Gear Manufacturers Association standards carry a 
name plate bearing full instructions for the selection of the correct lubricant. 

After a gear unit is first installed and filled with oil, the original oil should be 
changed or filtered at the end of 2 weeks. The casing should be thoroughly flushed 
out with a light flushing oil. After this, change of oil every 6 months should be 
sufficient unless there are unusual temperature conditions combined with intermittent 
high loads, where the temperature of the case rises rapidly and then cools off quickly. 
Sweating of the casing walls occurs under these conditions, thus contaminating the 
oil and forming sludge. Should the unit be Bubject to such conditions or to wet or 
exceptionally moist atmosphere, it is advisable to change oil at 90-day intervals or 
more frequently. 

Greased Bearings. Most bearings arc lubricated by splash through the medium 
of the revolving gears. Some bearings, however, are grease-lubricated. These bear¬ 
ings are normally provided with grease fittings and should be checked at regular inter¬ 
vals of 90 days. 

Venting of Units. Gear reduction units are usually provided with “breathers.^' 
Tlie breathers should be examined not less than every 90 days to ensure efficient opera¬ 
tion of the gear reduction unit. Where equipment is subject to excessive dirt, dust, 
soot, abrasive substances, moisture, or acid fumBs^ more frequent inspection of the 
breathers is warranted. 

Forced-feed Lubrication. Some gear reduction units are equipped with a force- 
feed system of lubrication. Driver of the pump may be the gear reduction unit or a 
separate motor. In either event, daily chocking of the pump drive and the filter which 
is normally a part of the system is necessary. Upon starting up after idle periods, 
particular attention should be given the pump. 

Lubrication of Gear Reduction Units. The American Gear Manufacturers Asso- 
oiation standard specification for lubrication of enclosed gear drives is applicable to 
the types listed in Table 14-94. 

The specifications apply only when the gears and enclosures are designed and 
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rated in accorilan<!^ with American Gear Mannfacturah Assncktion atandania. The 
ambient-temperature range for which they apply is trom 0 to 150°F. Gear drives 
operated outside this range or those operating in extremely humid or ehemical*-lBdm. 
atmosphere should be referred to the manufacturer or lubricant supplier for his 
recommendation. 

The areas of contact on gear teeth are relatively small^ and the unit pressures 
produced in transmitting the load are 
relatively high. It is, therefore, essen¬ 
tial to provide a him of lubricant of suf¬ 
ficient strength to withstand the localized 
pressure during the period of contact. 

The peripheral speed of the gears governs 
the period of tooth contact and deter¬ 
mines the length of time the him must 
withstand the pressure. \Mien speeds 
are high, the] time is very short, and the 
loads are usually light. As a result, an 
oil of comparatively low viscosity should 
be used. When speeds are low and the 
loads heavy, the contact time is consider¬ 
ably longer, and an oil of higher viscosity 
should be used. 

Temperature. The ambient temper¬ 
ature has considerable bearing on the vis¬ 
cosity of oil to he used. The viscositj'- of 
mineral oil varies inversely with the tem¬ 
perature, which makes it desirable to use an oil of heavier grade at high ambient tem¬ 
perature. Also, for low temperatures an oil must be selected that has a pour point 
lower than the minimum temperature expected for the application. 

Type of Oil. Lubricating oils should be high-grade, high-quality, well-refined 
petroleum oil. They must not be corrosive to the gear, or to ball, roller, or sleeve 
bearings. They must he neutral in reaction, free from grit or abrasive, and have good 
defoaming proinTties. For high operating temperatures they must have good resist¬ 
ance to oxidation. 

Viscosity. The vi.scosity range for the various American Gear Manufacturers 
Associations lubricants is shown in Table 14-97. 

Table 14-98 shows the grade of oil to use for drives of all types except those employ¬ 
ing worm gears. The latter group is covered by Table 14-99. 


Table 14-00. Recommended Lubricants for Enclosed Units of All Types Except 

Wonn Gears 


Typo of unit 

Siae of units 

Ambient temperature, 
deg F 

0-40. 

use 

AGMA 

No. 

41-100, 

use 

AGMA 

No. 

101-150, 

use 

AGMA 

No. 

Parallel-shaft units. 

Low-speed oenters up to 20 in. 

2 

4 

5 


Low-«peed renters over 20 in. 

3 

5 

a 

Planetary-gear units. 

OD of housing up to IS in. 

2 

3 

4 


OD of housing over 16 in. 

3 

4 

5 

Gearmotors. . 

All sises 

2 

4 

5 

Spiral or straight bevebgi^ar iiuitK 

Cone Uiatarn'O up to 12 in. 

2 

4 

5 


Pone distance over 12 in. 

3 

a 

a 

High-sjjeed units. 

AU sines 

1 

2 

3 


Table 14-97 


.^AGMA lifbri- 
. cant No. 

Viscosity range SUV eec 

At 100"F 

At 210*F 

1 

180-240 


2 

280-360 


3 

400-700 


4 

700-1.000 


5 


80-105 

0 


105-125 

7 


125-150 

7 comp.* 


125-150 

B 


150-190 

8 comp.* 


150-190 


* The DilA marked "oomp.” are those com¬ 
pounded with 3 to 10 per cent acidless tallow or 
other suitable animal fat. 
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' Talto U-BB. Reitoimaeiid«d Labikants tot BodoMd WHin-fBar TTDit* Only 


Amlneiitiemperaturer deg F 


fisnriqe and worm speed 

0-40, USB 
AGMA No. 

41-00, 

use 

AGMA 

No. 

91-120, 

use 

AGMA 

No. 

IntjOrmittsiit operstion, all worm speeds*. .. 

h 

5 

7 comp, 
fi comp. 

8 Domp. 

Continuous operation, worm speeds below BOO rfim. 

Continuous operation, worm speeds 600 rpm and over. 

7 eomp. dilutedf 

7 comp, dilutedf 

B comp. 

7 Domp. 


* Where i>eriad of operation is insufficient to produce any appreciable dee in oil-bath temperature. 

t Diluted A6MA No. 7 comp, oil should be dUuted with a liehter oil. preferably not exceeding 500 sec 
viBcoaity at 100°F, until the desired fiuLdity is obtained. The lubricant used for dilution should be of 
the same basic crude as that of the recommended oil. The lubricant supplier should be consulted if 
there is any doubt. 

Antitriction Bearings. A good mineral grease should be used for antifriction 
bearings. Choice of lime-soap grease or suda-soap grease is rerommended dependent 
upon bearing temperatures. 

lime-soap greases are suitable for bearing temperatures of —20 to -1-45‘’C, Soda- 
soap greases have a higher drop point and, therefore, can be used between *~20 and 
-b70“C. 



Fig. 14-75. Sectional view of double-reduction herringbone-gear unit. 

Ball and roller bearings require only a small amount of lubricant, and lubrication 
intervals arc generally long. However, lubricants must always be present in the 
bearings; otherwise their life will be affected. 

Thermal Capacity. Since most oils lose their lubricating quality at temperatures 
of approximately 200°F, it is standard practice to limit the temperature of the oil in 
the sump to 200°F. Normal allowable temperature rise is 90°F above ambient but 
not to exceed an oil-sump temperature of 200^F. 

The heat generated by the gear reduction drives must, therefore, be radiated by 
the casing enclosing the gearing. Relatively large radiating areas must be provided, 
particularly where low-efficiency drives are used. 

There are instances where the radiating surface of the gear reduction unit will 
limit the rating of the drive. It then becomes the thermal rating. Where the 
mechanical rating exceeds the thermal rating, the selected gear reduction drive may be 
used provided that direct cooling by means of water-cooling coils or oil cooling by heat 
exchwger is empbyed. 
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HfiRBiNOdoim-GKAA vmrs ^ 

Hemng^ne-gear r^4Giioii units operate quietlyf {uoduce nuiilorm loztiue^ ami 
transmit smooth, even flow of power free from vibration or pulsation. 

The units, normally, arc for floor 
mounting with parallel shafts. Input 
and output shafts may extend on same 
or Opposite sides. Units also may be 
arranged with one shaft above the other 
or for wall mounting where eonditions 

In these unita, the geam are located ? 
symmetrically, not offset or staggered. f \S«Ay l 

The symmetiical^ariangement of the J \ 

gears permits ^e use of two standard 
bearings of identical size on each shaft, 
the equidistant Spacing resulting in 

The gears may be of the continuous 

herringbone type, generally known as 11 

the “Sykes form," or opposed single 

A sectional view of a double-reduc- 

tion herringbone-gear unit is shown by _ ^ . , 

Fig. 14.75. It indiratestha symmetrical ^ Single-rsduction herringbone- 

arrangemant of gears and bearings. ®®“ ' 

Figures 14-76, 14-77, and 14-78 shou', respectively, single-reduction, double-reduc¬ 
tion, and triple-reduction units with covers removed, 

A double-reduction herringbone unit rated 50 hp at 1,150 rpm, ratio 45.8:1, is 
shoMm in Fig. 14-79 driving a chemical-plant dryer. 
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Hijgh-s^6d Hexringboiie-gM' Heduction Unit. For applications where shaft 
speeds and pitch4ine velocity exceed the limits stated, highspeed herringbone units 
are svailab^. These units are equipped with special force-feed lubrication of gears 
and a water-cooled heat exchanger to dissipate the heat generated in high-speed 
operation. Special bearings are employed Noise and vibration are held to a mini¬ 
mum through the balancing of the gears combined with rigid bearing mounting. Such 



Fig. 14*80, High-Hpeed heTringhonE»-gDar Fio. 14-81. Sectionol view of spiral-bevel- 

unit equipped with oil pump, filtor, and gear reduction unit. 

cooler. 


tion units. The features, service factors, and application data are the same as for 
herringbone-gear reduction units. 

An additional load is imposed on the bearings owing to the thrust action of the 
single helical gears and must be considered m bearing selections. 

Spiral-bevel-gear Reduction Units. The parallel-shaft speed reducer of the her¬ 
ringbone-gear and helical-gear type combine simplicity of design with comparatively 
low cost. These units are utilized in many power-transmission applications. How- 
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ever, when space is limited, it is often necessailf td advantage of the compactness 
offered by the right-angle drive. 

The right-angle drive has certain decided advantages wh<^n compared to the 
parallel-shaft drive, and where the low-speed shaft must be vertical, the use of the 
right-angle drive is preferable. 



Fio. 14-82. Sectional view of vertical spiral-bevel helical-gear unit. 

For single-rcduftion units, only spiral bevel gears are used. For double and triple 
reductions, helical gears or herringbone gears are used. 

Sectional view of horizontal spiral-bcvel-gear i eduction unit is shown by Fig. 14r81. 
Vertical spiral-bevel helical-gear double-reduction unit, sectional view, is shown by 



Fig. 14-83. Seotional view of horizontal spiral-bevel helical-gear unit. 


Fig. 14-82. Sectional view of horizontal spiral-bevel helical^ar triple-reduction 
unit is shown by Fig. 14-83. 

Arrangement of Shafts and Rotations. When purchasing spiral-bevel or combina^ 
tion right-angle drives, the hand of assembly must be specified for horizontal unitS) 
and the direction or rotation of both input and output shafts must be given for all 
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HORIZONTAL UNITS li^UN vie«) 

nieHT HAND ASSEMBLY 

^ Q. p. n* 


B C 

LEFT HAND ASSEIlieLY 


^ ^ ^ 




H 


VE^TrCAL UNITS (SIDE VIEW) 
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SHAFT 
DOWN ' 
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FiO. 14-84. Proper shaft arrangement and rotation for spiral-bevel and Dombination 
right-angle drives. 

units. In most instances, the direction of rotation of the output shaft only is fixed, 

and the input shafl is driven by a motor which 
may rotate in either direction. Proper shaft ar¬ 
rangement and rotation are shown by Fig. 
14-84, 

Hypoid-gear Reduction Units. General fea¬ 
tures of the hypoid reduction Unit are those of the 
Bpiral-bcvel-gear reduction unit. However, the 
hypoid gear has the additional advantage over the 
spiral bevel gear in that it permits transmission of 
power between offset shafts. 

Hypoid-gear reduction units am designed for 
transmitting power between shafts at practically 
any angle. These drives should be used for speeds 
in excess of 800-fpra pitch-line velocity where 
smooth and quiet operation, together with mini¬ 
mum size, is required. CJontinuous pitch-line 
_ contact of hypoid gears makes it practical to 

Fro. 14-S5, Hypoid gears. obtain superior performance with a smaller number 
of teeth in the pinion than is possible With irtraight bevel gears. 
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The sdutft olsetB for «|| ratios ^ve 3:1 not exceed 20 per cent of the 

diameter of the gear. For 1:1 ratio, the maximum ofieet shoukl hot oxceed'SQ pit 
cent of the diameto' of the gear. Eatioe betaoea n^ter gears md 3:1 ratio 
have proportionate shaft ^sete (aee FIg> 

14-85). 

GEARMOTORS 

Gearmotors are built in many forms, using 
a wide variety of gears to meet practically 
every kind of power-transmission and speeds 
reduction application. Of the several tsrpes 
of gearing, the planetary finds extensive ute 
for certain drives. Nonplanetary gearing is 
also employed. Gearmotors may be of the 
parallel- or concentric-shaft types. 

Spur, helical, and, m some unusual cases, 
herringbone gears are used for both planetary 
and nonplanetary systems. 

The simple planetary system consists of 
a sun pinion driving several idler gears 
mounted in a spider inside a fixed internal 
ring gear meshing with the idlers. The out¬ 
put shaft is part of the idler spider. The 
three-idler system is the one most widely used. 

All rotating elements are normally mounted 
on antifriction bearings and contained in a 
single enclosure. 

Gearmotors are available in both hori¬ 
zontal and vertical types, with the motor 
built in or bolted on. Motors are standard 
open type, totally enclosed, fan cooled, totally 
enclosed nonvcntilated, explosionproof, or with 
other variations, both electrical and me- 14 ^ 0 , VOTtical two-stagB gear- 

chanical. motor. 

Figure 14-86 shows the vertical type of 

two-stage reduction. Figure 14-87 shows horizontal-type tw) 0 ' 4 tage reduction with 
built-in motor. Figure 14-88 shows nonplanetaiy type three-stage reduction-gear 
motor with bolted-on motor. 



Fia. 14-87. Horizontal two-stage gearmotor. 
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14] OEAR REDUCTION UNITS AND PLANETORQUE REDUCERS 


Gearmotors fall within thfne general olassifieatioua nf the American Gear Manu- 
lacturera Aasociatlon* Theae are as follows: 

^ QLbss 1. For steady loads not exceeding normal rating of motor and ^hr-per^y 
service; moderate shock loads where service is intermittent 

Class 11, For steady loads not exceeding normal rating of motor and 24 hr per day; 
moderate sdlock loads for 8 hr per day 

Qasa 111. For moderate shock loads for 24 hr per day; heavy shock loads for 
8 hr per day 

Certain typical and more common gearmotor appli¬ 
cations have been classified in Table 14^100 according to 
the nature of the load and the usual duty cycle into the 
three commonly recognized classifications. No attempt 
has bsen made to include all possible applications of 
gearmotors, but a sufficient number and variety have 
been covered to serve as a guide for proper application 
classification. 

Extreme repetitive shock and those applications 
where exceedingly high energy loads must be absorbed, as 
when stalling, require special consideration and are, there- 
Fio. 14-88. Three-stage fore, not covered by classes I, II, or 111. These include 
^duction-gsar motor with gearmotors for application to runout tables, sheet 
boltedKin motor. Catchers, etc. Certain types of machines equipped with 

flywheel on the output shaft may come under this classification and should be checked 
to determine that the flywheel is adequate to absorb the peak loads. Flywheels are 
not to be used on the input sliaft of gearmotors. 

Where motors are equipped with brakes and the torque rating of the brake exceeds 
the rating of the motor, the rating of the brake dictates the selection of the gear. 

Plonetorque Reducers. Gearmotors are available with a built-in overload pro¬ 
tective device known as “Plaiietorquc.” This protective device, operable in either 
direction of shaft rotation, is ideal for applications like stoker drives, conveyor drives, 


i 



Fig. 14-89. Sectional view of the Planetorque device. 


mixerS] toll drivers, etc., where overloads would stall and seriously damage expensive 
ntaehii^y. 

A sectional view showing internal construction of the Planetorque device is shown 
in 5%. 14-89. Figure 14-90 shows a horizontal gearmotor equipped with Hanetorque 
device. 

Figiu^ 14-89 shows the internal ring gear of the planetary set arranged in the 
housing so that it may rotate. However, the ring gear is restrained from rotating 
by the compression springs on either side of the projection fastened to the periphery 
of the ring gear. 
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a^ARMOrOMS 


pEEldil 


Table Typical GiKCTOtor AyplicaH^jpa 



Caass 

Application 

S-to 

10-hr 

Service 

24.hr 

aerviee 

Agitators 



Pure liquid. 

1 

2 

Variable density. 

2 

2 

Blowers 



Centrifugal. 

1 

2 

Lobe. 

2 

2 

Brewing and distilling 



Bottling lAachinery. 

1 

2 

Brew kettles, Bontinuous duty... 

2 

2 

Cookers, continuous duty. 

2 

2 

JMash tubs, continuous duty. 

2 

2 

Scale hopper (frequent starting 



peaks). 

2 

2 

Car dumpers. 

2 

3 

Car pullers. 

2 

3 


1 

2 

Classifiers. 

2 

2 

Clay-working machinery 



Brick press. 

3 

3 

Briquette machine. 

3 

3 

Clay-working machinery. 

2 

2 

Pug mill. 

2 

2 

Compressors 



Centrifugal. 

1 

2 


2 

2 

Reciprocating, nmlticylinder— 
Adequately fly wheeled (within 



3 per coni cyclic variation). .. 

2 

3 

Reciprocating, single cylinder. . . 

Refer to fac- 


lory 


Conveyors (uniformly loaded or fed) 



Apron... 

1 

2 

Assembly. 

1 

2 

Belt. 

1 

1 

2 

Flight. 

2 

Oven... 

1 

2 

Screw... . 

1 

2 

Conveyors (hea^T-duty or dual 
drive, not unifoniily fed] 



Apron. 

2 

2 

Assembly. 

2 

2 

Belt. 

2 

2 

Flight. 

2 

2 

Oven . 

2 

2 

Screw. 

2 

2 

Reciprocating. 

3 

3 

Shaker . 

3 

3 

Cranes and hoists 



Main hoists, medium duty. 

2 

2 

Main hoists, heavy duty. 

3 

3 

Skip hoists. 

2 

2 

Travel motion. 

2 

2 

Trolley motion. 

2 

2 

Dredges 



Cable reels. 

2 

2 

Conveyors. 

2 

2 

Cutberhead drives... ... 

3 

3 

Jig drive. 

3 

3 

Screen drive. 

a 

3 

Stackers. .... 

2 

2 

Utility winches... 

2 

2 

Fans 



Centrifugal. 

1 

2 

Cooling towers .. 

2 

2 

Large (mine, etc.). 

2 

3 

Light small diameter. 

1 

2 


AppJkaiiaa 


ClaM 


8-to 
10-hr 
iMTVjOfiJ 


2Ua 


[Food industry 

Beet slicer. 

Cereal Dookers.... 

Bouith mixer. 

Meat erinder. ... 
iHoists (see thanes) 
HLaiindry waenere.... 


|Line ehaftfl 

Driving procesBUig equipment.. . 

Other line shafts.. 

[Machine tools 

Auxiliary drives (feed, traverse, 

etc.). 

Notcliiug press (belt driven]. . .. 
Bunch press (gear conneisted to 

load] and shears. 

Plate planers. 

Other machine tools, main drives 
[Metal mills 

Drawbench carriage and main 

drives. 

Forming machines. 

Pinch, dryer, and snubber rolls 
(reversing). 

Slitters. 

Small rolling-mill drives. 

Table conveyors (nonreverse]. .. 
Table conveyorB (reversing). 


Wire-drawing and, flattening ma¬ 
chines... 

[Mills (rotary type) 

Ball. 

Cement kilns. 

Dryers and cool ns. 

Hammer. 

Kilns. 

Pebble... 

Rod. 

Tumbling barrels .. 

[Mixers 

Concrete mixers, ronlinuous.. . . 
Concrete mixers, intermittent... 

Constant density. 

Irregular density. 

jOil industry 

Oil-well pumping (not over 150 

per cent peak torque). 

Refineries 

Chillers. 

Paraffin filter press. 

Rotary kiln. 

[Paper mills 

Agitators (mixers). 

Bleacher. 

Beater and pulper. 

Calenders... 

Owvey ors. 

Couch. 

Cylinders.. .. 

Dryers. 

Fell stretcher. 

Jordans. 

Presses. 


Refer to fac¬ 
tory 

3 I 3 
3 3 

2 I 2 

Refer to fac¬ 
tory 
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^EAR BEDVCTION VmTS ANDELANETOBQUE REDUCERS 


TaLfaie 14^100. Tyfdcfll GfiArmotot Ap|Akflrtloii:S (Cmt.) 


Cla CUas 


Appliczlioa 

g. to 
10-hr 
service 

24-hr 

service 

AppAicatiDn 

S- to 
lO-hr 
service 

24.hr 

service 

P^ier milla {Coni.) 



Pumps {Coni.) 



Stock ckeata. 


8 

Reciprocating—multicylinder, 





3 


2 

2 

Winders. 


2 

Reciprocating, single cylinder. . . 

Refer 

tn fan- 

Rubber iudustiy 




tory 


Mixer... 

3 

3 

Sewage-disposal equipment 




2 

3 

Inside service. 

1 

2 

Rubber mill. 

3 

3 

Screena 




3 

3 


2 

2 


2 

2 


1 

1 

Tire- and tubo-prese openers_ 

1 

1 

Textile industry 



Tabers or stramers. 

2 

2 

Batcheis. 

2 

2 

Pumps 



Galendcrs. 

2 

2 

Centrifugal, with surge tanks or 



Card machine... 

2 

3 

equivalent. 

1 

2 

Dry cans. 

2 

2 

.Centrifugal, without surgs tanks 

2 

2 

Dyeing machinery. 

2 

2 

Gear and rotary, constant-density 



Looms. 

Refer 

tn fac- 

fluid. 

1 

2 


torv 


Gear and rotary, variable-donsity 



Mangles. 

2 

2 

fluid . 

2 

2 

N^appers. 

2 

2 

Prnport.inning pumps. 

2 

3 

Soapers. ... 

2 

2 

Reciprocating, with open dis¬ 



Spinner. 

2 

2 

charge . 

1 

2 

Tenter frames. 

2 

2 








Spring loading may be varied by means of the adjusting screw. 

TTiua, when the setting of the spring has been reached owing to overloading of the 
drive, the internal gear tends to rotate, compressing the spring and actuating the 
switch in the enclosure directly above the springs. Motor control circuit is automati¬ 
cally broken, and the equipment remains inactive until the cause of the overload has 
been determined and corrected. 



Fiq. 14*90. Horizontal gearmotor equipped with Planetorque device. 


On removal of the excessive load, equipment can be started without resetting the 
switch. 

This device offers many advantages over other protective devices such as shear 
pin couplings, thermal overlnad relays, etc. 

WORM-GEAR REDUCTION UNITS 

Although worm gearing has been employed since the early centimes, it has been 
only IK ithin the last 30 years that the most rapid progress has been achieved. This 
has been due, primarily, to development of equipment for production of modem 
designs of exceptionally high efficiency. 

Worm-gear reduction units transmit power by continuous shockless actum. Three 

1102 




































MEmcnm mjT8 


or more teetli are in ^ntavt at aU iisaea, givi^ an cvan flow ol torqao and nidform 
angular yetocity, eliminatuig vihraiasm^ {ndnation, and chatter. 

The worm-isear reduction unit ia a compaiH h^t-aaide ^«t provideg 
ratioe of speed reduction in a single stage than available in other types of gear reduc¬ 
tion units. 

Worm gears are normally produced from n special gear bronze^ the worm normally 
from an alloy steel, the threads being carburised^ hardi^iettr tempted, machine ground, 
and polished. The bronze gear teeth necessarily maintain th^ correct form owing 
to the regenerating action pf the hardened-steel worm,^hlch retains its original shape 
throughout years of wear. A wotm-gear reduction unit actually improves with 
service. This fact is peculiar to wiMrm geaiipg and contributes to its recognized long 
life. 

Assuming proper lubrication, worm-gear drives operate with little attention even 
under the most adverse conditions. The small number of moving parts in a worm- 
gear drive tend to safety and ease Of main^nanee. 

Figure 14-91 shows the section through the worm and worm-gear shafts of a drive 
where the worm is placed below the worm gear. 



Fir. 14-91. Section through worm-gear Fig. 14-92. Section through worm-gear 
unit with worm below worin gear. unit with worm above wc»m gear. 


Figure 14-92 shows a section through worm of a drive where the worm is assem¬ 
bled above the worm gear. 

Figures 14-D3 and 14-94 show sections through the gear shaft of vertical units, 
Fig. 14-93 showing the shaft projecting downward, Figure 14-94, with the shaft 
projecting upward. 

Figure 14-95 shows a sectional view of a two-stage or double^Teducttoa Worm*gear 
unit. 

Worm-gear reduction units are normally applied in accordance with the following 
recommended classifications of the American Gear Manufacturers Assooifi^n: 

Class I—Normal to 10-hr service, free from recurrent shock loads (i.e., shock 
loads that recur at approximately even and frequent intervals). The mechanical 
ratings of the manufacturer are to be applied directly in this dasi^fieation, provided 
only that the thermal rating is not exceeded. 

Class II— Eight to ten hours' service where recurrent shock loadii^ is encountered, 
or 24-hr service where no shock loading is experienced. The mechanical ratings of the 
manufacture must be reduced by dividing by 1.2 for this service. ITie thermal 
rating must not 1>c exceeded. 

Class III—Twenty-four hours' shock-load service. The mechanical rating must 
be reduced by dividing by 1^3^ for this senicn, and the thermal rating must not be 
exceeded. 
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gjjc. 14] OEAR REDVCflON UNITS AND PLANEWRQUE REDUCERS 


(ylftSB IV—Intemittent Bervice where the maximum cycle of operation calls for 
not more than 15 min running in a 2-hr period. The mechanical rating may be 
divifled by 0.7 to obtain a rating for the service classification. The thermal rating 
may be ignored. 



Fiq. 14^03, Section through vertical worm-gear unit with driven shaft downward. 

Class V^Low-specd servire (\^hcre worm speed is less than 100 rpm) will require 
output-torque ratings in iiieh-pounds, inilependeni of the nature or duration of the 
loads. 

Worm-gear reduction units are rated mechanically and thermally by all manu¬ 
facturers. The mechanical rating is based on the wear resistance of the gear teeth. 



Fio. 14-94. Section through vertical worm- Fio. 14-95. Section through doubla-reduc- 
gvar unit with driven shaft upward. tion worm-gear unit. 


The worm-gear tooth form is such that the gear teeth are under a crushing rather 
than a bendmg load, and for this reason extremely high niumentary and shook loads 
damaging to many forms of gearing can he successfully withstood. The beam or 
structural stf^ngth of the tooth is considerably in excess of the wear-resistant rating. 

The thermal rating indicates the amount of power that can be delivered through 
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the UBit pontmuoueiy without oTerhdMiug the uisit./ Iliip ratiiig la hape4 on iho 
ra^imting area of the houain^ and varies o^y idtik the efficiency the unit which in 
turn id ^pendent on the ratio of reduction. Th^mal ratingOi ther^orei areindepeiul* 
ent of service claseification. « , - 

For continuous service, the unit niust be selected according to the lesser of the two 
ratings. If the thermal rating is lower than the mechanical rating, the unit musf bo 
selected on the thermal rating. However, for class IV service^ the thojE?n*l mting 
may be neglected, for the service classification does not permit sufficient time for the 
unit to heat up. 

Fan Cooling. The use of coils carrying circulating water to reduce temperature of 
the oil bath is employed to increase the thermal capacity^of worm-gear reduction umts. 
But water usage in such volume to be adequate for cooling is not economical in some 
plants. Some applications utilize a circulating system for the lubricant and a heat 



Fig. 14-96, Fan-cooled worm-gear reduction Fio. 14-97. Gear-unit valve control 
unit. mounted on gate valve. 

exchanger. But this is cosily. To improve upon these methods and to increase the 
over-all efficiency of worm-gear reduction units, the fan-cooled unit has been developed. 

Conventional w’orm-gear reduction units are provided with dual walls. The ribbed 
inner housing provides a large heat-exchange surface. The outer housing wall which 
carries gear and shaft loads is kept cool, since it does not contact the oil bath. Thus, 
distortion due to temperature changes is eliminated, and bearings, shaft, and gears are 
maintained in proper alignment. 

A fan is mounted on the worm shaft. This fan draws sir from the opposite of 
worm shaft over the ribbed inner housing reducing the temperature of the oil bath to 
approximately 200°F. Temperature of the drive is thus held to a limit permitting 
satisfactory lubrication and accordingly increasing capacity over drive without such 
cooling feature. 

As an example, suppose the re<iuirements were for 20-hp at 1,760 rpm, ratio 
4-667:1. A worm-gear unit of 6.75 in. center distance would be needed to satisfy 
this requirement when considering the standard type. The fan-cooled unit of 4.75 
in. center distance would amply satisfy these requirements. 

Figure 14-96 illustrates the fan-cooled worm-gear reduction unit showing a view 
tluough the worm shaft. 

Electric Operators for Valves. The characteristics of eLectric operators for valves 
parallel, in so far as the gear reduction unit is ooncemed, the conventional worm*|^ear 
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i^uctioiL llmt. While valve operaiore are subject to momeutai^ peak kmcUi at 
time of oSt the valt^ ot cracking the seat of the valve^ the loadihg at other 

thMS k heg^igible involving UBiially the weight of the moving paHa and friction only. 

The gear redaction unit is equipped with a fiange-mounted motor rated in poun^ 
feet torque and of ahort-duty cycle. Valve-operator motors are infrequently rated in 
IkrB^wer. 

The gear reduction box is also equipped with switches to conirol the ope^ng and 
dbsing travel of the valve, as well as switches to provide actuatimi of indicating-light 
system and interlocking system where necessary. 

Housed in the gear reduction unit is the valve yoke nut which raises or lowers the 
stem, opening or closing the valve. Valves of the nonrising-stem type are also driven 
by the yoke nut within the Valve-control gearbox, hut instead of being threaded tf> 
mate with the valve stem, the yoke nut is bored and keywayed to fit the stem of the 
nonrising-stem valve. ^ 



Fig. 14-98, Sectional view of valve operator. 


Figure 14-97 shows valve control mounted on a gate valve. Figure 14-98 shows 
a sectional view of what is termed the operator. 

A handwheel is provided for manual operation. The handwheel does not revolve 
during motor operation. During hand operation, the motor is merhanically dis¬ 
engaged and does not rotate. A lever is provided to change from motor to band opera¬ 
tion, but the unit returns automatically to motor operation. 

A spring compensator is provided which permits the valve stem to expand or con¬ 
tract with temperature changes but ensures tight closure of the valve regardless of 
temperature variations. 

A torque seating switch ensures tight valve closure without damage to the valve 
or the mechanism, This switch may be adjusted to the desired seating thrust and 
can be varied over a wide range. The torque switch also protects the valve in the 
event of an obstruction being encountered during the closiug operation. 

What to Do When Trouble Occurs. Heating does not mean trouble. Overheat¬ 
ing does mean trouble. If the temperature of the oil-bath lubricant is 200°F, iUs may 
be considered normal for most gear reduction units. When this temperature is 
exceeded, a search should be made for the cause. 

Naturally there are spot temperatures, such as the teeth at point of mesh, that are 
higher than 200“F. But if the oil in the sump is in the neighborhood of 200®F, the 
unit can be considered operating normally. 
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&ttm vmr Tmp»vt,<!aAsf 


TnviiU 


Shaft failure, 


Bearins 


Oil leakage. 


Wear 


Noiae 


Talib 14-101. tfVHddeCtet 

WM to intpoei 

ylq mut dverloftded? 

HM ^ecomBumded level bean e|ni^ed,9rialeysl tooh^irt 

Axe eoupUuga in aUgnmentf 

Have foearinga been properly adjusted 7 

. Are oil seaki or Btuffing boxes the caueeT 

P0rhapa breathers are not clean, 
la oil elea&» Of w eludge eOntent higb? 

HaTO you cleaned oil filter? 

\ Is oil pump fuBationing? 

> Check alignment. Most ahalts fall owing to miaaligniaent. 
Some troubles are eauaed by use of rigid coui^gB. 

. la overhung load beyond capacity of unit? 

Is unit to bigh energy loads or exiiame repflUtiva 

i ahocka not previously conaidered? 

' Bust formation due to antranue of water or humidity. 
TJnsuitaUe lubricant. 

Abnormal loading causing excessive defieetion renlts in 

. flaking, cracks, fractures. 

Improper adjustment eausea abnormal loading if bearingB 
are pinched or abnormal gear wear if bearings are too free, 
dependent upon type of bearing. 

, Lack of lubricBtion. 

{ Check oil seala and replace if worn. 

Check stuffing boxes and adjust or replace packing. 

Check tightness of drain, level, and other plugs or fittinga, 

! Backlash may be insufficient. 

Misalignment due to worn bearinga. 

Incorrect lubrication. 

Insufficient lubrication. 

Lubricant carrying foreign matter, viz., abrasive dirt or parti¬ 
cles of metal worn from teeth. 

Excessive temperature. 

Excesuve speeds. 

Excessive loads, 

{ Bad alignment. 

Loose or worn bearings. 

Insufficient lubrication. 

Lack of lubrication. 

Excessive lubrication. 


While gear mluction units are suitable for momentary overloading up to 100 per 
cent of their normal rating, there have been instances where this permissible momesi- 
tary overloading has been exceeded. The user frequently overloads the unit up to 
100 per cent or more for a period of from several minutes to perhaps an hour or more 
daily. Such cases of overloading cause excessive heating during the period of over¬ 
load. And this, while seldom resulting in breakage immediately, does cause more 
rapid wear of the gear teeth and in time may be the cause of bearing or shaft breakage. 
Improper lubrication certainly covers a large percentage of gear reduction-unit 
failures. Too frequently units are started up without any lubricant at all. Some¬ 
times the belief seems to be that a higher oil level than called for is better lubrication. 
This usually results in more of the input power going into churning of the oil creating 
excessive temperatures with detrimental results to the bearings and gearing, like¬ 
wise, insufficient lubricant effects the same results. 

Almost 98 per cent of gear reduction unit failures have been attributable to mi»- 
alignmeiit, improper lubrication, and misapplication. Therefore, if these major 
points are recognised, the modem gear reduction unit will perform satisfactorily. 
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AIRFLEX CLUTCHES 

BT THE DiRECI'OB OF SaLES AND ENGINEERING 

I 

Fawick Airflex Co., Inc. 

The Airflex clutch was developed in an effort to apply sound and thoroughly 
proved mechanical principles to obtain the maximum efficiency of power transmission 
using conventional materials. Airflex clutches are manufactuied in five basic design 
types. 

CLUTCH TYPES 

In three of the type^ the torque is transniitted through the rubber tube^ thus 
providing resilient cushioning action between the driving and the driven shafts. 
T^pe OB, shown by Fig. 14-99, with dimensions, is a constricting design with the 
friction-shpe assemblies mounted on, and driven by, the rubber tube. Type EB is 
an expanding design with the friction shoes similarly mounted. Type ER is an 
expanding design driving through direct contact between the rubber tube and the 
clutch drum. These types are shown by Fig. 14-100 with dimeiisionB. In two of the 
types, the torque is transferred directly through torque bars from the friction-shoe 
assemblies to the clutch housing, the air tube acting only as the means of applying 
uniform pressure. Type C is a constricting design, and type E is an expanding design. 
These types are shown by Fig. 14-101 with dimensions. The variations in construc¬ 
tion of the several types are shown in Figs. 14-99, 14-100, and 14-101. 

Common Characteristics for all Types. 

1. All portions of the friction block contact the drum at equal velocity. 

2. All friction blocks contact the drum with uniform pressure. 

3. Approximately 3G0-deg radial contact is obtained between friction blocks and 
the drum. 

4. All designs are pneumatically operated. 

5. Disengagement is complete w^hen air pressure is released. When the clutch 
is in the released position, an open air space between the drum and tlie friction shoes 
eliminates any possibility of drag effect which would result in heat, A^ear, or noise. 

6. Friction-shoe assemblies are removable and replaceable without special tools 
or equipment. 

7. All types are self-compensating for wear and require no adjustment through¬ 
out the life of the friction block. 

8. Automatic compensation eliminates any negative effects of misalignment since 
pressure balancing occurs in the air tube. 

9. Control is accomplished by manually or electrically operated valve. This 
valve can be either of the “on-and-off” type or of the modulating (controllable variable 
pressure) type. Remote control or multiple-station control can be obtained through 
the use of solenoid-operated valves with proper accessory equipment. 

10. Maximum heat dissipation is ensured since drum design permits maximum 
circulation of air. 

11. The three types in which the torque is transmitted through the rubber tube 
ensure prolonged life and reduced maintenance on all power-transmission elements 
through the elimination of peak shock loads. 

12. The three types in which the torque is transmitted through the rubber tube 
compensate automatically for accidental and reasonable angular- and parallel-shaft 
misalignment. 

13. Since no adjustment is required, all possibility of improper adjustment is 
eliminated. 
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Clulch 

aiae* 

Torque 

rating. 

in-lbt 

W eight, 
lb 

Dimeneiuna, in. 

A 

B 

Dt 

E 

0 

H 

/ 

Li 

M 

N 

6CB200 

2,040 

7 


2 

", 

Hit 


5 

10 

8 377 

6 

iHa 

BCB250 

4,2B0 

9 

SH, 

2H 

3K« 

Ha 

12 875 

6Kb 

12H 

8.377 

8 

iHt 

10CB300 

8,150 

19 

lOH 

3 

4H 

Mu 

15.375 

7Ke 

14H 

12.377 

■Til 

ECU 

12CB350 

13,300 

26 

12H 

3H 

4>Ha 

Hn 

17 625 

8Kb 

10H 

14.377 

12 


UCB400 

10,700 

31 


4 


Eai 

19.025 

9K« 

18H 

10.377 

14 

IHe 

10CB500 

35,200 

74 

iBHe 

5 

0.625 

Ha 

23.500 

UH 

22H 

8,502 

10 

IH 

1BCB500 

44.000 

81 

18«. 

5 

6.625 

Ha 

25.500 

12Ke 

24H 

12.502 

11 

IH 

20CB500 

53,000 

88 

20H« 

5 

5.625 

Ha 


13Hb 

28H 

12.502 

12 

IH 

22CB50Q 

02,300 

95 

22Ka 

5 

0.025 



14Kb 

2BM 

12.502 

13 

IH 

24CB500 

75,000 

102 

24H. 

5 

6.625 


31.500 

WH. 

30H 

16.502 

14 

IH 

2SCB525 

92,400 

133 

26Ka 


6.938 



IBH 

i2H 

16.627 

16 

IH 

2BCB525 

lOfl.OOO 

140 

2BH» 

5H 

6.038 

R1 


I7K 

BAH 

16.627 

17 

IH 

30CB525 

121,000 

148 

30Hb 

5H 

B.938 

\ 


1*« 

BBH 

16.627 

18 

LH 

a2CBo25 

137,000 

157 

azHe 

5H 

6.938 

Ha 


19H 

BBH 

18.627 

19 

IH 

a6CB525 

172,000 

178 

36M6 

5H 

6.938 

Ha 


siH 

43H 

18.752 

22 

IH 

40CB526 

211,000 

201 


BH 

0.938 

Ha 

48.625 

23K 

47H 


24 

IH 

45CB525 

200,000 

262 



6 938 

Ha 

53.625 

2eH 

52H 

24.752 

27 

2H 

50CB650 

406,000 

460 



8.938 




60H 

28.877 

30 

4H 

55CB660 

490,000 

520 

55?fB 


8 038 



a2H 

85M 

iiimi’fti 

33 

4H 

60CB650 

577,000 

000 

604^, 


8.938 

mSl 


35 

70H 

32.877 

86 

4H 

66CB650 

707,600 

725 

66M. 

6^ 

8.938 

mm 


38 

7BH 

32.877 

mm 

|4H 

72CBe50 

838,000 

870 


6H 

8 938 

Kb 

84.000 

41 

82H 

36.877 

44 


64CB650 

1,130,000 

1,200 

84«e 

ew 

8.938 

Kb 

96.000 

47 

94H 

42.877 

H 

AH 


* Drum diameter is exact inch size -|-0.D00 in. —0.010 in., vie., 1BCB600 drum is Ifi.OOOin. dnitneter, 
t Torque ratinffa are baaed on 75 pai air preeaure at element at apded up to lOO rpm. For oxaet 
ratinK at nigher apeed, oonault manufacturer for centrifugal-foroe effect. 

t Dimenaionn aa given may vary ± 0.010 in. Tolerance on width of rim ia +0.000 in. —0.^010 in. 

J All drilled hole ajzea, dimension L, are aubject to tolerance +0.005 in. —0.000 in. 

Inaet cut at ri^t above ahowa eingle flange oonatruetion need on auea flCB200to liCBdOOineluaive. 
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AlWLEK CLUTmEB 



Fio, 14-lOQ. Clutch type EB and ER elements. 


dutch 

«!»• 

Torque 

rating, 

in.db.t 

Weight, 

lb 





DimonaiDne, 

in. 





A 

B 

C 

D 

F 

A 

J 

Aft 

N 

0 

Q 

S 

Type EB 

fiEBaoo 

010 

7 

529^2 



2H 

2 

2 



6 


H 


0EB2SO 

2,220 

10 

7aj4i 



3W 

2H 

2h 



8 

Me 

h 


oEBsas 

3,7110 

g 


J.600+“* 

AH 

4H ' 

iH 

SH 

Me 

8.602 

0 

Mb 

Me 

2Me 

llffiBSOO 

4,276 

10 


4.250 

m 

3H 

3 

3 

Hi 

8 502 

10 

Me 

Me 

2»Ha 

laEBSfiO 

7,£00 

18 

\\^^•^ 

6 250 


m 

3V4 

3J,4 

Me 

12 602 

12 

Me 

Me 

3*Ma 

14EB4QQ 

12,000 

23 

13*^2 

8 260 

m 

47A 

4 

4 

Me 

12.502 

14 

Me 

Me 

4>Ma 

10EB475 

18,750 

40 


'*^-000 

m 

m 

4H 

4% 

M 

6 502 

12 

H 

^Me 

4*M» 

19EB475 

27,000 

40 

1816 

0 625 

11 

m 

4H 

4H 

H 

6 752 

14 

H 

iMe 

5M 

21.5EB475 

30,000 

62 

2IM0 

12 125 

13Mi 


4H 

4M 

Mb 

8 752 

16 

H 

iMe 

6H 

24EB475 

45,000 

68 

23**Mo 

14 625 

16 

m 

4H 

4H 

Mb 

8.752 

18 

H 

iMe 

B 

aSEBhflS 

72,500 

80 

271 Me 

18.625 

20 

6H 

5Vi 

5M 

Me 

12 752 

21 

M 

iMe 

lOMe 


E<E 


6ER200 

1,540 

7 

S^Hi' . 


3Me 

2 

2 




Me 


flER200 

8,550 

18 

7^2 


3Mb 

2H 

2M 



iMa 

Me 


10ER300 

6>600 

8 

4 250lX^ 

6M 

4M 

3 

3 

Ma 

8.502 

H 

Me 

23Mi 

12EEa50 

12,300 

13 

1120^2 6.250 

7M 

4M 

3M 

3^ 

Me 

12.502 

H 

Me 

3»H» 

14EIU00 

22,600 

17 

ami 8 260 

9^ 

SM 

4 

4 

Me 

12.602 

H 

Me 

4SMs 

ieER475 

32,600 

31 


9H 

BH 

4M 

4M 

M 

8.502 

JMs 

H 

4»M6 

1^11475 

47,600 

39 

iBiMo] 0 625 

11 

m 

4M 

4H 

H 

8 752 

IMe 

H 

BM 

21.5EiU75 

63,000 

52 

21Mb 12 125 

13M 

m 

4M 

4M 

Me 

8 752 

»M0 

H 

8M 

34Elt475 

83,500 

61 

23lMa|l4 025 

16 

BM 

4H 

4M 

Me 

8 752 

»M<i 

H 


ISKR526 

115,000 

72 

271Mb|18 625 

20 

7M 

m 

5M 

Mb 

12.762 

»Me 

M 

lOMe 


* IKmennoiui as given may vary ± O.OlO in. 

t iTortpieiatutga are baaed m 75 pn air pnsBuie at dement at apeed up to lOO rpm. For Bxaot rating at higher speed, 
ooDWjlt manuFactarer for Dentrifugal-foroe effect 

1 All drilled bofomieBt dimension M, are sabject to tolerance +0.0f)5 in. —O.OOC In. 

I Drain dianetdr U nnet in«b bih +0.010 in. -0.000 in., fic., 12EB350 dnun is 12.000 in. diameter. 
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* Dnim duunoter fqr type £ la eiuwt inch Biie -{"O 010 m *-'0 000 m, lSE47fi drum u IR 000 in diunoter 
t Tnniue ratuigs are ba^ on 75 m air preBsurs at dement at Bpeed up to 100 rpm For exact ndaifg at bghct npoadf 
coniult nwnufaoturerlnr centnfiu^orGe ^ect, 

t All dnHDd hole auea, dimensitni K, are eubjwt to toleraniM -H) O06 m. —0 000 m. . ^ * 

B Drum diameter for type C u exact uch nto -HhOOO m. H0.010 in., fw^ 2IC475 onim k 21JKK) in. dameter. XHmnh 
■DOR aa fiven may Tary :h Oi^lO ID* 


lilt 
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TbU« li-lOlA.—ServiM Faeton 


Typt of diivaa macldas 

Bemisa factor 

Type 0 ^ driven machine 

Service factor 

Clutch 

OOU- 

pling 

Bushed 

clutdh 

Clutch 

DOU- 

pling 

Bushed 

clutch 




Paper-mill drives: 




1 2 ' 

1 


U! 

1 


1.8 

1 s 


2 4* 

2* 

Blowers: 


Dryer. 

2.4* 

2* 

CeAtrifugel. 

L2 

1 


1,8 

1.5 

Lobe. 

1 4 

1 2 

Ptm* 

L.4 

12 

Brakes... 

Coneidi 

b manu- 

Suction couch... 

1.8 

1.5 


facturer 

Propellorg, agitator, marjue pro- 



Ctleaders (see paper and rub- 



pulsion (ooDstilt Falk Corpo- 



ber) 



ration, Milwaukee, Wisconsin) 

1.2 

1 

CompreesoTB: 



FulveriicerB. 

1.4 

1.2 

Single etage.... 

2.4 

2 

Pumps: 



Muitiple stage.. 

1.4 

1.2 


1 2 

1 

Rotwy. 

1.4 

1.2 

SinRlc-staRe recipTocatmg.... 

2.4 

2 

Conveyors: Belt, chain, screw or 



Multistage reciprocating .... 

1.4 

1.2 


1 2 

1 


2 4 

2 

Cranse: 



Punch presses. 

Consuli 

b manu- 

Bridge type 1 



facturer 

Wheel or crawler type J 


Road rollers: 



Crttehers. 

1.8 1 

1.5 1 

Engine. 

l.B 

1.5 

Draw-^works, oil well. 

Consult manu- 

Transmission. 

1 2 

1 


facturer 

Rod mills. 

Consult menu- 

Dryers (see Kilns, or see Faper- 
wiill drives) 


[ __ 

Rubber mills: 

fact 

;urer 

T^ynn.Tfmnint.nrM . . 



Single calender mills. 

2 4 

2 



Two or more calender mills. . 

l.B 

1.5 

Fans; 



Saw-mill machinery. 

Consult manu- 

light duty. 

1.2 

L 


facturer 

laduoed-HlrBri or mine venti¬ 



Shovels, power: 



lating. 

1.4 

1.2 

Boom hoists 



Generators. 

1 2 

1 

Crowd 1 


Griszlies... 

2 4 

2 

Drag drum | 


Hammer mil Is. 

1 B 

1.5 

Hoist drum/ 



Hoge. 

1 8 

1 6 

Master engine. 

l.B 

1 1.6 

Hoists. . . 

Consult manu- 

Propel i 




facturer 

Retract \ 

Consult manu- 

Kilns. 

Consult manu- 

Swing I 




Swing brake' 



Mixere: 



Tube mills. 

Consult manu- 

Rubber mill 




facturer 

Agitator type. 

1.2 

1 

Tumbling barrels. 

1.4 

1 1-2 

O&lGAficr .. 


1.2 

1 

Veneer machinery. 

Conniilt manu- 

Pug mill type. 

1 2 


facturer 

Oil-field machinery. 

Consult manu- 

Wire: 


1 


facturer 

Drawing machinery. 

Consult msnii- 



] 


facturer 


* Apply factors shown to starting torque load. 


14. Smooth starting is obtainable through controlled application of the operating 
air pressure. 

15. Applied torque can be sensitively regulated through a modulating (controllable 
vadable pressure) type of control valve. 

16. Torque limiting can be obtained tlurough regulation of maximum pressure 
applied. 

17. Location of control station can be determined independently of clutch location. 

18. Minimum axial space is required for installation. 

19. The standard clutch in the three types in which the torque is transmitted 
through the rubber tube combine the, dual function of a flexible coupling and a clutch. 

20. Type CB clutch is generally applicable to most industrial clutch requirements. 
It is equaJly suitable for those requirements where two shafts are to be connected and 
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for those spfiHeationd wbsr^ either the ^hrum or the eluteh element und supportiiks 
fl|Hdeir are bushed ou a oominon shaft, wi^ the ether member keyed to the a£ift It 
makei^ available the greatest amount of peak^or^ue cushioidni, as as the reduo-^ 
tion of vibration which would otherwise bO mechanically transmitted. The rubber 
tube tends to eliminate these mechsnical vibrations. In the type CB clutch, the 
rubber tube is permanently bonded to the steel rim at the time the rul^er tube is 
cured. The friction-shoe assemblies are secured to the tube with removable shoe |nns 
which are held in place by heavy lock wires. The friction-shoe assemblies consist of 
an asbestos-base synthetic-resin block p^manently bonded (without rivets) to the 
cadmium-plated steel backing plate. These friction-shoe assemblies are removable 
and replaceable without use of special tool^ The af^enings between adjacent friction- 
shoe assemblies are provided with stainless-steel cavity shields. Hiese shields elimi¬ 
nate any possibility of harmful or destructive effect of any material that may accumu¬ 
late between the friction blocks. 

Service factors to be used in the selection of the proper size of an Airflex clutch 
are given in Table 14-lOlA. 

Since the friction-shoe assemblies and the nonrigidly supported part of the dutch 
tube are subject to centrifugal-force effect, consideration must be given to the operat¬ 
ing speed. Centrifugal-force effect at speeds up to 100 rpm is negligible. On applica¬ 
tions operating at higher speed, proper correction for the operating speed should be 
made. The value of the necessary correction is shown on the service-rating chart. 
All torque ratings shown in the dimension tables for the various sizes of cluthcea are 
based on 75 psi inflation pressure in the clutch tube. All Airflex clutches are suit¬ 
able for operations at applied pressures up to 110 psi maximum. The necessary 
formulas to obtain the rating at pressures other than 75 psi are shown below the service 
rating graph (see Fig. 14-102). 

The tj'pe EB clutch is generally applicable to most industrial clutch requirements 
where the operating speed is low. This limitation is imposed by the fact that centrifu¬ 
gal force on the expandiiig-type element may prevent positive disengagement on 
release of air pressure. It is equally applicable to those requirements where two shafts 
are to be connected and to those applications where either the drum or the clutch 
element and supporting spider are bushed on a common shaft, with the other member 
keyed to the nh^t. Since the entire torque is transmitted through the rubber side 
wall of the tube, maximum cushioning against peak torques is obtained, and maximum 
elimination of mechanical vibration is effected. When installed as a flexible-coupling 
connection, compensation is provided for reasonable angular- and parall^-shaft 
misalignment. Torque ratings show'u in the type EB dimension table are baaed on 
75 psi inflation pressure in the tube. Correction of rating for higher or lower air 
pressures should be made through use of the formula shown below the type OB 
service-rating graph. The friction-shoe assemblies on the type EB are similar to the 
type uijed on, and described under, the type CB. 

The type EH. clutch is a special-purpose design intended for use on disconnecting 
clutch coupling applications, such as dual drives and stand-by drives. On such 
installations, the rubber-element assembly is properly mounted on the shaft, which 
normally remains idle. Inflation pressure in this tyi>e can be provided through a 
drilled hole in the shaft, a rotorseal and *'on-and-<off" valve from a compressed-air 
line, or be provided by manual inflation. On those applications where manual infla¬ 
tion is required, the clement assembly is furnished with a tank valve similar to that 
used on automobile tires. The type EH is also suitable where low inertia values are 
involved and where an almost instantaneous braking function is needed. Typical 
of this type of installation are the brakes on the collapsible drums of tire-buildutg 
machines. The drum Is automatically collapsed by arresting the rotation of the shaft, 
allowing the inertia of the tire to unlatch the collapsing mechanism. On both the 
type EB and type ER, the rubber tul)e is permanently bonded to the steel rim at the 
time the rubber tube is cured. The torque ratings shown in the type £R dimension 
table (Fig. 14-100) are also based on 75 psi inflation pressure in the element tube. 

The type E Airflex element may also be used on general industrial clutch m briUEe 
requirementa. It is particularly suited to those requirem^ts where frequ^t aoedera- 
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tioatAf totkingidaty is sck)^u«w'6cavtvalkdtcM*qtM r^quitrsd, 

Typiosliif tommon apidmtioiis M swizig am pf>w& ^Teb drag Jlaas; 

IM aiad setam tfavd on samiull ^tarriages and railar i«t^eti9S^tmvfd meckaaims; 
slip clutches ua coilerst setters, aad wix^MS. Another ty^cM appUcation is jkag 
br^esor differential drag mechanisms on ferrous and aonferroufl metal, paper 'sriadera, 
eoilera, and rewinders. 

The type E dement has also been employed on ststioiiary Frony-btahe-type i^q>ti- 
cations. It is ideally suited to high-inertia starting-duty requirem^ts and makes 
practical the use of a synchronous motor or normal-staiting-torque induction motor 
of proper rating lor the actual operating load, instead of the more expensive motor 




The Rotorseol 


Size 

Max 

apeed, 

rpm 

Max air 
preBflure, 

pai 

A 

th'd diain, 

Dimentiiona, in. 

B 

c: 

D 

E 

F 

Q 

H 

Pipe 

tap 

A 

2,500 

150 

M-18 N,F. 

3H 

2 

H 

H 

IK 

H 

H 

K 

B 

2,000 

150 

>4-18 N.F. 

aH» 

3H 



IK 

H 

H 

K 

C 

1,500 

150 

1-14 N.F. 


3 


H 

2K 

IH 

M 

K 


and control required by the high-inertia starting requirements if directly coupled to 
the dth-e. 

This type is also ideally suited to cyclic braking requirements on equipment such 
as punch presses, shears, tile trimmers, and similar machines. On applications of 
this type, the motor can be started and allowed to come to full speed without load, 
llie full running torque of the motor can than be utilized through controlled appHca- 
lion of air pressure through a modulating valve to accelerate the driven equipment. 
Starting cycles as long as 3 mm can be obtained. Wliere synchronous motors are 
preferrSl to obtain the benefits of power-factor correction, the use of this type of 
clutch permits continuous operation of the motor and cyclic or periodic use the 
driven equipment. 

Torque Ratbiga. The torque ratings shown under type E clutches are faaaedtm 75 
pri inftation pressure in the tube. Correctton for higher or lower operatmg pressimes 
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AIMFLEX VLUTCBES 


i^iidiil4 be auiide throtigh use tif the formula ebown under the type CB eenrice rating 
gmjdi. On oontinuouB Hip applications, the torque rating of the type £ element is 40 
per fiKmt of ^e value shown in the torque rating column. This decreased rating ia 
predicted on the use of a maximum of approximatdy 30 psl inflation pressure. 

type £ clutch can be supplied with special high-heat-dissipating drums or with 
drums suitable for use with auxiliary water cooling. The type £ clutch consists of 
two similar stamped-steel houidngs, one of which is provided with an opening to 



permit connection of the valve in the tube to the air supply. These housings are 
cadmium plated to prevent any damage from corrosion. The tube is an individual 
member supported by the steel housings. The friction-shoe assemblies consist of an 
asbestos-Bynthetio-resin-type friction block substantially secured to a cadmium-plated 
sted backing plate. This backing plate is mounted in an ofiset position on the friction 
block. This offset construction permits removal and installation of the friction-shoe 
assemblies without disturbing the housing mounting on those installations where 
provision has been made to permit drawing back the drum a sufficient distance to 
clear the friction shoes. The torque is transmitted from friction-shDe assmnblies 
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through torque bars of snbfltantial proportiouft to the steel houfflngs. Hie 
shoe assemblies are held in place in the housings and are retracted when air is exhausted 
by r^ease springs inserted in a slot in the friction block and supported by Ups on the 
housingB. These rsLease springs are of highest quality alloy spnng^teel materia 
and are cadmium plated to prevent corrosion. A scries of release springs is availaUe 
for each size of element. Ihe choice of the correct release spring is ba^ upon the 
maximum operating speed of the clutch (or brake) so that the necessary force to over¬ 
come the effect of centrifugal force will be available to ensure complete disengagement. 

The type C element assembly is also applicable to either clutch or brake function. 
Its useful field of application consists of those requirem^ts where heavy-duty accel^ara- 
tion or braking loads are imposed and where space considerations lead to a preference 




H Ata o/id Mfjn of holwsi 
a Ota of fwlo thru atai J p/po tiAtf 

Fig. 14-106. RH Rotorseal. 


Size, 

in. 

Asfl’y 

No. 

P/L 

Nd. 

Max 

apeed, 

rpm 

Air 

pres- 

aure, 

psi 

1 

Weight, 

lb 

Dimenaions, in. 

A 

B 

C 



i 

F 

Q 

II 

J 

K 

H 

12061 

5487 

2500 

150 

4 

3 


4M. 

i 


1.749/1 747 

2% 



K 

1 

12050 

548S 

2250 

khli 

4K 

3K 


5 

H 

H\ 

1.999/1.997 

2% 


1 

1 

IK 

12060 

5489 

1750 

150 

6 



5K 

H 

h\ 

2.499/2,497 

3K 

4* Ms 

IK 

IK 

IH 

_ 

10041 

5461 

1500 

150 

7 

4 


5K 

3 

3 

2.749/2 747 

3K 

4«Kj 

IK 

IK 


for a constricting type of unit. It is essentially applied on applications where the 
element may operate when disengaged at overrunning speeds higher than the speed at 
which the clutch normally operates. Typical of this type of application are cable- 
drum clutches where the free falling speed of the load on the cable may cause the drum 
to Operate at speeds considerably higher than the speed obtained when the drum is 
driven by the prime mover. The construction of the type C element is similar to 
that of the type E, except that it is of the constricting type. 'Fhe housing is a emn- 
bination of cast Meehanite and steel-plate construction rather than steel stampings. 

The torque ratings for type C elements are based on 75 psi inflation pressure in 
the tube. Correction for higher or lower operating pressures should be made through 
use of the fornnila shown under the type OB service-rating graph. 

THE ROTORSEAL 

The Eotorseal (Fig. 14-103) is a positive seal for introducing air, liquids, or gases, 
under pressure, into a rotating shaft. It can also be used for vaouum apfdieafioiis, 

1117 








14] Aif^LBX 

^tonsj&al opefoitee oomtinuouidy c^ inter&iittcntly ^ at hi^ speeds in either 
ditedium. 

.As sholm in 14-103, seaHiis is effected by n nonmetaOle bushing held by sipriDg 
piewrare ageinst a sjundle face. Sealing surfaces are given the finest precision lapping 
(d»tabmble. The spindle rotates on a sealed doubk-row bearing. 



72r^# if/a - - 




Ppf^a \ 
fhd 

Air oottaf 


Fia. 14-106. Quick-release valve. 


With tube connection 


Bise, quick 
release valve, 

in. 

Afls’y 

No. 

P/L 

No. 

Dimcnsione, in. 

A 

B 

C 

D 

E 

F 

G 

H 

J 

H 

10785 

5406 

2fr« 

2 

H 

iKe 

IH 

H 

H 

Ti 

He 

H 

9112 

5407 


2H 

1 

IH B 

IHb 

H 

H 

iH 

Mb 

« 

10582 

5141 

3^6 

2H 



iHi 

H 

H 

iy4 

Mb 

1 

11145 

5413 

3H 

3H« 

iMs 

l^Ks 

2 

1 

1 

IM 

M 


With pipe GonnBCtion 


Biae, quiak 
re&eaae 
valve, in. 

Afifl’y 

No. 


Dimcnaions, in. 

A 

B 

C 

D 

E 

r 

<7 

H 

j 

K 

H 

11671 


2Mb 

2 

H 

1Mb 

IH 

H 

H 

M 

3M 

He 

H 

11672 

5408 

2M 

2M 

1 

1Mb 

1Mb 

M 

M 

IM 

4M 

Mb 

H 

11673 

5470 

3Mb 

2M 

IM 

IMb 

1Mb 

M 

M 

IM 

4M 

Mb 

1 

11674 

5471 

3M 

8Mb 

1Mb 

1»Mb 

2 

1 

1 

IH 

fiM 

M 


The Rotorseal is connected to the shaft simply b^’' screwing the male end of the 
seal into a properly aligned, drilled, and tapped mating hole in the shaft end. The 
connection from !^torseal to stationary piping should be made through a fiexible 

H18 














Tm WTOSmAf^ lOm^: U 

hose cenafiotion. Tliis iirmcMa AttificUl loadizig ef tlie Hqtoiseal bearing. Elihar 
mbber or flexible metallic boee conneetioss eaa be aupplied. 

Two mtatifig elements oa mie sbeli can be Separate^ supplied abd eontroiled from 
one shaft end with the dual-passage Botoi^eal Bl> (B%. 14-104). Where b<^b 
shaft ends are available, four separate clutches can be individually actuated with two 
dual-passage rotorseals. Each line of the seal can be used to conduct a difleient 
medium (liquids, gases, etc.). 

This seal la flange-mounted on any sise of idiaft by means of adapters designed for 
every type of application. Mounting Components are recommended and available to 
suit the particular requirements of the job. 

Flexible hose connections should be used between siationary piping and the dual- 
passage Rotorseal. This prevents artificial loading of the beaiinga. Either rubber 
or flexible metallic hose connections can be supplied. 

Type RH Rotorseal (Fig. 14-105) is a single-passage seal for applications where 
large volumes of air, gases, or Hquids are roquired. The operating principle of the 
type RH is identical with that of the smaller Rotorseal units. 

It is flange mounted to a shaft end. The housing rotates, and the inlet is connected 
to stationary piping throu^ a flexible hose connector. 

The weight of type RH Rotorseals is very small, eliminating the need for auxiliary 
support arrangements. Decided space ocoiiomy is also accomplished. 

For use with other mediums than air, the manufacturer should be consulted for 
installation recommendations. 

The quick-release valve (Fig. 14-106) provides a positive and efficient method of 
quickly discharging air under pressure from clutch or brake units, air cylinders, or 
any system where it is necessary quickly to evacuate air under pressure. Its operation 
is quick and positive, regardless of its location relative to the operating or control 
valve. 

The valve operates on the principle of pressure differential. Normal discharge 
occurs through the control-valve discharge port until a 5-lb differential is develops 
in the quick-release valve. This actuates the discharge plunger, opening the exhaust 
port and exhausting air directly to atmosphere. 

The unit is self-adjusting and requires no lubrication. 

The standard quick-release valve is supplied with a male pipe-thread outlet con¬ 
nection, and a tube connection fitting on the inlet side. It is also available with an 
adapter for pipe-to-tube connection on the inlet side. 
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TORQUE CONTROL, TENSION CONTROL, 

AND TORQUE AMPLIFICATION 

BY James F. Madden, M.E. 

Formerly Research Engineer^ BeihUhem Sied Company 

Torque control has always been a major problem m industrial-plant operations. 
Much has been done in the design of electric motors to solve this, but accomplish¬ 
ments have been in the direction of providing sufficient torque in the form of ^'mini¬ 
mum guaranteed” torque rather than accurate maximum torque* 

It is of paramount importance that mechanical power drives have sufficient torque 
capacity available at all times to start equipment and keep it running under all reason¬ 
able load conditions, but excessive torque is frequently undesirable and sornetimes the 
cause of serious breakdowns. 

Torque control and tension control are synonymous in so far as the problem of the 
plant engineer is concerned because torque is the product of the pull (or force) multi¬ 
plied by the radius at which the pull is exerted, whereas tension is the conventional 
term used to designate the pull exerted on a piece of material, usually in linear motion, 
without reference to the radius of the core or coil on which the material is being wound 
or from which it is being unwound. To produce any desired tension, it is necessary 
to maintain a torque or torques equal to the desired tension multiplied by the radius 
or radii at which the material is being wound or unwound. 

The difference, therefore, between torque control and tension control lies in the 
type of apparatus used to accomplish the control. 

TORQUE CONTROL 

In designing or selecting a mechanical power drive with torque control for any piece 
of mechanical equipment, it is necessary to have the following information: 

1. The torque necessary to start the equipment under the most adverse starting 
conditions. This is called ”the starting torque.” 

2. The torque necessary to keep the piece of equipment running during all reason¬ 
able operating load conditions. This is called the “running torque.” 

3. The maximum operating torque which it is desired to impose on the equipment 
or motor. This is called “maximum overbad torque” and is largely a matter of 
judgment by the plant engineer. 

Inasmuch as the maiority of engineers refer to starting torque, running torque, and 
overload torque in terms of horsepow'or, this practice will be followed as far as possible 
in this subsection. 

In many instances the ‘"running torque” will be the determining guiding factor in 
selecting the motor and the chain, belt, gears, or gear reducer which make up the 
drive. These are conventional drives and present no problem in torque control. 

In some mechanical power drives, owing to the weight or mass of the driven equip¬ 
ment or the product which is being handled in the equipment, it takes considerably 
more horsepower to start than it does to run it. To meet this condition, a larger 
motor may be used or a motor with high-starting-torque characteristics. The first 
choice is objectionable because of increased motor cost and lower efficiency and power 
factor. The second choice is objectionable because high-torque motors develop a 
starting torque of from 240 to 300 per cent. This high torque is exerted instantly 
upon closmg of the motor circuit, with the result that such torque is imposed on the 
component parts of the drive and the driven equipment under practically shock con¬ 
ditions. With machinery that is subject to frequent starting and stoj^ing, the 
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iLp|)lif:d.tiDn of this high torque often results hi damage to the drive, the macddne, or 
the product beii^ haiidlod. 

This condition is very similar to that would prevail a long heavy freight 
train were provided with an enormous locomotive which was capable of starting the 
train instantly and accelerating up to full speed in a few seconds. The couple^ wetdd 
undoubtedly be jerked out of the leading cars every time the ioeomotive started. 

Starting shock can be materially alleviated by the use of wound-rotor motors with 
Biiifcable controls which provide slow start and gradual acceleration. This meUiod, 
however, is expensive and tends to complicate the drive. 

The second item, '‘running torque" (or horsepower), is that which should deter¬ 
mine the size of motor for maximum efiicieitcy of opieration. 

The third item, “maximum overload torque" (or maximum horsepower), is of 
interest as a safety factor. The parts of all machinery and motors are designed for 
some definite fiber stress, and it inevitably follows that, if the maximum stresses for 
w'hich the machinery is designed are exceeded, breakage will result, especially if the 
maximum load occurs suddenly, thus creating a shock conditiouw 

An ideal arrangement would be where a motor would build up gradually to the 
horsepower capacity necessary to start a machine, and having done so, would accel^to 
the machine to full speed at a rate that would not impose more than the safe fiber 
stress on any of the parts, as determined by the designing engineer. This is what 
some engineers have called a steam-engine start. This ideal setup can be very closely 
approximated by the use of a piece of mechanical power equipment known as a slip- 
ring starter. 

This device, winch is of mechanical construction, is a modified form of centrifugal 
friction clutch whose torque capacity varies directly as the square of the speed of 
operation, and whose horsepower capacity varies as the cube of the operating speed. 
For any given horsepower capacity, therefore, the higher the speed, the smaller will 
be the size of this device. 

Practically every (jliitchiiig device has a slipping or releasing point which is vari¬ 
able because it is directly dependent on the coefficient of friction of the friction material 
used. As the coefficient of friction of all friction linings varies widely at any and all 
times, friction devices as such are not sufficiently accurate or constant to be used as 
safety devices. The slip-ring starter, however, possesses a novel characteristic in that, 
although the coefficient of friction will vary as much as 50 per cent, its torque ajid 
horsepower capacities do not change substantially. This seemingly paradoxical 
situation is explained in the following mathematical treatment of the subject. 

Theory of the Slip-ring Starter. There are three elements in the slip-ring starter; 
the spider, the friction band, and the drum. (In actual construction there are two 
friction bands, but this is merely to provide a balanced drive; theoretically, one band 
is sufficient.) The spider is keyed on the motor shaft and the drum on the shaft of 
the driven machine; the band is weighted and lies inside the drum, one end engaged 

a lug projecting from the spider, by which the band is pulled around. The rear or 
trailing end of the band is free. As the motor speeds up, centrifugal force causes the 
band to expand and exert a frictional drag on the drum, the torque thus transmitted 
depending upon the motor speed, diameter of the drum, and weight of the friction 
band. 

Torque transmitted by the slip-ring starter is practically independent of coefficient 
of friction. Such a characteristic completely differentiates this from ordinary fric¬ 
tion devices and results in a constancy which is novel and apparently at variance with 
previous engineering experience. Since the operation of the gdlp-ring starter depends 
upon a combination of wrapping friction and centrifugal force, both of which involve 
pzinciples difficult to visualize, explanation of the constancy of transmitted torque 
cannot, unfortunately, be given in simple words but must be expressed in the form of 
a mathematical proof. 

Figure 14-107 shows a drum which may be considered stationary and within which 
an arm revolves, in the direction indicate by the arrow. At its extremity this arm 
is connected to one end of the flexible weight^ friction band. Now, let the c^trilu- 
gal force per unit length of the friction band » c. (This will depend upon upeed, 
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of radiua of drum r, etc., all of which arc consldiared constaut.) Taking 
the portion of band da, the radial force due to centrifugal effept will 

cr 4 a, part of which, (howcyer, ia neutrahzed by the tension in the band. In Pig. 

let these tension forces be / and / + . Then the radial resultant will bo 

f Bin <4o/o) + (/ — d/) ain (4o/a), or simply / da. 

residual of ra^al force P pressing the band against the drum will then be 
cr4a^/4o=*P = (cr — P)da. 



Fig. 14-107. Fig. 14-108. 


The tangential force due to friction will be Pm, where m = coefficient of friction. 
But Pm “ df\ then ** (cr — /)m da. 

Integrating this and noting that when a = 0, / « 0, we got 

log [cr/(fr -/)! « MO or / = cr [1 - (1A»*“)] 

(e is the logarithmic base 2 71828). 

The torque T on the arm will be tF. 

2^ = rP = fr“ [1 - (1/eM)] 

where F and A are the values of / and a corresponding to the point of attachment of 
the arm. 

This formula shows that a wide change in m causes only a slight change in the 
torque transmitted 

To take extreme values of m, assuming A ™ % radians, where 

M * 0.35 T = 0.875cr* 

M =“ infinity T = l.OOOtr* 

Thus it is obvious that the coefficient of friction, while necessarily a factor in the 
formula, here appears in such a manner as to render it of very little importance in the 
fmgl answer, 

Figure 14-109 shows a curve of the horsepower transmitted by a slip-ring starter 
operating ou the foregoing principle at different values of the coefficient of friction. 
The ^11 line portion of the curve, from coefficient 0.35 up, covers the working range 
of the device. While this range may seem extreme, as a matter of fact any friction 
material may be expected to vary as mucli as this under normal operating conditions 
for short periods, owing to effects of heating, wear, dampness, glaze, etc. 

The purpose of the slip-ring starter now becomes apparent. The coeffieient of 
friction cannot be stabilized or controlled, but as shown mathematically and illustrated 
by the starts curve, these variations have practically no effect on the final result. 

1122 




{^;I4 


Tb^ example is that tif a hg^ design^id to tnnwit poira of 14€ lip. M 
eoefihi^t it titiG^iatts 1.11^. Aatfae eo^eiont of ite liiotiim b^ds tiM, tbo|M^ror 
tratuunittodifl fthoD^minthocurveafiapproaeMogbutnevorreacliiOf tbelmeiDf L25|!^ 
'Xlie eurve Fig. 14^109 oxjdaina the action of the starter in providing against ii^tifi- 
ous overload. 

Application CkaraOmstica. The following application oharacterisIjisB are obtain¬ 
able with a Blip-ring starts; 

1. Load-speed acceleration can be varied from a few seconds to several minutes. 

2. Motor, driven machine, and transmission equipment are relieved from iniori- 
ons shock and strain. 

3. Simplest electrical starting equipment can be used. 

4. The motor starts under no load and is free of load until it reaches almost full 
speed. 



0 35 0.50 060 0.70 OJBO 0 90 lOO MO 

Coeffievnt of FrIcNon 

Fig. 14-109. Chart showing relation of horsepower to coefficient of friction, 

5. The device is inherently an overload devire. It slips as soon as the load 
reaches its capacity but continues to exert its torque and resumes positiye drive as 
soon as the load returns to the predetermined limit. 

6. The capacity to transmit torque is the same whether the driven machine is 
operating at full speed or is in a stall^ condition. 

7. Any desired overload factor can be obtained. 

8. The entire unit consists of a small number of Separable parts which can be 
disassembled and reassembled by any mechanic. 

9. When acting as a coupling between the motor and the driven machine^ the 
starter, in addition to its other characteristics, serves as a fleTUble coupling. 

10. It is applicable to any constant-speed prime mover and in certain cases to 
variable-speed prime movers for horsepower capacity ranging from fractional to 
1,500 hp, 

11. The friction lining ^ ^<^&ring part. It usually lasts for from 4 to 10 

years and can be cheaply and quickly renewed. 

12. Slippage occurs only in starting and in cases of overload. 

13. Accuracy of performance is maintained throughout the life of the unit. 

14. The device can be incorporated as an integral unit with flat-belt pulley^ clmin 
sprocket, V-belt sheave, or gear pinion. 


1123 




HI TomvE CONTROL, Tmsfm VONTmi 

'^1i||^ure 1:4-110 is a chart which shows a typical situation in which a motor is 
equipped wiih^a sHp^iing starter with a capacity of 125 per cent of the motor rating, 
Ihe motor starts under no load, and as it accelerates to full speedy the torque and 
h o rse po wer capacity of the shp-ring starter develop very gradually at first, which 
serves to take up the slack in chains, belts, or gears of the drive before applying the 
full torque. 

The “driven machine’’ starts to turn over as soon as the slip-ling starter has 
sufficient torque capacity to overcome the frictional or other load. However, the 
driven machine starts slowly, and most of its acceleration takes place after the motor 
has reached full speed. The motor is under the load capacity of the slip-ring starter 
until the driven machine reaches full speed, and then it drops off to the running load. 

In Fig. 14-111 are shown several motor-speed torque curves of commonly used 
electric motors. The curves numbered 5 to 13 are the torque capacity of different 
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Fio. 14-110. Chart showing smooth gradual start and acceleration of driven machine and 
no-load start of motor. 

slip-ring starters which range in capacity from 103 to 270 per cent of the full-load 
torque of the motor. 

The nature of the starting conditions or predetermined overload release of the 
machine to be driven will determine the selection of the correct size of slip-ring starter 
for the job. 

From Fig. 14-111 it will be seen readily that the general-purpose or normal-starting- 
torque motor is best adapted for starting against a very high starting-torque load 
caused either by inertia or breakaway conditions. The general-purpose motor, 
because of its extremely high pull-out torque, provides the highest possible torque for 
starting when it is equipped with a slip-ring starter, 

' It wiU also be seen that the high-amperage starting current lasts only while the 
motor itself is getting up to speed. When the maximum load of the slip-ring-starter 
capacity comes on, the current has dropped to very reasonable proportions. In prac¬ 
tically every case, therefore, the motor can be started on full voltage. 

Having established the fact that accurate torque control can be obtained, it is now 
possible to approach the problem of providing an economical and efficient motor drive 
with the following salient facts in mind; 

Any normal-starting-torque or general-purpose squirfel-cage motor which will 
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run the driYm wiU etAft it. The hensepo^ rating nl the motor mil be 

determined by the running load on the drivm machine. The motor can be eiarted 
on full Yoltage provided there are no local conditions that make thip prohibitive. In 
this connection it should be mentioned that, whereas in extreme cases it may not be 
permissilile to start Under full voltage with a solid coupling on the motor heeause of the 
long-drawn-out starting current, it is frequently permissible to do so on account of the 
very short period of inrush current which prevails when the motor is started under 
no load. 

As a guide in determining the correct capacity of slip-ring starter which should be 
used for driving various machines and equipment, Table 14-102 shows the relation 
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T«Ue Uf-iSt. Bidaliim of Motor taA Wf-dng Starter Itatbig 


IhiraB mAohiiM 


Ratio of 
atip-ring- 

Btarter rat- BeuMuia for uaing 

iBg to motor Blip-ring startor 

rating, 
per c«nt 


Dough mixer&f chance coal cleonerB. vacuum pane, pumps 250:270 
hOiildUog high-viacoaity materialBi machiiies auhjeot to 
sborlrperiod high-peak loada. 


ChaeBT millfl, coal ahakers, hammer millB, pulveriierSt multi- 200:225 
ple-plunger pumps, jute epinners, heavy textile equip- 
ment, cardboard machines, chance cones, cards, etc. 

Conveyors, Ians, centrifuges, air compressors, lead pumps, 150:200 
refrigerator compressors, pickers, bridge-cable wire wrap> 
pers, ravere, shears, piinches, Bradford breakers, barking 
drams, shakers, air pumps, blowers, ball mills, chemical 
equipment, turbine drives, coal breakers. 

Silk winders, alunners, nylon equipment, cablc^-taping ma- 100:150 
chines, light textile equipment, gasoline-engine drivee, 
crockery and china conveyors, light machinery with very 
slow start. 


Kxtremely hard-starting 
breakaway load. Lew- 
Btarting-torque motor can 
be used which reaches full 
speed to exert its maximum 
“pull-out" torque before it 
^counters sny material 
load. 

Hard-starting heavy equip- 
ment w'ifh occasiona] high- 
peak loads. 

General run of industrial 
equipment, fairly hard start 
with maximum load limita¬ 
tion, 

Light slow-starting nqiiip- 
mrnt with load limitation 
to low percentages of over¬ 
load. 


Table 14-108. Majcimuni Horsepower Capacities of Slip-ring Starters 



The coupling type of slip-ring starteri shown in Fig. 14-112, tsOnsists of a driving 
spider i4, driven d^m B, and driving bands C, The direction of rotation is indicated 
by the arrow. 

llie reverBible-coupling type of slip-ring starter for operation in both directioHB of 
rotation is illustrated by Fig. 14-113. It will be noted that the driving bands are 
equipped with driving cleats at both ^ds and that the spider has two driving arms for 
each band. 

The torque effort is transmitted from the driven spider to the bands through 
flOTCible rubber cushions. In the case of the coupling type, these rubber cushions, by 
their flexing, will compensate for angular misalignment and eccentricity. Howev^, 
in erection, a definite effort ahould be made to obtain accurate alignment. 
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Fig 14-113. Coupling type —reveTBible. 
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The pulley and sprocket type of slip-ring starter is shown in Fig. 14-114. This 
type is provided with a bearing of renewable bronze bushings in which the driving 
spider rotates during slipping periods. A flat-belt pulley, V-belt sheave, sprocket, 



Fiq. 14-115. Slip-ring Fig. 14-116. Slip-ring 

starter arranged for V- starter arranged for silent 

belt drive. chain or gear drive. 


or gear can be mounted on the hub nf the drum (see Figs. 14-115, 14-116,14-117). A 
ooupling-type starter is shown by Fig. 14-118. 

The pulley, sprocket, or gear is located in the same position in relation to the motor 
shaft as it would be if it was mounted directly on the motor shaft., If the diameter 
of the pulley or sprocket is small, instead of making them as separate pieces, they can 
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be mftde as integral parte of the slip-^ring starter by cultl^ the grooves or teeth on tW 
hub of the drum. 

The bearing functions for short periods and very heifire^uentty. Therefore very 
little lubrication is needed. Eadial holes in the motor i^f t and 4^'mng i^ider convey 
the lubricant into bearing reservoir from the lubdeal^g which is screwed 

into the end of the motor shaft. ^ 

Normally one of the drum is left open, but ,wh^ dhletJerious atmoq^mrie 
conditions exist, a coyeris used to protect the b^uls and drum siirfaoe. This ia 
illustrated in Fig. 14-114. 

Applications liTfaere Torque Control Is Advantageota. It is not possible to give 
a complete list of equipment in the driving of whkh^tque control is desirable qr 
necessary. The maiority of machinery presents no pri>blcm of this character, but 
there are a certain numbert^f drives where high starting torque cadses sh much trouble 
that the attention of plant engineer ia demanded continuously. 

These drives include ball mills, grinders, pulverizers, hammer mills, dough mixers, 
rompressors, heavy fans, cards, conveyors, <eentrifugeB, drawbenchea, rotary cutters, 
etc. 



Fig. 14-117. Slip-ring Fig, 14-118. Slip-ring 

atartcjr arranged for flat- Btarter, coupling type, 

belt drive. for direct drive. 


I'he high starting torque is caused by the inertia of the large masses which have to 
be set in motion. If the drive is of the positive type with no provision for slippage, 
motion of the driven machine begins instantly, and inasmuch as the motor accelera¬ 
tion is very rapid, the acceleration of the driven machine will be correspondiUgly so. 
This produces very high fiber stresses in every part of the drive causing either early 
fracture or fatigue which eventually results in breakdown. 

Practically all the machines mentioned above can be started and driven satisfac¬ 
torily and with high efficiency by general-purpiose motors in combination with torque 
control. The maximum torque imposed ma^'' be as low as half of that which would 
normally be required. In addition, the elimination of the shock conditions is prac¬ 
tically a positive guarantee against fractures or damage. The maximum operation 
load will determine the maximum horsepower capacity of the slip-ring starter. 

Another high-starting-torque condition is found on machines in which the inertia 
factor is low, but where there is a breakaway load resistance which will exist for 
periods of time varying in leng[th from a few seconds to several minutes. These 
machines are dough mixers, vacuum pans, pumps handling high-viscosity liquids, 
chance coal cleaners, and several types of chemical equipment. The high starting 
torque is caused by the fact that the machines contain mat^ials in a state of rest which 
must be agitated or moved bodily by an agitator of one form or another. A slip-ring 
starter with a torque capacity equal to the pull-out torque of the motor, which will 
l>e from 2^0 to 270 per cent of full-load torque, will start these machines smoothly 
and safely. If tcu^que control is not used, it will be necessary to use a wound-rotor 
motor with the necessary electrical control to produce low speed with high torque, 
under which condition it is necessary that the operator exercise care and good judg¬ 
ment, or he is likely to damage the motor and the machine. 

For the benefit of the engineer who is considering the problem of providing accu¬ 
rate torque limitation, the question of its application to several machines will be 

1129 





'mmuE coNTsm, tbm'fhk contiuXj 



FiGk 14-119. Typical motor direct-connected drive. 


discussed. Each machine is typical of a group requiring a specific percentage of over¬ 
load horsepower capacity in relation to the full-load rating of the motor. 

1. A batc^ mixer, vacuum pan, cone coal cleaner, or agitator in which the impeller 
or agitator is immersed in a more or less solid material. To start any one of these 

machines requires a very high torque in 
order to move the impeller or agitator. 
It is assumed that the machine will be 

should have a maximum torque capacity 
/is lin^m pc^r cent of motor full-load rating. 

m l l w iliHffll r nr~ w ilier motor will operate at a speed of 1,020 

rpm (approximately). The starter will 
therefore have a capacity of 119 hp at 
1,020 rpm. The maximum running 

F.O. 14.120. Gai4,o* drive with puUey-type torque ie ueed ^ ^ting 

dip-ring starter. “““ ^ applied gradually and without 

shock, and therefore there is no danger 
of shearing keys or twisting shafts. The starter wdll at no time allow the load on the 
motor or machine to exceed 119 hp. 

2. Hammer mill, subject to plugging or occasional overfeeding. The mill is 
driven by a 150-hp 720-rpm motor. The normal running load is 145 to 155 hp. As 
a matter of judgment, it is desired that the maximum load should not exceed 210 per 





iOie&t of fulMcwd i^lang, A 160-hp, t&otor will opeiwte ot ^00 rpm ttlilbr 

thJti amouat of overlap. The alip-clQg itarter therefoiie will havo a maacl ainiji oapoe^ 
ity of 300 hp. If the load goea beyond 300 hp, the olirter will alip inattmUy. 

9. BaUmlU, conveyor, elevator, iwjurooanpressorp It ii tmetomkry to re^rd these 
machines as requiring 200 cent torque to start them with eonventional drives. 



Fio. 14-122. Synchronous motor fan drive Fio. 14-123. l^arge pulverizer motor drive, 
through reducer. 



Curve withmotor coupled to fan through sKp ringsierter 


Fio. 14-124. Charts showing comparison between fan drive with flexible coupling and slip¬ 
ring starter. 

This high torque is the result of inertia in the moving parts or the materials that have 
to bo quickly set in motion. Assume a 50-hp 900-rpm low-torque motor is used for 
the drive, the edirect sia^ of slip-ring starter will be 75 bp ztmrimtim capacity at 
840 rpm. 

4. Large fan driven by a 200-hp 600-rpm motor. In this case the starting torque 
is caused entirely by inertia, and the time lapse to reach full speed is \isuaUy in die 
neighborhood of 30 sec. A slip-ring starts of 270 hp at 566 rpm will provide ample 
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^oi«€ttte to aecelerate the fan against ihe air load which develops a& the fan increases in 
gpe^ and approaches full speed. 

5. A conveyor that transports articles in process of manufacture must be started 
Very slowly to prevent a jerky start which would disturb or upset the articles. The 
running load should be known with a fair amount of accuracy. If the conveyor itself 
is not too light in weight, a slip-ring starter with about 20 per cent capacity more than 
the running load will give a satisfactorily slow start. If a very slow start is desired, 
additional weight can be built into the driven side of the slip-ring starter to create a 
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Motor couplod to pulvirinr through slip ring stortor 


Fig. 14-125. Charts showing comparison between pulveriser drive with flexible coupUfig 
and slip-ring starter. 

predetermined amount of inertia which will slow the acceleration down to any desired 
number of seconds or even minutes. 

An example of this type of drive is in textile winding machines which are very 
light in weight. The product is also very light. These machines would normally 
start and reach full speed in about 2 or 3 see, but the introduction of an additional 
amount of inertia will slow the acceleration down to 35 to 50 sec. This is very neces¬ 
sary in operations where light webbings or yarns are being transferred from one roll 
to another, and a quick start would be almost sure to break the material. In these 
light-power drives, the running load and not the motor rating should be used as the 
determining factor in arriving at the correct amount of torque limitation to be pro¬ 
vided by the slip-rmg starter. 

An interesti^ characteristic of the slip-ring starter is that synchronous motors 
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wit!) low torqun’^ aitd low ^‘putt-in torque’^ may be ueed in bigb-etarimg* 

torque drives in which synchronous motors would normally be inoperable^ The 
slip^ring etarier allows the synchronous motor to start easily and m’’ to syn-* 
chronous speed without any difficulty (see figs. 14>122 and 14*1^). 

Figures 14-119, 14-120, 14-121, 14-122, and 14-123 show typical applications of 
slip-ring starters, and Figs. 14-124 and 14-125 are charts which show the starting 
conditions before and after installation of the slip-ring starter. The improvements 
which resulted are obvious. 

LIMIT TORQUE COUPLING 

The limit torque coupling is intended for use as an addition to the ordinary Bexible 
coupling. It functions as a positive drive until the predetermined torque limit for 
which it is set is reached. At this torque load it slips but continues to exert the pre¬ 
determined torque. 



In principle it is exactly the same as the slip-ring starter except that the pressure 
on the friction lining is provided by helical steel springs instead of centrifugal force. 

It is particularly suitable for operation at low speeds, below 500 rpm. It has the 
same accuracy, as to torque and horsepower capacity, as the slip-ring starter. It slips 
in one direction only, but the bands can be reversed for either direction of rotation. 

It is primarily intended for use on apparatus that is subject to extreme overload 
conditions or jams, and it is used dcfiiiitely to limit the number of foot-pounds of 
torque, or fiber stress, which can be imposed on the weakest shaft or other part of the 
machine to a predetermined figure. 

It can be tested periodically to cherk its accuracy and adjustment. 

The limit torque coupling is symmetrical and therefore balanced, and it transmits 
a balanced torque at all times. It can be adjusted to slip at any desired load between 
80 and 100 per cent of its maximum capacity. 

Referring to Fig. 14-126, it will be seen that one end of each band A is anchored 
to a driving pin B, and the other end C is also attached to this same driving pin but 
through the medium of a helical spring D. 

The spring pulls the band around the drum and applies the necessary pressure on 
the friction lining, thereby gripping the drum with the correct amount of pressure to 
prevent slipping imtil the predetermined torque load is reached. 

In case of lining wear, the spring will become longer, but by adjusting it back to 
its correct length, constancy of torque capacity will be maintained, 
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^ble 14*10$ isiv«« tho dimensions ol several sizes oi limit torque coupliogs and 
tm^[Ue cafiaciiy in foot-pounds. 

It should be observed that the <hiving arm E is keyed to shaft F, and one*half 
the standard coupling G is free on the shaft and preferably fitted with bronze bushings. 

Table 14-10$. Limit Torque Coupling Dimensions 
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TENSION CONTROL 


Accurate tension control is obtained in an unwinding operation by providing a 
brake with a torque retardation which is proportionately lessened as the diameter 
of the coil of the material being unwound is reduced. 



Fig. 14-127. Typical tension control for unwinding. 


In the winding operation the conditions are reversed, and the torque exerted by 
the winder must be increased in direct proportion to the diameter of the coil of material 
being wound. 

Obviously, therefore, there must be some connection between the coil of maferial 
and the brake or mechanism which determines the amount of the torque or tension. 

In the tension control illustrated in Fig. 14:-I27, a follower arm or lever is so 
mounted that its end contacts the surface of the coil of material and follows it from 
the maximum coil diameter down to the minimum diameter. It is fitted with a roller 
d suitable diameter and length so that under a comparatively small pressure the mate¬ 
rial will not be marked or damaged. 

The follower arm may also be connected by levers, shafts, and links which transmit 
its motion to the control mechanism. 
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the e^ed lever. The radius afe which ei^rinig io^im its is 

coutireUed by the diameter of the ecil of mdt^ial. d^ihe coil of materiai geteemayer, 
the radloa at w{iich the airing acts beeomea tees, aifd the td^^e capacity of the brshe 
bands is less in jN'oportion. The temnon on the materiidi^eznaiiaft constant thronghotit 
the operation. 

The amotint of tendon on the matenai can be regulated within'wide Hmits by 
adjusting the compression of the spring. The amount of tension is indicated by the 
amount of the projection of the indicator rod which projects abore the '^control 
handwheel/' Ihe amount of tension can be 
regulated up or down at any time, either at 
rest or during unwinding operations. 

The tension will be constant, regardless 
of friction conditions and variations, at any 
amount of tension within the maximum and 
mmiin iim ranges of the device with an ac¬ 
curacy of 1 per cent. The reason for this 
phenomenal accuracy in a purely frictional 
device is explained in the following discussion. 

Theory of This Tension Device. Why the Pull Is Constant Regsrdless of Wide 
Variations of the Coefficient of Friction. The piinciple on which a reel tension works 
is as follows; In Fig. 14-128, Fi and Fa represent the forces on the two ends of the brake 
band illustrated. With the drum turning in the direction of the arrow, the relation 
between these two forces is represented by the usual formula for wrapping frietton 

where e is the logarithmic base (2.71828), p is the coefficient of friction of the brake 
lining, and a is the angle of wrap in radians. 

The retarding force T which is applied to the brake drum is expressed by the fol¬ 
lowing equation: 

T ^ (Fi- F.) 

and therefore 

T « F41 - (lA^)] 

In the above equation, the value of a being determinrd by the design of the brake 
band is constant. In order to determine the effect of a change in the coefficient of 
friction, let us take a common value of this quantity, say a — n radians, and assume 
for the moment that Ft is 100 lb. Solving this equation for two extreme values of 
the coefficient of friction, where p = 0.35 and p = 0.0, in the first case T will equal 
97.921 lb, and in the second case T will equal 99.995 lb. 

Therefore, with this extreme variation of the coefficient of friction, the retarding 
force varies only 2 lb, which for practical purposes can be considered constant. With 
the ordinary friction brake, the braking force varies in direct proportion to the 
coefficient of friction, and if such a brake gave a retarding force of 97.^1 lb with a 
coefficient of friction of 0.35, it would have a retarding force of about 252 lb with 
a coefficient of 0.9. 

In the above discus^n, the force (or torque) F iS constant, whereas, of course, 
W'ith a roll of material whose diameter is continually changing, the torque must 
be proportional to the roll diameter in order that the pull or t^ion may be con¬ 
stant. In the tension control herein described, this condition is provid^ for by 
the ‘^follower lever"' (or arm), which by its movement increases or decreases the 
torque proportionately. 

TORQUE AMFUnCATlON 

Many operations in industry are such that they must be performed manually 
because of widely varying oonditions as to speed of movement or degree of movement. 
If the operation requires considerable effort, it is necessary to provide more or less 
gear reduction to make the meehanical advantage such that the operation can reasoti>4 
ably be perfonned by the hmnan hand. 
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SometimeB tibis reeultE in bo much gw reduction that the operation becomes 
eaiiromely silow^ and if less gear reduction is usedi the effort becomes too laborious. 

Borne of manual operations are the operation of large valves, feeding heavy 
plates into panches, screw downs for strip n^ls, inching and maneuvering single- 
purpose machines, tilting heavy ladles, etc. 

Ail these operations call for variabUity of movement from time to time which 
can only be determined by the judgment of the operator and at the time the operation 
takes place. 




Fig, 14-129. Keveraible torque amplifier. 

It is generaUy recognized that a man cannot do more than about Ho hp of work 
turning a crank on a winch or punip^ If, however, he has to be precise in his move¬ 
ments, such as in the adjustment of a heavy plate for punching holes \»'ith reasonable 
accuracy, which calls for frequent starting, stopping, and reversing movements, he 
will only be able to do a small percentage of H o kp. 

When a man is obliged to exert a large effort to turn over a machine for setting up 
or correction, it has been found that he cannot stop with the necessary precision 
accuracy. 

The mechanical torque amplifier is a device that permits the operator to draw' on 
the power of a continuously running motor by the exertion of only one-tenth of the 
torque effort needed to perform the operation. In effect, the torque amplifier gives 


Confroi fwv9r 



Work lewr 

FlO. 14-130. Disassembled view of torque amplifior drums, bauds, etc. 

the operator the use of ten times his own strength without any loss of that sensitivity 
of touch which he normally possesses. He can start and stop as he would on his own 
power, and he can make his movements as fa^t or as slow and as variable in speed as he 
would on his own power. 

Referring to Figs. 14^129 and 14-130, which show a torque amplifier used for man¬ 
ual operation of the screw downs on a rolling mill, it will be noted that there are two 
drums which rotate continuously in opposite directions. The drums are driven by 
conventional spur gears and an electric motor connected to the ‘'motor drive shalt.’^ 
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Inside each drum there is an infernal expanding friction band. On the control 
shaft'' there is a doubIe*armed lever, the arms of which are staggered. Each arm of 
this lever engages in a hole in the trailing end of each band. Qn the ^'work shaft" 
there is also a similar doable-e^rmed lever whose arms engage in holes in the leading 
ends of the two bands. The “control shaft" and “work shaft" are physically con¬ 
nected to each other through the medium of the friction bands which repose with light 
touching contact within the drums. 

Any movement of the “control shaft" will expand one of the bands pressing it 
against the drum and will contract the oih^ band by a like amount. With the drums 
rotating in opposite directions, as soon as either band is expanded and makes pressure 
contact with the drum, the drum tends to drag the band along with it. As the band 
is quite flexible, the servo action increases the effort applied by the control shaft so 
that the front or leading end of the band presses against the arm of the lever of the 
*' work shaft ” with a greatly increased pressure. This increase in effort is represented 
by the equation: 

{W/c) ^ 

where c = control effort 

W — resultant work effort 
e — natural logarithmic base (2.7182S) 
ti = coefficient of frirtion 
a — angle of wrap of the band, radians 

In Fig. 14-130, a = 5.9, fi = 0.4, and assume that c = 5 ft-lb. Then IT “ 50 
ft-lb. The amplification is 10.1. The difference in the torque efforts between 50 
ft-lb and 5 ft-lb is furnished by the electric motor through the “motor drive shaft." 

It is obvious that an average man is not capable of exerting a torque effort of 
50 ft-lb for any appreciable length of time. Moreover, his rate of motion would be 
very irregular, and he could not stop at any specific point with accuracy. Exerting 
an effort of only 5 ft-lb, he is capable of turning a crank of 1-ft radius easily and with 
a smooth regular motion at any rate of speed from 1 up to about 00 rpm, and he can 
stop at any desired point on the circle with an accuracy of plus or minus 4 in. 

The smallest fractional movement of the “control shaft" causes an exactly simUar 
movement of the “work shaft." 

The torque amplifier can be applied to operations requiring one-way or reciprocal 
movements in either a straight-lino or circular motion. 

With some applications the work force ma}^ be so large that an amplification of 
10:1 is not sufficient to keep the “control force" down to a figure which is reasonable 
for a man to exert under the existing operating conditions as to frequency and con¬ 
tinuity of effort. In such cases, it is possible to provide larger amplification by increas¬ 
ing the angle of wrap from 5.9 radians to 11.0 radians which will give an amplification 
of 80:1. 

In Fig. 14^129, the “control shaft" w'as fitted with a 15-in. diameter handwheel, 
and the “work shaft"’ was connected through gearing to the screws of the rolling mill 
which determine the thickness of the material being rolled. Each revolution of the 
handwheel produces a change of 0.001 in. in the thickness of the material. It is 
therefore possible for the operator to adjust the rolls with extreme accuracy to produce 
any desired thickness of material. The effort required was approximately 5 lb on 
the handle of the 15-in. diameter handwheel. 

A 1 -hp gearmotor was used to furnish power to the revolving drums. Full power 
is used only while the “control shaft” is being turned. When the “control shaft" 
is at rest, the motor is subjected to merely an idling load. 

An additional use for the torque amplifier is where synchronization of motion has 
to be provided between a very light piece of apparatus and a relatively massive piece 
of equipment. This can be done by installing a torqtie amplifier with a torque ampli¬ 
fication of 100:1. The light apparatus is connected to the control shaft and the 
massive equipment to the work shaft of the torque amplifier. The massive equip¬ 
ment will then be driven by the light apparatus at exactly the same speed and will 
impose only one-hundredth of the torque load on the light apparatus, 
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BEARINGS FOR INDUSTRIAL ELECTRIC MOTORS* 

BY J. W. Samzelius 

Mechanical Engineering Section of the Motor Division, Westinghonse Electric 

Corporation 

INTRODUCTION 

The electric motor is, from a mechanical viewpoint, the simplest of all power 
sources. This simplicity, as is usually the case with simple and functional designs, 
ifl the reason the electric motor is so dependable and easy to operate. By pressing 
a button or throwing a switch automatically, a motor may be started on a year-long 
continuous run or a short predetermined working cycle with no further attention and 
perhaps under very adverse conditions, such as heavy overloads, a gritty and dusty 
surrounding atmosphere, which may in addition be loaded with corrosive or explosive 
gas fumes, extremely hot or extremely cold surroundings, nearby water spray, or 
even submersion in water or other liquids. 

Those characteristics of the electric motor have become so well associated with the 
concepts of what the motor will stand that also the bearings, although no different from 
the bearings in any other machine, are expected to give equally good service with 
little or no attention. The design and the selection of proper bearings for the electric 
motor has therefore become a very important feature wdth all motor manufacturers. 
Much money and extensive engineering efforts have been expended by the leading 
manufacturers in attempts to make the bearing performance match, as nearly as 
passible, other features of the electric motor. 

If a motor is ordered and built for a particular purpose to operate under certain 
known conditions, the bearings may be designed or selected to meet such purpose or 
condition, and the experienced designer may not have much difficulty in making the 
proper choice. In the majority of cases, however, the designer of the motor does not 
know the purpose for which the motor will be used or under Avhat conditions it will 
operate, and therefore the problem is usually to select a bearing, which may be classed 
as universal, to take care of most prevailing conditions. 

The purpose of this subsection is to clarify some of the reasons governing the selec¬ 
tion of certain bearings for use in electric motors. 

SLEEVE- AND ANTIFRICTION-TYPE BEARINGS (GENERAL) 

Sleeve Bearings. A sleeve bearing is the stationary support or guide for a revolv¬ 
ing shaft. Usually the bearing is made from a metal having very different characteris¬ 
tics and properties from the material in the shaft. As one of the desired characteristics 
is softness, low strength is a consequence. Therefore the bearing is usually made in 
two pajts, a soft, thin lining for wear and adaptability and an outer shell for the 
support of the soft lining. In machines with very rigid shafts, where the deflection 
of the shaft inside the bearing is negligible but where shock loads and severe vibrations 
would pound out a soft lining, as, for example, in railroad trucks and in crankshaft 
bearings for large internal-combustion engines or in geared applications, the bearings 
are usually made from comparatively hard bronzes without lining or with a very thin 
lining, as tliin os 0.005 in. 

Some linings are made from expensive silver alloys, others from inexpensive 
lead-base babbitt. lieccnt experiments with an aluminum-tin alloy bonded by a 

* Superior number refers to a specific reference listed at the end of this subsectiofl. 
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prooeas developed by the Al-Fia Coiporatlon of J^mtdca^ New York, claimed to be 
gijod. The Aluminum Company of America is Bering solid wall hearings from its 
aUoy Noo 750, intended for large diesel engines^ As alloy is not too expansive, 
it is possible that the simpler method of manufacture will make this (me^piece bearing 
most economical. 

The metaUic lining or shell does not support the shaft directly when miming; only 
during prolonged periods of rest does the shaft come in metallic contact with the lining. 
Since tms condition usually exists when the machine is started from rest, the frictional 
resistance is high, and the wear on the lining may be excessive. During running, the 
shaft is supported on an oil him which, depending upon the defflgn and the dimenmns 
of the bearing, as well as the type of oil and the means for its circulation, may vary 
from only microscopic thickness to several ^lousandths of an inch. It may also mcert 
considerable hydrodynamic pressure on the shaft, suhicient actually to support the 
shaft and whatever load the shaft may carry. The friction loss in the properly lubri¬ 
cated bearing is purely the result of fluid shear in the oil film, and the magnitude of 
the loss depends upon (1) the area of shea^* (2) the rate of shear, which increases with 
increased velocity and decreases with increased film thickness, and (3) the viscosity 
of the lubricant. In properly designed and lubricated l>earing6, the friction loss when 
running is of relatively small order. 

In this class are included all bearings known as slide or glider bearings for both 
radial and axial or thrust loading. Best known of these bearings are perhaps the 
Kingsbury tlirust bearing and the closely related Michell hearing, which have found 
extensive use in large water w^hecls and turbogenerators. Simple modifications of 
this type of bearing are also used as thrust bearings in small high-speed vertical 
motors. * 

Other types of cam bearings or multiple-collar bf^arings, sometimes made from 
nunmetallic materials such as rubber or plastic, although important in certain fields 
and applications, have found little use in eleclric motors. 

One type of sleeve bearing which is extensively used in small electric motors is the 
oil-impregnated powdered-metal bearing, but applications of tlxis bearing are limited 
to light-load and -duty operation, such as household appliances, small fans, etc. 

AntifrictiDn Bearings. Antifriction bearings are usually understood to be ball and 
roller bearings, including the needle roller type. The term “antifriction bearing” 
must not be construed to mean that these bearings arc not subjected to the funda- 
mental laws of friction. CH'ing to distortion of the rolling elements and the raceways 
under load, the motion is not a pure rolling motion, hut includes some local sliding 
between halls and raceways which introduces minor frictional forces. In addition, 
the retainer or separator, which keeps the rolling elements distributed over the entire 
bearing, introduces sliding friction of appreciable magnitude, although far smaller 
than the frictional losses found in the average sleeve bearing. 

Ball bearings of different makes and of different types have very important design 
features which will make one bearing differ very much from another as far as its load 
rapacity and life are concerned. It is therefore important to select the proper bearing 
for each application. 

As the balls are always of the same geometrical shape, the difference is usually 
found in the ball tracks of the two races, e.p., deep-groove bearings, angular-contact 
bearings, double-row bearings, self-aligning bearings, etc. The assemblmg method 
and the construction of the retainer are also factors affecting the capacity and the 
serviceability of the bearings and must therefore be taken into account when selecting 
a bearing for a certain application. 

Roller bearings, by virtue of greater area of contact between rollers and races, are 
theoretically capable of carrying heavier radial loads and are for this reason often 
used in heavy-duty motors like the mill and traction types. The cylindrical roller 
bearing, however, has very small thrust capacity, and also, as it is more apt to be 
noisy, particularly at high speed, it has not found much use in the industrial motor 

* The WeatinahotiBe Eleetric Corporation Bome Ifi years hko, in the davelopment of a new hi^-apeed 
vertical rayon-Bpinninjg motor, madB very suBoeasful use of a flexibly supported shoe throat bearing for 
the loweit bearing of thia 10,to 12,000*i'pin motor. 
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SELECTION OF PROPER BEARINGS FOR THE ELECTRIC MOTOR 

The igenerAl trend is toward the use of ball bearings in the electric motor. There 
are many Sound engineering reasons for this, but demands from the trade have to 
some extent accelerated the adoption of the ball bearing for this service. 

The standardization of ball and roller bearings over a wide range of sizes, which 
permits interchangeability of different manufacturers' products and simplihes the 
obtaining of spare bearings for replacements, is a factor that has promoted the popu¬ 
larity of these bearings. The demand for ball bearings in the electric motor has stead¬ 
ily increased so that today the great majority of motors built are equipped with ball 
bearings. 

The advantages of the ball bearing are many and varied, and any one of its good 
points may be the most important feature in a certain application. For example, the 
less space occupied may be of prime importance. This is often true in the machine- 
tool industry and marine applications. Practically no danger of oil leakage and very 
infrequent lubrication may be of paramount importance in another installation, e.j/., 
in the food-processing or clothing industry. Still, in another case, low friction at 
starting may be the most important (in dynamometers, for example), while in some 
other service, little or no end play may be a necessary feature. 

The one outstanding feature and advantage of the ball bearing, which by itself 
alone would justify the important place it occupies in the electric-motor indu.stry, is 
its ability to carry a heavy thrust load in addition to a radial load. It would be diffi¬ 
cult to picture many present-day machines without the ball bearing to carry thrust 
in a simple and efficient manner. The electric motor is better because of this impor¬ 
tant feature of the ball bearing. 

Another feature of the ball bearing which is valuable to the electric motor is its 
negligible wear. This feature practically guarantees no change in the rotor air gap, 
and thus the efficiency of the motor is mamtained through its entire life. Ball-bearing 
wear is usually caused by dirt or by corrosion. Generally such conditions are accom¬ 
panied by noise and vibration, indicating trouble. Replacement of the bearing can 
thus be accomplished before any damage is done to the motor. 

Boll Bearings for Motors. The majority of ball bearings in use are lubricated 
with grease, of which there are many types with different chararteristics to meet 
different conditions with regard to temperature, speeds, atmospheric conditions, 
etc. In the electric motor, grease is the ideal lubricant because of the comparative 
ease whereby it is introduced and retained in the bearing housing, a feature which is 
particularly important as most lubricating oils are detrimental to the commonly used 
insulating materials in the motor windings and connections. 

More ball bearings fail from too much grease than from too little. More electric 
motors have failed from overgreasing than from insufficient lubrication, the impli¬ 
cation being that excess grease from the bearings may be very harmful to the motor 
as a whole. Frequent and indiscriminate greasing subjects the bearings and also the 
motor to many hazards. 

To remove such hazards from the most common sizes of commercial motors, the 
prelubricated and sealed ball bearing was introduced on certain frame sizes and for 
certain service by the Westinghouse Electric Corporation, and after careful study of 
closely kept service records from thousands of motors, the use of these bearings has 
now been extended to include general-purpose motors up to 75 hp at 1,800 rpm. 

These bearings are now a standard product with the leading ball-bearing manu¬ 
facturers and are available with different tj'^pes of greases for different applications, 
including silicone grease for extremely high temperaturee. 

The life expectancy of the prelubricated bearing, without any regreasing or upkeep, 
is the same as for a conventional bearing receiving the best of care and lubrication. 

The prelubricated and sealed bearing has proved to be a most valuable contribu¬ 
tion toward trouble-free operation of electric motors, a^id as the service records become 
more complete, it is probable that its use will be extended to even larger motors and 
to cover longer life expectancy. 

This bearing is equally satisfactory for vertical mounting. It probably has 
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even greater value as an aid to trouble-free op4n:^tion in euch applications, in^ 
much as an excess of grease in the upper bearing of a vertieal motor more readily 
finds its Vr'ay dotm onto the motor tivinding than the excess from a horizontafiy 
mounted bearing. 

The physical dimensions of available prelubricated and sealed bearings correspond 
to both the single- and double-row widths of both the light and medium series. The 
hall complement, however, is the same as in the single-row hearing. It is quite 
possible that regular-width double-row bearings with seals u ill soon be available. 

Ball-bearing MountingB. The simplest mounting is obtained when end thrust is 
taken in one direction only by each bearing (see Fig. 14-131). This mounting is pre¬ 
ferred wherever a small amount of end play is permissible so that no binding may 
occur from end to end; such binding may easily load the bearings to destruction. 
The end play must provide fur the aggregation of all machining tolerances in the com¬ 
ponent parts of the assembly, plus any difference in expansion between the shaft and 
the stationarj'^ assembly. Such expansion depends upon how the motor is ventilated 



Fig. 14 - 131 . JiHll-ljeariiiK assembly, SliRlit end play lets either beariiiK take thrust load, 
depending upnn the direetuin uf Llirust. 


and how high the total temperature may go. I'or every 12 in. of distance between 
bearings, 0,003 in. should be allowed. 

If the end play in a iiartieuhir motor must be less than the minimum obtained by 
satisfying the conditions outlined, any end play in excess of what is necessary for 
unrcstnc'ted expansion of the shaft may be taken out by installing shimming washers 
behind the outer race of the one or both bearings. 

If no end play is permitted outside the internal looseness in the bearings, the bear¬ 
ing at the shaft-extension end is locked on the shaft by a nub clamping the inner race 
against a shoulder of the shaft, while the outer race of the same hearing is clamped 
between a shoulder in the bore of the bearing housing and a suitable step cap over the 
housing (sec Fig. 14-132). The bearing at the opposite end must be made to float in 
its housing to allow'^ free expansion of the shaft. 

In applications w'hcre no end play can be tolerated, special bearings with no internal 
looseness are furnished by most manufacturers. The standard double-row bearing is, 
for practical purposes, free of internal looseness in the axial direction. Figures 14-133 
and 14-134 show the tw^o methods used for taking out looseness in the double-row bear¬ 
ing assembly. In Fig. 14-133, the grooves for the balls are spaced slightly closer in 
the outer race, and the resultant load components will then converge inside the bearing. 
In Fig. 14-134 the inner race is grooved wdth slightly less spacing than the outer race, 
and the resultant load components wdll be directed to converge outside the bearing. 
The former method is preferred in the electric motor as this bearing has some angular 
flexibility, permitting slight deflection in the shaft. The mounting of preloaded 
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beiurings very accurate machining and line-up of the parts, as even slight 

miaaligninent impose excessive loads on the bearings. 

Wear in a baU bearing is of such small magnitude that the air gap in the motor 
can be considered permanently uniform, provided that the shaft is made rigid enough 
not to deflect too much under the combined weight of the rotor and the bending 
mpments of all external shaft loads, plus any unbalanced magnetic loads acting on 
the rotor. As the efficiency of most types of motors is adversely affected by nonuni- 



Fio. 14>132. Ball-bearing assembly. Axial locking of the bearing at the driving end per¬ 
mits accurate line-up of rotating load. 

formity of the air gap, the shaft is designed to withstand these forces with little 
deflection, and consequently there is no need for self-aligning bearings in the standard 
electric motor. The self-aligning ball bearing has very low thrust capacity as com¬ 
pared to the rigid ball bearing and is for this reason not a suitable faring for the 
general-purpose motor. 

Motors with vertical mounting and hollow shaftiS, primarily for pump service, are 
manufactured in standard series by the leading electric-motor manufacturers. These 
motors are designed for heavy thrust loads. The top bearing usually takes the thrust 
and may be required to take thrust in both directions; the lower bearing is a guide 
blearing. 

Since the shaft is made hollow to admit the pump shaft to the clutch on the top 
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ijf the motor, tho beaxinge become i|uite large^ and in the larger ratings the relatively 
high speed attained by the balls and their retainers introduces a problem of lubtica^ 
tion. It has been found that, where the speed is very high, grease, particularly if 
there is an excess, will exert a drag on the fast-moving balls, therefore generating 
considerable heat which is harmful to both bearing and motor. 

In one particular case of failure of a large 3,600-rpm horizontal machine, it was 
found that the heat generated in the greasoiubricated bearing had expajuled the outer 
race until the bearing could not float and yield to the axial expansion of the shaft. 
The thrust load resulted in failure of both bearings. 

The problem of heat generated in the grease can be minimized considerably by 
not using more grease than necessary and by providing a grease overflow so that 
repeated refillinga cannot build up grease under pressure. 



Fio. 14-133. Tto. 14-134. 

Flos. 14-133 and 14-134. Direction of load components in double-row boarings with no end 
play. 


The speed limits for grease lubrication are discussed by R. K. Allen in his book, 
‘'Rolling Bearings.” ^ The speed of grease lubrication in ball bearings is limited by the 
formula: 


dXN ^ 


300,000 


where d = the diameter of the bore in the ball bearing in millimeterB, and N — rpm 
of the shaft. 


Fxaaiple; What is the maximum rprn for a grease-lubricated ball bearing of the 320 size? 
d = 100 mm. 


TIence 


100 X A ^ 


300,000 

\/lOO/50 


300,000 ^ 

^ ^ 2,100 rpm 

100 V2 


This formula is useful only as a guide, and it may have to be revised from time to 
time because of new and improved materials and designs. The factors likely to cause 
changes in this formula are improvements or developments iii the greases and possibly 
new types of ball retainers. Other factors that may affect present concepts of maxi¬ 
mum speed of the bearings are superfiiiish of the surfaces and demands for higher 
speeds, even at the cost of shorter life. 

Regardless of how the limit of speed for grease-lubricated bearings is established, 
experience has shown that, for very high speeds, oil lubrication is more satisfactory. 
No doubt there is a wdde region at moderate speeds where either system may be used 
successfully, so the designer may have his choice, but as the oil-lubricated bearing is 
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very important, some of the designs that have been used in the electric motor will be 
discussed. 

The problem of supplying the right amount of oil at all times to the bearing with¬ 
out risk of oil leakage has led to a number of more or less complicated designs or sys- 



Fio. 14-136. Downward-thruftt bearing in vertiral hollnw-shafi pump motor. 



Fio. 14-136. Duplex downward-thrust bearing, fully submerged in oil while at rest. 

terns. The quantity of oil required in the ball bearing is very small; an oil mist is 
sufficient, but if such mist is generated in the bearing housing by agiUition, the quan¬ 
tity is difficult to control. The mist formation depends partly upon the viscosity of 
the oil, and as the viscosity is a function of temperature, which varies considerably 
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from th6 condition at start and until the maximum temperature is reached, the bearing 
might be starved for oil or may be flooded as the temperature changes. 

Wit^ this type of oil lubrication the bearing is stari^d up from rest in a more or 
less dry condition, and if the rest periods are prolonged, as in the case of st&nd-by 
machines, corrosion may become a problem in the dry bearing. Atomization of the 
oil by means of compressed air is more positive and easier to control, but such systems 
become complicated and expensive for individual machines. Condensation of vapors 
in the air may be difficult to extract, and water is detrimental to proper lubrication. 

A design that has proved reliable and satisfactory in large vertical hoUow-shaft 
motors and at the same time is simple enough to be practical is shown by Fig. 14-135. 
The objection raised above with regard to danger of corrosion is possibly its greatest 



Fig. 14-137. Duplex downward-thrust bearing, lubiiBatod during running by trickle fecsd. 

fault. Another objection from the manufacturing standpoint is that, if the same 
frame and bearing assembly is used for machines of different speeds, the tapered collar 
which pumps the oil to the bearing, as well as the surrounding walls of the oil reservoir, 
must be changed to correspond with the change in speed. 

A better method, which has found extensive use in large vertical machines but also 
lends itself to industrial motors, is shown by Fig. 14-136. The bearing during rest is 
completely or partly submerged in the oil and is thus protected from corrosion. When 
the motor is started, the oil is thrown out of the bearing into the annular oil reservoir 
surroimding the bearing. A small metering hole in a partition near the bottom of the 
bearing regulates the return flow to the bearing to the proper amount needed. When 
the motor is stopped, the metering hole equalizes the oil level, and the bearing again 
becomes submerged in the protective oil. This design has more flexibility for different 
speeds of the motor, as the size of the metering hole is the only detail that requires 
change. A similar method can also be used for horizontal mountings, but as the high- 
^t oil level must be well below the shaft to prevent oil leakage along the shaft, only 
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tke lowest part of the beariug, including the balls at the bottom] can be submerged 
m oil during rest. 

A vaoiation of a nonsubmi^ged bearing is shown by Fig. 14-137. The oil is pumped 
by a revolving collar through vertical ducts to the top of the bearing] where small 
metering holes admit a small quantity of oil to trickle down through the bearing. 
This design will also permit different speeds with simple alterations of the parts. 
Figure 14-138 shovrs a horizontally mounted bearing with oil lubrication] where the 
is delivered to the bearing by an oil ring. This method works satisfactorily where 
the speed of the shaft is not extremely high. 

fiall-bearing Assembly. Tlie following points should be observed in mounting 
prelubricated and sealed ball bearings in electric motors: 

The bearings are mounted by pressing the bearing onto the shaft against an inter¬ 
ference fit of about 0.0005 in. per in. of shaft diameter. The mounting is preferably 



Fig, Oil-ring-lubricated ball bearing in horizontal machine- 


made by pressing on the inner rare, using a tubular square-ended tool, which is guided 
BO that it cannot exert pressure on the ball retainer or outer race. The prelubricated 
bearing does not lend itself to mounting by a shrinking-on method, as the heal required 
for expansion may injure the sealetl-in lubricant or the seals of the bearing. The final 
location of the bearing is deierinined b 3 ' a shoulder of less height than the radial 
thickness of the inner race. The shoulder height is limited to be less than the height of 
the inner race in order to provide a grip or a hold for a bearing puller by which the bear¬ 
ing may be pulled off without injury. 

The bore in the bracket housing is made to give a close ht around the bearing but 
without actual interference. Owing to the close fit, there is a tendency for the bracket 
to cock and bind if it is not entered and pushed on absolutely square. Such binding 
should be overcome by tapping the bracket lightly near the center of the bearing hous¬ 
ing. Repeated cocking by hard blows at the rim must be avoided, as this may per¬ 
manently distort the bearing races by brinelling. 

The safest way to remove the bracket is to use a suitable puller, which engages in 
two diametrically located boltholes, and a jackscrew against the end of the shaft. 
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For similar teascms of {iffotectuig th& bearinl^fii frc^tn iajuiitmB shocks prbr to put^^juif 
the motor in service, care should fee taken when mounting jmDeys or otheif 
takeoffs on the shaft extension that no heavy blows are sisnck in the axial direetiofL. 
Any such mounting should be made by li^t tapping with a mallet or with suitable 
press tools. If heavy jMunding is necessary, the fit is too tight and should be relieved 
to where light tapping is sufficient. 

Sleeve Beatings. The sleeve bearing is still a very important part of pres^tt^y 
ijiaehiiie design and di^erves full consideration in any discussion of bearings and choice 
of bearings for electric motors. 

The one outstanding advantage of the sleeve bearing, which is entirely lackmg in 
the ball bearing and which is of great value in the assembly of, for example, motor- 
generator sets, is the fact that it may be made split, p^mitting assemblies which others 
wise could not be made or would involve complicated design. Another advantage 
of the sleeve bearing in electric-motor applications is that the cushioning and damping 
effect of the oil film tends to make the motor run very smoothly and quietly, wMch, 
at high speed in particular, usually makes the sleeve-bearing motor the better per¬ 
former. Some users prefer the sleeve bearing because it is comparatively easy to 
repair after a burnout, and thus it may not be necessary to carry spare bearings. 

In case of a complete bearing failure, however, extensive damage may be done to 
the rest of the machine. In the electric motor, the windings and the shaft are almost 
certain to become damaged in case of a sleeve-bearing burnout, and therefore not too 
much weight should be placed on eas}^ repair of the bearing. It is better to choose a 
bearing which will not cause extensive damage in case of a failure. 

The sleeve bearing, because of its loose fit over the shaft journal (the looseness is 
usually 0.001 per in. of diameter and is never less than 0.002 for journals over 1 in, in 
diameter), permits easy assembling of the end bells to the frame. In this connection 
the end boll should be turned upside down w^hile pushing it over the shaft so that the 
oil ring does not interfere with the entry of the bearing over the shaft. Even mild 
attempts to force the bearing on the shaft if the oil ring is interfering may distort the 
oil ring so that it fails to revolve freely with the shaft. The result will generally be a 
bearing failure. 

The thrust capacity for continuous load is very small in the average sleeve bearing, 
yet the ability to take axial shocks at standstill is ordinarily greater than in corro- 
spouding size ball bearings. Tlierefore there is leas danger of doing injury to the 
bearing in mounting pulleys or couplings on motors equipped with sleeve bearings. 

Foreign matter is destructive to all bearings, and provisions must be mode in the 
mounting to exclude gritty dust as completely as possible- If foreign matter, regard¬ 
less of all precautions, enters the interior of a sleeve bearing, the danger of damage is 
usually less than if it enters a ball bearing- In ihe sleeve bearing, foreign matter is 
often carried away with the oil and may settle out in the bottom of the oil reservoir 
where it is harmless. If abrasive material lodges in the babbitt, it may score the 
hardest journal to destruction with no indication other than a rise in the temperature 
of the bearing. This may not be detected until after the damage is complete. 

Usually the end play of the rotor is made considerably larger in sleeve-bearing 
motnrs than in those equipped with ball bearings. The reason for this is that the 
thrust capacity of the sleeve bearing is so small that even the thrust caused by imper- 
f'^ct alignment of the magnetic and mechanical centers may be too much for the 
bearings. Liberal end play will permit these centers to line up automatically, and the 
cud thrust is thus reduc^. It is claimed that end play is occasionally beneficial 
because of less tendency for brushes on commutators or collectors to wear grooves 
which may cause binding and sparking. It is probably also beneficial for the distribu¬ 
tion of oil in the bearing. There is, however, danger of pumping action which may 
cause leakage of oil from the bearing, and it can increase the wear of the seals. 

The most common means for supplying oil to the sleeve bearing is by an oil ring 
which revolves with the journal, lifting oil from the oil reservoir below and depositing 
it on the journal at the top of the bearing through a suitable slot. The oil is .dis¬ 
tributed over the full length of the bearing by grooves provided in the lining, and the 
rotation of the journal builds up a high-pressure oil film on which the joun^ fioats 
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with v&ry little frietional resistanne. This ia the ideal condition which ahould prevail 
in all bearinga having full fluid lubrication) and when it cxista, good performance 
results. Unfortunately, the ideal ia not always attained, and in the electric motor 
there are many instances or reasons why the ideal cannot be obtained. The moat 
obvious of theao reasons is that, in case of an external load in form of a belt or gear 
drive, the direction of the load may be anywhere around the 860 deg of the bearing. 
Therefore the oil grooves, which should not extend through the high-pressure area 
(which is approximately the loaded side), may be at the wrong location and thus 
oppose the build-up of a high-presnurc film in that area. 

Another reason why the sleeve bearing in the electric motor may not alvrays work 
under the best conditions is the fact that the electric motor, because of its versatility, 
uften is operating on a cycle with frequent starts and stops. At every start it takes a 
few revolutions to build up the oil film. In the inrantiinp, the friction and wear are 
high. If the side load is high and remains during shutdown, as, for example, the load 



Fig. 14-1.^9. Sleeve beHTing with oil-ring lubrication and felt .seals around the .shaft. 

from initial belt tension, the oil is rapidly squeezed out from the loaded side, and even 
a short shutdown period will cause the bearing to start more or leas dry. The ideal 
application for a sleeve bearing is where the machine is miming for long periods of 
time without shutdowns. For frequent stops and starts the ball bearing will prove 
more satisfactory, not only because of less bearing troubles, but the lower bearing 
friction tends to reduce the starling time. As mentioned, the sleeve bearings of the 
electric motor are usually lined wdtb soft babbitt to accommodate shaft deflection 
inside the bearing. The longer the bearing is, the more the shaft wdll deflect, and the 
more there is need for such flexibility of the bearing lining. The length of the sleeve 
bearing used in electric motors in the past has been rather great: 2 to 2^ times and 
even 3 times the shaft diameter. Usually the bearing load, w'hen flgured as evenly 
distributed over the projected area or length times diameter, has been limited not to 
exceed 100 psi, depending upon the velocity of the journal. There has been a tendency 
recently to shorten the length and consequently, of n<^essity, to increase the unit 
loading, but no radical changes, as, for example, attempts to meet the dimensions of 
the ball bearings, have as yet been made in sleeve bearings for electric motors. 

Figures 14-139and 14-140 show two typical sleeve bearings wdth oil-ring lubrication. 
Figure 14-140 is made wdth an air by-pass which equalizes the air pressure inside and 
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outside the motor and thus pravents air from pasBing through the bearins» cutting down 
the oil leakage. 

Chl-xing-lubricBted bearings should not be used where the journal velocity exceeds 
1,800 fpm. For higher speeds, forced lubrication, preferably with cooling of the oil, 
should be used. For very bw journal speeds, a chain will cany more oil to the 
bearing than an oil ring and is therefore often used for such cases. 

Waste-packed bearing are used in many places where speeds are not too high and 
the load is light, but this type of oiling is not used extensively in general-purpose 
motors. 

It is passible that future developments in the field of superfinish of both journals 
and bearings will permit very thin oil films (boundary lubrication) to separate effec- 



Fio, 14-140. SBaled-sleeve bearing with air by-pass. 

lively the metallic surfaces at very much higher pressures than have been considered 
safe so far and thus bring about a revival of the sleeve bearing better to fit the present 
needs. 

MOTOR BEARING MAINTENANCE 

The time is past when the oiler's work was classified or rated with the floor 
sweepers. With the high cost of shutdowns for repairs, the oiler’s work has become 
very important and requires a high-class man properly trained for the work. 
The oiler should be trained to recoguize signs of weakness in the bearings, such as 
small but unjustified temperature rise, different noises, vibrations, and appearanxve of 
the oil which may indicate o^dation or rise in acidity, and should make reporta 
regarding these symptoms. In this way, bearings can be prevented from failing at 
the most critical moments of production, thus saving considerable expense. In 
general, the recommendations for oil and grease as given by the motor manufacturer 
should be followed. For special conditions (usually atmospheric), the user can, if 
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weful perf^rmaixee r^eordB are kept, find ntore suitable lubricants for Ida particular 
oonditions. The oiler should be capable of keeping such records, 

^ Hie saoBt important eharacteristiea required of the pil for the lubrication of sleeve 
bearings are 

1. Correct viacoaity to assure best distribution of fluid-film formation for the eirist- 
ing operating conditions of speed, load, and temperature 

2. High chemical stability in order to resist oxidation and the formation of sludge 
or Boapy deposits 

3. High film strength to minimize friction and film breakdown where boundary 
oonditiDna exist 

4. Ability to resist mixing with water and forming emulsions 

Good grease for antifriction bearings should have 

1. High chemical stability, resisting oxidation and formation of nonlubricating or 
OOiTosive products 

2. Maximum resistance to separation of the nil from the soap base 

3. Correct consistency at operating temperature to form protective films, minimize 
leakage, and reduce power loss and heat generation to a minimum 

The most common cause for failure of motor bearings is the unduly tight¬ 
ened belt. The belt man, know'ing that the new belt will stretch, installs it extremely 
tight. The operators of the driven machine wfill usually keep the belt tighter than 
the horsepower rating of the motor requires, particularly if heavy peak loads are a 
characteristic of the drive. In such cases, an oiler can prevent trouble if he is capable 
of judging needed belt tension. 

Reference 

1. Allen, R. K. : ‘^Rolling Bearings,” Sir Isaac Pitman j& Sons, Ltd., Ijondon, 1945. 
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BALL BEARINGS. by Bryce Ruley 

I. Bingle-row radial ball bearings III. Double-row ball bearings 

II. Angular-contact ball bearings IV. Selfniligning ball bearings 

V, Ball thrust bearings 


EDITOR’S NOTE 

Antifriction bearings are now universally applied to every sort of plant and pro¬ 
duction equipment. It is important, therefore, that plant engineers and supervisors 
be reasonably well acquainted with the various types and their fuiictipnal character^ 
istics in order that they may use them intelligently. Inasmuch as plant supervision 
is seldom concerned with the initial selection of bearings for an original application, 
the procedure involved in such selection is omitted. Where such guidance is required, 
however, it may be obtained from bearing manufacturers’ catalogues or by consulta¬ 
tion with bearing engineers. 

The concern of plant supervision is mainly with bearing maintenance. This is 
treated in detail under the heading of Antifriction Bearing Fundamentals. A second¬ 
ary consideration is the understanding of the construction and functioning of the 
various types of bearings, which are covered in subsections Cylindrical and Needle 
Roller Bearings, The Tapered Roller Bearing, Self-*aligning Roller Bearings, and Ball 
Bearings. 

For a comprehensive treatment of the subject of antifriction bearings see the 
bibliography at the end of this section. For application data see manufacturers’ 
catalogues and application handbooks. 
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ANTIFRICTION BEARING FUNDAMENTALS 

BY Bryce Ruley and John C. Morgan 

Senior Engineer^ SKF Industries^ Inc. 

Engineerj Hyatt Bearings Divisionf General Motors Corporation 

Antifriction or rolling bearings are used primarily to reduce the friction between 
stationary and moving machine parts. Fundamentally they are superior to plain or 
sliding bearings because they have a much lower coefficient of friction, and their 
starting friction is not much greater than the running friction. 

Antifriction bearings are either of the ball or roller type. Functionally they are 
designed to carry either pure radial or pure thrust loads or a combination of both. 

Most ball and roller bearings are made up of an outer ring, an inner ring, and a set 
of rolling elements, balls or rollers, spaced by a cage or separator. The rolling ele¬ 
ments are the most important since they transmit the loads from the moving parts 
of ‘the machine to the stationary supports. Balls are, of course, uniformly spherical 
in form, but rollers may be straight cylinders, or they may be barrel- or cone- (tapered) 
shaped, or other forms, depending on the purpose of tlie design and the inventiveness 
of the bearing designer. The rings supply smooth, hard, accurate surfaces for the 
balls or rollers to roll on, while the cage or separator keeps them properly spaced 
circumferentially. Some types of ball and roller bearings arc made without sepa¬ 
rators, and some types of roller bearings are made with only the inner or outer ring, 
the rollers operating directly upon a suitably haidened and ground shaft or housing. 

BEARING LIFE 

The individual requirements of an application and the character of the load dictate 
the choice of bearing type; the size of the bearing depends ou the magnitude of the 
load. Bearings are rated according to the loads they are able to carry and the length 
of time they can carry such loads at certain speeds. A unique feature of antifriction 
bearings is that their useful life is not determined by wear but by fatigue of the 
operating surfaces under the repeated stresses of nonnal operation. Fatigue failure, 
which occurs as a progressive flaking or pitting of the surfaces of the raceways and 
rolling elements, is accepted as the basic reason for the termination of the useful life 
of a bearing, since all other types of failures arc usually regarded as preventable, 

Since the load on a bearing determines the severity of the stress on the bearing 
parts, it follows that, if the load is increased, the life of the bearing will be decreased, 
and, conversely, if the load is decreased, the life of the bearing will be increased. This 
relation is expressed by the equation 

Life « 

load* 

Thus, if the load on a given bearing is doubled, the life 1“ t" mr- 

eighth its former value. 

The life of a bearing under a given load will, therefore, be a certain number of 
revolutions. If this number of revolutions is used up at a relatively high rate, the 
life of the bearing will be correspondingly short. If the total number of revolutions 
is used up at a low rate, the life of the bearing will be correspondingly longer. The 
relation between life and speed is, therefore, expressed by the equation 
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All bearing-rating table® are baaed on extensive laboratory tests. When a number 
of apparently identical bearings are run to fatigue failure under a given load, a 
siderable dispersion is found in the individual bearing lives. This dispersion is shown 
by Fig. 15-1. Since the median life (Ufo at which 50 per cent of the bearings have 
failed) or the av&rage life (usually considered the life at which 60 per cent of the bear¬ 
ings have failed) are the most easily and accurately found, many bearing companies 
give their load ratings for some median or average life. This is usually given as so 
many hours median (or average) life at a certain speed in rpm. Other companies 
give their ratings in terms of the 10 per centfailMire point, accentuating the importance 
of reliability in bearing applications. A rough comparison con be made between 
bearings rated by different methods by the rule that average life is four to five times 


10 per cent failure life. 

Since laboratory tests of bearings are made 
under good operating conditions, some allow¬ 
ance must be made when operating conditions 
in applications are unusual or unfavorable. 
The original designer has usually provided for 
this by the use of a “service factor*’ based 
on Ilia own practical experience or on the 
experience and advice of bearing engineers. 

Many types of bearings can carry both 
radial and thrust loads. For a radial bear¬ 
ing that can do this, the combined load is usu¬ 
ally transformed into an equivalent radial load, 
i.c., a pure radial load, for which the bearing 
would have the same life as under the actual 
combined load imposed. Similarly, for those 
few types of thrust bearings which can carry 
combined loads, the actual load is transformed 
into an equivalent thrust load. Since the 
method of combining loads depends to a con¬ 
siderable extent on the internal design of the 
bearings and the method of mounting them, 
the reader is referred to manufacturers’ 
catalogues for specific formulas. 

The capacity of a bearing as indicated by 
its catalogue rating in terms of life and load 
can be realized only if it is properly applied 



NUMBER OF BEARINGS 
ric. 15-1. Life ditipersioiL. 


and properly protected by adequate seals and good lubrication. 


LIMITING SPEEDS 


One feature of bearing-rating tables is that they indicate limiting speeds above 
which the bearing will not operate satisfactorily. The designer is aware of this, of 
course, and gives it proper weight in the original selection of a bearing for a given 
application. The speed limits cannot be sharply defined since they depend on the 
type of bearing, the type of cage, and on the type and effectiveness of the lubrication. 
In general, catalogue limits should not be exceeded without consultation with bearing 
engineers. 


LUBRICATION 


The lubricant has four important functions in an antifriction bearing: 

1. Lubrication of the surfaces of the bearing where sliding may occur. These are 
the contacting areas between the rolling elements and the cages or separators, between 
rollers and guide flanges, and between the rolling elements and raceways. 

2. Prevent rust and corrosion by protecting the surfaces of the lolling elements 
and raceways. 

3. Conduct heat away from the bearing and from one bearing part to another. 

4. Seal out dirt and other corrosive or abrasive materials. 
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In Icrw^speiad applicatkynB, the luhricant may bo either greaae or oil. If grease is 
used, it should be chosen for proper consistency at the operating temperature of the 
bearing^ and the bearing housing should be filled about half full, never more than fnjoo- 
thirds fxdL Oil-bath lubrication ran be used for low and moderate speeds. The oil 
should have a viscosity of at least 70 sec Saybolt at the operating temperature, and 
ike oU lend should he approximately even with the center of the lowermost ball or rdUer 
when the hearing is sUUwruiry. 

At high speeds circulating oil is usually necessary. Tliis involves removing the 
oil from the bearing, circulating it through a cooling section, and returning it to the 
bearing. 

In general, for any given application, the best practice is to follow the manufac¬ 
turer's instructions both as to the type of lubricant and means and frequency of 
application. 

SEALS AND CLOSUEES ^ 

Since there is relative motion between the shaft and housing, some method must 
be used to seal in the lubricant and keep out dirt and moisture. This is the function 
of the seal. The seal may be an integral part of the bearing where the bearing can 



(•j fji Ik) 

Fio. 15-2. Seals: <a, b, d) plate seals; (c) grease-groove seal; (e, /, g, friction seals; 
3 , k) labyrinth seals. 


carry a sufficient lubricant for its operating life, or it may be a part of the housing 
itself. Although seals come in a wide variety of types, they may be divided into 
three general classes: plate seals, friction seals, and labyrinth seals. 

Plate seals are used with small ball bearings and grease lubrication when the 
operating conditions are not very severe. The dust plate is usually pressed tightly 
into a groove in the outer ring and comes close to but does not contact the inner race. 
The plate tends to keep the gn^ase in the bearing and gives some protection against 
the entrance of foreign material. This seal is frictionless. 

When the operating conditions are more severe, e,g., when dust or abrasive mate¬ 
rials are present, a more effective seal is required. One such seal consists of a felt 
ring held between two plates and pressing against a groove on the inner ring. This is, 
of course, a friction seal. It is much more effective in excluding dust and in retaining 
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the lubricant bfit tends to incren^ the total fKctkm of the bearing inat^lation^ Varia¬ 
tions of this seed are made with rubber and synthetic materials Used in place of feh. 

A of friction seal in common use consistia of a lelt ring which is moun^ in a 
groove in the bore of the housing end cover and presses against the shaft surface. 
This is a rather effective seal when new and properly made but tends to lose some of 
its effectiveness after running some time since no elastic force acts to keep the felt 
pressed against the shaft. 

Other friction seals have been designed which remedy this defect to a greater or 
lesser degree, A leather cuff has some elasticity so that the efficiency of the seal does 
not decrease very rapidly. This may be further increased by inserting a circular 
spring between two plates so that it gives an elastic pressure which holds the leather 
against the plate. Various other materials may be used in place of leather. 

Labyrinth seals consist of two closely fitting rings which have a tortuous circular 
passage between them. One ring is mounted on the shaft and turi^s with it, while 
the other ring is integral with the housing. This seal is frictionless but is somewhat 
more expensive than some other types of seals. 

l*late seals are used for grease lubrication only. Felt and other types of friction 
seals are used for both grease and oil lubrication, although felt seals for oil lubrication 
are usually used in conjunction with some other type of seal. Labyrinth seals are 
used for both grease and oil and usually are of special design to suit the operating 
conditions (see Fig. 15-2). 


SHAFT AND HOUSING FITS 

Ball and roller bearings are usually installed with either the inner ring or the outer 
ring a tight or interference fit. rraetices vary so widely, however, depending on the 
type of application, the type of bearing, and the character of the load, that new applica¬ 
tion should be made only with the advice and direction of bearing engineers. Existing 
applications are generally supplied with instruction manuals which cover this phase of 
bearing practice in specific detail. 

BEARING REMOVAL 

Inasmuch as bearings may be applied as nonseparable units, or they may be 
separable so that cither the outer ring or inner ring can be handled independently, it is 
important that the application be studied carefully to make sure that the force required 
to remove a bearing is applied to the proper, i.e., the tightly fittpd, part. Cleanliness is 
essential, of course, and the housing and machine parts adjacent to the bearing should 
be thoroughly clean. Proper care should also be exercised to avoid damage to the 
bearing in the process of removal. 

The arbor press is perhaps the best means of applying the force necessary to remove 
bearings or individual bearing rings from shafts or housings. Regardless of the 
means used, however, it is absolutely essential that the driving force be directed 
through the tightly fitted ring. 

Generally, when a piece of equipment is taken apart, the bearings stay with the 
member to which they are tightly fitted. Consequently, to remove a bearing, the pull 
or pressure should be exerted only on the tight member and so applied that it comes off 
straight and square, thus avoiding possible damage to both the bearing and the shaft 
or housing. It is important also that the force be applied only to the rings so that 
bearing seals or shields and separators or cages will not be damaged in the process. 
In the case of bearings that arc made with all three major components (outer ring, 
inner ring, and rolling elements) separable, both rings may often be a tight fit. Then 
each tightly fitted ring must be removed separately, taking the usual care to avoid 
loading other bearing parts. 

Bearing pullers are also a useful and convenient means of removing bearings and 
bearing rings. Driving bearings off with a hammer is the least desirable method 
although perhaps the one most commonly used. It is extremely haisardouB, but where 
there k no alternative, the following rules should be observed: 

1. Mount the shaft or housing in a vise wherever possible. Use wood blocks, 
leather, or metal guards to protect the parts from injury by the vise jaws. 
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2. Avoid using wood or soft metals for driving as splinters or chips may enter the 

hearing. 

3. Do not drive directly on rings, shields or seals, separators, or on the rolling 
element itself. 

4. In driving use smart, quick taps rather than heavy blows. This will prevent 
nocking. 

5. Tap alternately on opposite sides to make sure the bearing or ring will move 
uniformly off its seat (see Fig. 15-3). 



D E F 


Fia. 15-3. Bearing-removal methods. 

CLEANING AND INSPECTION 


After the bearings are removed, they should be thoroughly cleaned and inspected 
to determine whether they are in proper condition for reuse. 

Bearings should be placed in a metal basket and suspended in a container filled 
with light oil for thorough soaking. If the bearings are filled with lubripant in badly 
oxidized condition, they should be soaked in light oil heated to 180 to 200‘’F with some 
agitation in order to hasten the process. In case of extreme carbonization and sludg¬ 
ing, the bearings should be soaked in a commercial solvent or in a mixture of alcohol 
and kerosene or safety naphtha. Only clean rags should be used for wiping and 
handling. Cotton waste should never be used as the short threads may get into the 
bearings, 

A short clean bristle brush is helpful in dislodging dirt or scale from the bearing 
parts. Compressed air, free from condensed moisture and dirt, may also be used to 
blow out the bearings, hut the air should never be permitted to spin the bearings as 
the dirt or chips present may damage the operating surfaces. 

After bearings have been cleaned, they should be covered with rust-preventive 
oompound or light oil or grease and wrapped in clean oilproof paper. If the cleaned 
bearings are to be reinstalled within a period up to several da^^’S, they may be left in a 
closed container or pan completely immersed in oil. 

Before used bearings are reapplied they should be inspected carefully for damage to 
determine their suitability for reuse. Almost all the damage occurring to roller 
bearings is the result of improper handling or improper operating conditions. Only 
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pitting or may be due to natural cauaeB as thny oecur when the has 

reached the limit of i1« expected life. 

Pitliiyj or fiaHng generally appear on bearing operating surfaces that have reached 
the limit of their expected life, although they may also appear much earlier on Sur¬ 
faces stressed beyond the compressive endurance limit of the material* This phe¬ 
nomenon starts with the development of tiny fatigue cracks from which material 
fragments break loose, eventually developing craters and spreading over the entire 
suiface of the loaded zone* 

Cavities and indentations are forms of damage which are caused by the presence of 
dirt, chips, and even carbonized lubricants. These substances may be pressed into 
the roller and race operating surfaces and cause early pitting. A form of damage 
similar to the above but resulting from an entirely different cause and of more regular 
pattern occurs when bearings are subjected to vibrations or other very small moveh 
ments while the bearing is stationary. This is actually a wear conditipn which results 
in markings approximating the contact area of the ball or roller and called false 
hrinelling. True hrinelling is a series of nicks or indentations on the rings cor¬ 
responding to the spacing of the balls and rollers and is usually caused either during 
the application or removal if the driving force is permitted to travel through the rolling 
elements. Brinclling may also be caused by hammer blows or by the repeated appli¬ 
cation of ^ock loads far in excess of the bearing capacity. Smearing or scoring may 
be caused by careless assembly and by sliding contact between the rings and balls or 
rollers. Cratering is generally caused by electrical arcing resulting in annealing and 
due to rapid cooling, a rehardening of those points at which the spark occurs. There 
arc other types of damage, of course, for which the causes are more obvious, such as 
corrosion^ cracking^ and splitting of rings and balls or rollers, sejzing, and the results 
of the failure of cages or separators either due to wear or careless handling. 

BEMOUNTING BEARINGS 

Before remounting the bearing in its original position, the bearing seal should be 
thoroughly cleaned in order to avoid scoring of the bearing rings and improper seating 
against shoulders, counterborcs, etc. Housings should also be free from dust, dirt, 
and metal chips. The bearing seat and the bearing bore should be coated with lubri¬ 
cant to aid assembly and prevent formation of rust at the press fit. Any type of oil 
or grease is helpful, but best results have been obtained with lubricants containing 
graphite, zinc, or lead. 

The pressure required to drive bearings on shafts or into housings must be applied 
only against the rings, never against the balls, rollers, retainers, or snap rings. As in 
the case of bearing removal, the pressure should be applied to the race which rotates 
and therefore takes the tightest fit. The pressure should be evenly distributed over 
the end area of the race and applied straight and square to avoid cocking which may 
cause scoring and possible splitting of the end ring. 

Bearings may be assembled by the use of certain types of push-pullers, by arbor- 
press methods, and manually by the use of hammers and mallets used in conjunction 
with tubes and driving blocks (see Fig. 15-4). 

Hammers or mallets should never be used directly on the bearing parts. The 
driving should be done through drive blocks or pipes or tubing faced off square and 
capped with a steel block or cap. 

Large inner rings are usually heated in hot oil or in an electric oven to expand the 
bore sufficiently so that they may be shrunk in place on the shafts. Care should be 
taken with whatever method is used to heat the races uniformly to a temperature not 
exceeding 250“F. Temperatures above that may draw the temper of the races and 
cause soft spots rendering the race useless for further service. 

In case the ring has not expanded sufficiently to slide over the bearing seat, the 
shaft or journal may be shrunk somewhat by packing it in dry ice. Obviously the 
race must be slid into position smartly as any contact with the bearing seat will result 
in heat transfer and consequent expansion of the shaft itself which may be ra{nd 
enough to prevent the race from being located properly. 
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OA&E OF OTHER MACHIRE ACCESSORIES ASSOCIATED WITH 

BEARXHGS 

The closure or seal used at the shaft opening should be inspected each time a bear¬ 
ing is serviced or replaced. Seals are designed to serve two purposes: to keep the 
lubricant in and to keep dirt out. llioy should be replaced by new seals when an 
examination shows that they are failing to function properly in either respect. 

There are a great many types of seals, each designed for a difEerenb kind of applica¬ 
tion. One of the most common is a simple felt ring. Because they are eheap^ these 
rings can be replaced each time the machine is overhauled. They should be replaced 
oftener if they show evidence of wear, scuffing, or of becoming brittle. The one- 
piece stamped-ring type is preferable to the split-rim type. If the method of installa¬ 
tion requires that a split-rim washer be used, a single cut, on the bias, should be made, 
and care should be taken that the joint is closed properly and the washer assembled 
with distortion. Felt seals should be soaked in oil until thoroughly impregnated 
before they are installed. 

Friction-type seals are used where a more positive type of closure is desired. They 
have as the sealing element leather, asbestos, composition, or other suitable material, 
usually shaped to form a wiping lip. This lip is held against the shaft at a constant 
pressure by means of a spring, and the whole is assembled in a steel stamping. There 
are many variations of this basic design, such as double seals, felt and leather, or felt 
and composition combinations. 

The mounting of friction-type seals should be done with the greatest of care, as 
they are easily injured, and their effectiveness can be destroyed through mishandling. 
In most cases, the seal is mounted with the wiping lip toward the bearing, and since 
the inside diameter of the seal is less than the sliaft diameter, some difficulty may be 
experienced in starting the seal over the end of the shaft. All sharp comers and burrs 
over which the seal has to travel should be removed. A tapered or bulletHshapod 
adaptor, recessed to fit the shaft chamfer, should be used to carry the seal over the 
shaft end. If keyways or splines are present, the adaptor should be extended into a 
thin-wallerl thimble which will cover the undercut section of the shaft and carry the 
seal to the smooth section. The seal is then mounted in the housing in the same man¬ 
ner and with the same care as a roller bearing. A little oil or grease should be placed 
on the sealing element and the shaft lubricated to assist in mounting the seaL The 
seal should be moved along the shaft with a twisting motion to overcome friction. A 
thin coat of shellac applied to the outer surface of the steel stamping will aasisi in 
making the press fit more resistant to leakage. 

Gaskets are used to prevent leakage between mating flat surfaces and may also 
serve to adjust bearings. As they will become brittle with age and high temperature, 
gaskets should be renewed each time they are exposed for bearing inspection. The 
gasket should be fixed to one of the surfaces by a thin, even coat of shellac and per¬ 
mitted to dry before the parts are fastened together. I^se gasket material or frayed 
edges should be trimjned before assembly to prevent particles from getting into the 
bearing or into the lubricating system. Shims, either metallic or fibrous, should be 
examined wdth each bearing inspection. They should be cleaned and, if damaged 
in any manner that might affect bearing adjustment, should be replaced or repaired. 

Lubrication pla 3 '^s such an important part in prolonging the life of roller bearings 
that every precaution should be taken to ensure perfect functioning of all lubricating 
devices. This means that all channels for the flow of oil or grease must be cleaned 
thoroughly, oiling devices checked, and filters renewed if necessary. With grease 
lubrication, the vent holes should be checked, as pressure-gun greasing may cause 
overlubrication. Where felts or wicks are used in lubrication, they should be cleaned 
or renewed as often as conditions require. Any arrangement designed to maintain a 
constant oil level should be chocked from time to time to make sure It is functioning 
properly. 

Keys, splines, and grinding reliefs should be cleaned carefully during any bearing 
inspection or replacement. Dirt becomes trapped in these recesses and comers and, 
vrhen washed free by the lubricant, can become a source of bearing damage. Kew 
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XEQicluiie parta liaviiig keys, splines or grinding reliefs should be thoroughly washed 
with a petroleum solvent to remove any grinding or lapping compound that may still 
be present. 

Ibreaded sections should also be carefully cleaned before assembly. The nut used 
on the thread should be run up before assembling the bearing on the shaft. Thus, if 
the threads have been improperly cut or are damaged, they can be repaired without 
the necessity of removing the bearing from the shaft. 

Snap rings are very often used to retain bearings and races that are not secured 
by a heavy press fit. The snap-ring groove should be cleaned to remove all possible 
dirt and to ensure a firm seat for the ring. The snap ring should be ground or turned 
fiat and be free from burrs and sharp edges. It should also be shaped so that it fits 
the groove snugly, not being of such diameter that it bulges or twists so as to present 
an uneven surface to the bearing face. The snap-ring ends should be of such design 
as to permit the ring to be removed easily from the application. 

Washers should be flat and true to prevent distortion of the bearing when adjusting 
the assembly. They should be free from burrs to avoid scoring the shaft or indenting 
the bearing by breaking off and circulating with the lubriraiit. C'otter-pin holes 
should be cleaned with a stiff piece of wire to remove old grease and dirt. The cotter 
pin should be replaced after having been used once because repeated bending will 
weaken the legs and allow them to break while in operation. 

STANDARD DIMENSIONS 

Most types of bearings are made to standard dimensions so that bearings of dif¬ 
ferent manufacturers have the same external dimensions and tolerancics. Tliis is 
ti-ue even of bearings of different types, i.e., radial ball, angular-contact, self-aligning 
ball, and cylindrical roller types. 

It must not be assumed, however, that bearings of the same type and size are 
necessarily interchangeable. Various other factors affect functional interchange- 
ability. The requirement of each application dictates bearing choice, and substitutes 
for original equipment should be made only after careful and detailed comparison 
between the original and the prospective substitute. 

Bearing-standardization activity is now centered in the Anti-friction Bearing 
Manufacturers Association (AFBMA). Needless to say, the use of ball and roller 
bearings conforming with standardized dimensions is beneficial to the user since it 
provides the advantage of alternate sources of supply, generally better delivery, and 
lower cost. 

Tables 15-1 through 15-7c show the dimensions of AFBMA standard ball and 
roller bearings. 
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W 0 C,U 


TtUe 15-1. DimWBtonf Uetric KtdUl Beariogi 


Diameter serice 0 


^ Diameter eeriea 1 



Dimenaion Beries 10 Dimeaiioii Beries 3 


DimendcntttcieB 31 


7 .2738 19 

8 .3150 22 

0 .3543 24 

10 .3937 20 

12 .4724 28 

15 .5006 32 

17 .6693 35 

20 . 7874 42 

25 .9843 47 

30 1.1811 55 

35 1.3780 62 

40 1.6748 08 

45 1.7717 75 

50 1.9685 80 

65 2.1654 00 

60 2 3622 95 

65 2.5591 100 

70 2.7559 no 
75 2.9528 115 
80 3.1496 1 25 
85 3 3465 130 
60 3 5433 140 


100 3.9370 150 
105 4 1330 JOO 
110 4 3307 170 
120 4.7244 180 

130 5.1181 200 
140 5 5118 210 
150 5 9055 225 
160 6.2992 240 


180 7 0860 280 
190 7 4803 290 
200 7 8740 310 
220 8.6614 340 
240 9.4488 360 

260 10.2362 400 
2.80 n 0230 420 
300 n 8110 460 
320 12 5984 480 
340 13.3858 520 

300 14.1732 640 
m 14.0606 560 
400 15.7480 600 
420 16.5354 620 
440 17.3228 650 

460 18.1102 680 
480 18 8976 700 
500 10.6850 720 





■ OUTSiOE DIAMETER - 


.4724 1,5 
.4724 1.5 
.6118 1.5 
.5512 1,3,5 
.5906 1,3.5 

.6299 1.3,5 
.0290 1,3,5 
.7087 1,3,5 
.7087 1.3.5 
.7087 1,3,5 

.7874 1,3,6 
.7874 1,3,6 
.8661 1,3,6 
.8661 1,3,5 
0449 1.3,5 

.0449 1,3,5 
.9449 1,3,5 


16 .6209 8 

19 .7480 8 

ai .7874 8 
21 .8268 8 

23 .9055 8 

23 .9055 8 

26 1.0236 8 
26 L.0236 8 
26 1.0230 8 

30 1.1811 B 
30 1 1811 9 
34 1.3386 8 
34 1.3386 S 
37 1.4567 B 

37 1 4567 B 
37 1.4567 B 
41 1 6142 B 



.079 

28 

i 1024 

U3i5 

45 

1.7717 

8 

180 

7.0866 

.079 

56 

2.2047 

.079 

28 

1.1024 

1.3,5 

46 

1.8110 

8,6 

300 

7.8740 

.079 

62 

2.4409 

.079 

33 

1.2992 

1,3,5 

52 

2.0473 

8,6 

210 

8.2677 

.070 

64 

2.5197 

.079 

33 

1.2992 

1.3,6 

53 

2.0866 

H, 6 

225 

8,8583 

.079 

68 

2.6772 

.079 

35 

l.378( 

1,3,5 

66 

2.2047 

8,6 

250 

0.8425 

.079 

80 

3.1496 

.079 

38 

1 4961 

3,5 

60 

2.3622 

H.6 

270 

10.6299 

.079 

86 

3.3858 

.079 

42 

1 0535 

3,5 

67 

2.6378 

6,6 

260 

11.0236 

.079 

SB 

3.4646 

.079 

46 

1.8110 

3,5 

74 

2.9134 

8.6 

300 

11 8110 

.098 

0B 

3.7705 

079 

46 

1.8110 

3,5 

75 

2 9528 

8. 6 

320 

12.5984 

.0,98 

104 

4.0945 

.079 

51 

2.007C 

3.5 

82 

3 2283 

8,6 

8, 6 

340 

13 3858 

.098 

112 

4.4094 

.098 

50 

2 2047 

3.5 

90 

3 5133 

370 

14.5669 

.118 

120 

4.7244 

.098 

56 

2.2047 

3,5 

92 

3.6220 

8, 6 

400 

15.7480 

.116 

128 

6.0304 

.118 

65 

2.5591 

5 

104 

4.0945 

6 

440 

17.3228 

.118 

144 

5.6693 

.118 

65 

2 5591 

5 

lOG 

4.1732 

6 

4R0 

18 1102 

.157 

146 

5.7480 

.118 

74 

2 9134 

5 

118 

4 6457 

e 

500 

19.6850 

.157 

160 

6.2992 

.IIB 

74 

2.9134 

5 

121 

4 7638 

6 

540 

21,2598 

.157 

176 

6.9291 

.157 




133 

5.2362 

6 

580 

22.6346 

.157 

190 

7.4803 

.157 




134 

5 2756 

6 

600 

23.6220 

.157 

192 

7.5501 

.157 




135 

5 3150 

6 

620 

24.4094 

.157 

104 

7.6378 

.157 




148 

5.8268 

6 

650 

25.5906 

.197 

200 

7.8740 

.157 




150 

5.9055 

6 

700 

27.5591 

.197 

224 

8.8189 

.197 




157 

6.1811 

6 

720 

28.3465 

.197 

226 

8.8976 

.197 




183 

8.4173 

6 

760 

29.9213 

.236 I 

240 

9.4488 

.197 




165 

6.4961 

6 

790 

31.1024 

.236 

^48 

9.763S 

.107 




167 

6.5748 

6 

830 

32.6772 

.236 

264 

10.3937 


Note; 1, radial ball bearing; 2, Ijall bearingBi 3, anKular-^outact liall bearinj^; 4, douUe-row ball ^lingB; 


1161 













9SSS8 SRS8S SS8S8 SSiSf illll ISISI SS§ 


W. tin ANTiFRWTiON BEARIN0 FVNSAMENTALS 



Non*. 1, radial bail bearing; 2, jseir-aligninK bull b[*«nua»; 3, angiibir>contai;i ball bcaiinii^; 4, dnublft-row ball beariugs; 
i, eylindfleal loUa bnriogi; 6i iphcrical roller beariugs; or B^imugular bcariugii; S, doubl&>rDW cylindtical roller beating. 
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• STANDARD mMmmms 

TftMe 15-1. 0imen.sloiifl Metric IU4i«| Aeachicf (<7of^) 





Nvtb 1, radial Ml lieariiigSp 2. HelT-aliniina kiOl bearingB, 3, angular-cantaet ball beannga, 4. doaUe-rov ball beannca; 
3. cyliadncal roller beanaga, 6, sphencal roller beanogs,or apherangular bearingfi, R, double^ow cylmdnoalfoQer baaii^ga. 
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Table 15-2«u lYeedld Bearinge 

(N 0 inner race, oil holea) 


Table 16 -jib. Needle BeatlilgB 

(Oil holes) 



1 

1 M 


Bore, B 

Outside 
diaiii, D 

Width. W 

Fillet* 
radius, r 

0.3760 

0.8125 

0.750 

0.025 

U.5000 

1.0000 

0.750 

0.025 

0.6250 

1.1250 

0.750 

0.025 

0.7600 

1.2500 

0.750 

0.040 

D.B750 

1.3750 

0.750 

0.040 

1.0000 

1.5000 

1.000 

0.040 

1.1250 

1.625Q 

1.000 

0.040 

1.2500 

1.7500 

1.000 

0.040 

1.3750 

1.8750 

1.000 

0.040 

1.5000 

2.0625 

1.250 

0.060 

1.6250 

2.1875 

1.250 

0.06D 

1.7500 

2.3125 

1.250 

0.060 

1.8750 

2.4376 

1,250 

0.060 

2.0000 

2.5625 

1.260 

0.060 

2.2500 

3.0000 

1.600 

0.060 

2.5000 

3.2500 

1.500 

0.080 

2.7500 

3.5000 

1.500 

0.080 

3.0000 

3.7500 

1.500 

0.080 

3.2500 

4,2500 

2.000 

0.080 

3,5000 

4.5000 

2.000 

0.080 

3.7500 

4.7500 

2.000 

0.100 

4.0000 

5.0000 

2,000 

0.100 

4.2500 

5.2500 

2.000 

0.100 

4 5000 

6.0000 

2.500 

0.100 

5.0000 

6.5000 

2,500 

0.100 

5.5000 

7.0000 

2.500 

0.100 

6.0000 

7.5000 

2.500 

0.120 

6.5000 

8.0000 

2.500 

0.120 

7.2500 

.9.1250 

3.000 

0.120 

7.7500 

9.6250 

3.000 

0.120 

8.2500 

10.1250 

3.000 

0.120 

8.7500 

10.6250 

3.000 

0.160 

8.2500 

11.1250 

3.000 

0.160 



Bovd, B 

Out.side 
diam, D 

Inner 

1 ill;; out¬ 
side 

diam, E 

Width, 

W 

Fillet* 

radius, 

r 

0.375D 

1.1260 

0.625 

0.750 

0.025 

Q.600Q 

1.2500 

0.750 

0.750 

0.040 

0.6250 

1.3750 

0.875 

0.750 

0.040 

0.7500 

1.5000 

1.000 

1.000 

0.040 

0.6750 

1.6250 

1.125 

l.ODO 

0.040 

1.0000 

1.7500 

1.260 

1,000 

0.040 

1.1250 

1.8750 

1.375 

1.000 

0.040 

1.2500 

2.0625 

1.500 

1.250 

0.060 

1.3750 

2.1875 

1.625 

1.250 

0.060 

1.5000 

2,3125 

1.750 

1.250 

0.060 

1.6250 

2.5625 

2.000 

1.250 

0.060 

1.7500 

3.0000 

2.250 

1.500 

0 060 

2.0000 

3.2500 

2.500 

1.500 

0.080 

2.2500 

3.5000 

2.760 

1.500 

0.080 

2.5000 

3.7600 

3.000 

1..500 

0.080 

2.7500 

4.2500 

3.260 

2.000 

0.080 

3.0000 

4.5000 

3.500 

2.000 

0.080 

3.2500 

5.0000 

4.000 

2.000 

O.lOO 

3.5000 

5.2500 

4.250 

2.000 

0.100 

3.7500 

6.0000 

4.500 

2.600 

0.100 

4.0000 

6.5000 

5.000 

2.500 

0.100 

4.5000 

7.0000 

5.500 

2.500 

0.100 

6.0000 

7.5000 

6.000 

2.500 

0.120 

5.5O00 

8.0000 

6.500 

2.500 

0.120 

6.0000 

9.1250 

7.250 

3.UOO 

0.120 

6.6000 

9.6250 

7.750 

3.000 

0.120 

7.0000 

10.1250 

8.250 

3.000 

0.120 

7-6000 

10.6250 

8.750 

3.000 

0.160 

a. (Kjoo 

11.1250 

, 9.250 

3.000 1 

O.IQO 


Table 16-2r. Needle Bearings 

(Wide type) 



Bore, 

B 

Out¬ 

side 

diam, 

D 

Over¬ 

all 

width, 

W 

Outer 

ring 

width 

-1-0.000 

-0.005, 

C 

Min. 
radius 
or 45“ 
bevel, 
r 

Inner 

race 

out¬ 

side 

diam, 

E 

Bore, 

B 

Out¬ 

side 

diam, 

£> 

Over¬ 

all 

width, 

W 

Outer 

ring 

width 

-f-0.000 

-0.005, 

C 

Min. 
radius 
or 45“ 
bevel, 
r 

Inner 

race 

out¬ 

side 

diam, 

E 

6.5000 

6.6000 

1.516 

1.500 

nn 

BJa 

10.000 

11.3750 

2.266 


0.100 

Mim 


7.0000 

1.B16 

■■rtiliM 


m 


11.8750 

2 265 

2.250 


io>K< 

6.6000 

am 

1.615 

1.500 




12.5000 

2.265 


0.120 

UM 

7.0000 

8.1250 

1.765 

1.750 


m 

11.6000 

lltgiTiTnil 

2.265 


0.120 

12 

7.6000 

8.6250 

Hiihl 

1 750 

IjR S 

7K 

12.0000 

13.5000 

2.265 

2.250 

0.120 

12H 

■HiliTiTil 

9.1250 

1.765 

1.760 


m 


14.1250 

2.516 

am 

kKhD 

13 

8.6000 

9.7500 




8‘Ki* 


14.6250 

2.515 

2 . SCO 

0.120 

133^ 

g.oooo 


2.015 





16.2600 

2.515 

2.500 

0.120 

14K« 

0,6000 




0.100 

01 Kb 



1 





* The Corner radius or charuf or on bearinfcs innsi clear the maximum fillet radius fi^ven in table. 
All races to have oil holra centrally located. 
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Table lfi-3. Tapered Holler Beaiinga {Cvrvl.) 
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ANTIFRICTION BEARING FUNDAMENTALS 
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Table 16-3. Tapered 'Rf>ller Bearings {Corit.) 




A^fTIFRICTlON BEARING FUNDAMENTALS 
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Sbc. 15] ANTIFRICTION BEARING FVNDAMENTAiJi 

Table 16-4. Dimensions of Wound RoUer Beaxinfis 



Inner rare inside 
diaiu, A 

1 

Roll ar 

in.HiiJi* 

diam, 

B, in. 

Oiitpr rar.p outside 

1 dium, C 

i . 

1 

Beai ing 
n'idth, 
Z), in. 

Rullpr 

diaui, 

E, in. 

(*omei chaiufpi 

Outer 

race 

hide 

dinni, //, 
in. 

Min 

In. 

Mm 

1 In. 

1 

Inner 

1 ai-f. F, 
in. 

Outer 

in. 

Light spriftfj 

30 

1.1811 

IH 

62 

2 4409 

'Ms 

5ifi 

0 082 

0 062 

M 

30 

1 1811 

ILi 

6'2 

2 4409 

Hi! 

Mb 

0.062 

0 062 

M 

35 

1.3780 

IH 

72 

2 8346 


H 

0 062 

0 062 

M 

36 

1 3780 

Hi 

72 

2.8346 

Hfe 


0 U62 

0 062 

M 

40 

1.5748 

2 

80 

3.1496 

1 

H 

n 078 

0.078 

M 

40 

1.5748 

2 

80 

3 1496 

iH 

H 

D 078 

0 078 

H 

45 

1.7717 

2M(i 

85 

3 3465 

IH 1 

H 

0 078 

0.078 

M 

45 

1.7717 

2'‘1b 

85 

3 3465 

Ih'e 

H 

0 078 

0 078 

M 

50 

1.0685 

2H 

90 

3.-5433 

V4 


0 078 

0 078 

Mb 

50 

1.9685 

2H 

90 

3 5433 

194 

M 

0.078 

0.078 

Mb 

50 

1.9685 

2H 

90 

3 5433 

3^ ' 

h 

0 078 

0 078 

“iB 

63 

2 1654 


100 

3 9370 

Hi'g 


0.094 

□ 078 

Mb 

55 

2.1654 

2H 

100 

3 9370 


Mo 

0 094 

0 078 

Mb 

55 

2.1654 

2H 

lOO 

3.9370 

BH 

M 0 

0.094 

0 078 1 

Mb 

60 

2.3622 


no 

4.3307 

IKg 


0.094 

0 094 

Mb 

60 

2.3622 


no 

4 3307 

P?i'8 


0 094 

! 0 094 

Mb 

GO 

2.3622 

2Ji 

no 

4.3307 

BH 


0.094 

0 004 

Mo 

65 

2.5591 

3K 

120 

4 7244 



0 109 

0 109 

H 

65 

2.-5591 

3^ 

120 

4 7244 

2Kfl 


0 109 

0 109 

M 

65 

2.5591 

Bli 

120 

4.7244 

4*i 


0 109 

0 109 

M 

70 

2.7559 

BHe 

125 

4.9213 



0 109 

0.109 

H 

70 

2.7559 

BHe 

125 

4 9213 

2H 

H 

0.109 

0 109 

H 

70 

2.7559 

3Kb 

125 

4.9213 

4H 

H 

0.109 

0 109 

\ H 

75 

2.9526 

BH 

130 

5.1181 

Hi 

H 

0 109 

0.100 

H 

75 

2.9528 

3H 

130 

5.1181 

2H 

H 

0.109 

0.109 

H 

75 

2.9528 

BH 

130 

6.1181 

5^ 


0.109 

0 109 

H 

BO 

3 1496 


140 

5.5118 


Kfl 

0 125 

0 125 

Kb 

80 

3.1496 

BH 

140 

5 5118 

2H 


0.125 

0.125 

Kb 

80 

3.1496 

B'^i 

140 

5 5118 

5Vi 

Mb 

0 125 

0 125 

Kb 

85 

3.3465 


150 

5.9055 

HK« 


0.125 

0.125 

Ko 

85 

3.3465 

4 

150 

5 9055 

2H 

fa 

0.125 

0.125 

Ko 

85 

3.3465 

* 

150 

5.9055 

5H 

H 

0.125 

0,125 

Ka 

00 

3.6433 


160 

6 2992 

2H« 

‘Mb 

o.m 

0.125 

Kb 

00 

3.5433 

4H 

160 

6.2992 


"Mb 

0.125 

0.125 

Kb 

00 

3.5433 

4M 

160 

6.2992 

5H 

‘Mb 

0.125 

0.125 

Kb 


1172 



STANDABD DIMENSIONS [ 3 * 0 , 15 


TUda U-4. Dlmeniioa* ol Wotmd Roller Aeirlag* (Coni.) 


lunar reoe inaids 
dium, A 

Eoller 

Buembly 

Outer race Dutsids 
diam. € 

Bearing 

Holler 

earner chamfer 

Outer 

race 

Mm 

In. 

inside 

diam, 

B, in. 

Mm In. 

width, 

D, in. 

diam, 
B, in. 

Inner 
raeo, F, 
in. 

Outer 
race, G, 
in. 

hole 

diam, U, 
in. 


light Beriea iConU) 


95 

3.7402 


170 

6.6920 

2Kb 

H 

0.156 

0.125 

Mb 

95 

.3.7402 


170 

6.6029 

3 

H 

0.156 

0.125 

Me 

95 

3 7402 

4M 

170 

6.6929 

6 

H 

0.156 

0.125 

Mb 

100 

3.0370 


180 

7.0886 


H 

0.156 

0.166 

Mb 

100 

3.9370 

AH 

180 

7.0866 

m 

H 

0.156 

0,156 

Mb 

100 

3.9370 

AH 

180 

7.0866 

6H 

H 

0.156 

0.156 

Mb 

no 

4 3307 

5H 

200 

7.8740 

2Mb 

H 

0.156 

0.156 

Mb 

no 

4.3307 

SH 

200 

7.8740 

3H 

H 

0.156 

0.156 

Me 

no 

4.3307 

5H 

200 

7.8740 

7 

H 

0.156 

0.156 

Mb 

120 

4.7244 

SM 

215 

8 4646 

2^He 

'Mb 

0.156 

0.187 

Mb 

120 

4.7244 


215 

8.4646 

W 

'Mb 

0.156 

0.187 

Mb 

120 

4.7244 

5H 

215 

8.4646 

7H 

"Mb 

0.156 

0.187 

Mb 

130 

5 llBl 

6M6 

230 

9.0551 

3K 

1 

0.156 

0.187 

Mb 

130 

5.1181 

6H> 

230 

9.0551 

iH 

1 

0.156 

0.187 

Mb 

130 

6.1181 

GHi 

230 

9.0561 

8A 

1 

0.156 

0.187 

Mb 

130 

5 1181 

6 

215 

8.4646 

AH 

H 

0 156 

0.187 

Mb 

130 

5 nai 

6 

215 

8.4646 

BH 

H 

0.156 

0.187 

Mb 

140 

5 5118 


250 

0.8425 

3M 

IMb 

0 210 

0.219 

Me 

140 

5 5118 

6H 

250 

9.8425 

AH 

1M« 

0 219 

0.219 

Mb 

140 

5 5118 

6^6 

250 

9.8425 

BH 

1Mb 

0.219 

0 219 

Mb 

150 

5 9055 

7M« 

270 

10.6299 

3H 

1Mb 

0.219 

0 219 

H 

150 

.5.9055 

7H» 

270 

10.6299 

m 

1Mb 

0 219 

0.219 

H 

160 

6.2992 

7H 

290 

11.4173 

3H 

IM 

0.250 

Q.250 

H 

160 

6 2992 

7H 

290 

11.4173 

AH 

IM 

0.250 

0.250 

H 

160 

6.2992 

7H 

200 

11.4173 

BH 

IM 

0.250 

0.250 

H 

170 

6 6929 

8H«i 

310 

12.2047 

6H 

iM 

0.250 

0 250 

'Me 

170 

6.6929 

BHs 

310 

12.2047 

lOH 

IM 

0.250 

0.250 

'Me 

IBO 

7.0866 

Si^a 

320 

12.5984 

5H 

iM 

0.250 , 

0.250 

'Mb 

200 

7.8740 

9H 

340 

13.3858 

4K 

IM 

0.250 

0.250 

'Me 

200 

7.8740 

9H 

340 

13.3858 

6K 

IM 

0.250 

0 250 

'He 

220 

B.6614 

10M» 

380 

14 9606 

6K 

iM 

0,250 

0 250 

'Me 


Medium Beriee 


25 

0.9843 

IH 

62 

2.4409 

IM 

Mb 

0 062 

0.062 

H 

30 

1.1811 

IH 

72 

2.8346 

1Mb 

H 

0 062 

0 062 

H 

30 

1.1811 

IH 

72 

2 8346 

'Me 

H 

0 062 

0.062 

H 

35 

1.3780 

IM 

80 

3.1496 

IM 

H 

0.062 

0 078 

H 

40 

1.5748 

2 

90 

3 5433 

IMb 

He 

0.078 

0.078 

Me 

45 

1 7717 

2H 

100 

3.9370 

IMe 

H 

0.094 

0 078 

He 

50 

1.9685 

2M 

no 

4,3307 

IM 

'Mg 

0.094 

0.094 

Mb 

55 

2 1654 

2H 

120 

4 7244 

I'Mb 

'Kb 

0.109 

0.109 

H 

60 

2 3622 

3 

130 

6.1181 

2H 

H 

0.125 

0 109 

H 

65 

2.5591 

3H 

140 

6.5118 

2Me 

'Mb 

0.125 

0.125 

He 

70 

2.7559 

3H 

150 

5.9055 

2H 

M 

0.125 

0,125 

Me 

75 

2.9528 

3M 

160 

6.2992 

2'Hb 

'Mb 

0.156 

0.125 

Mb 

80 

3.1496 

4 

170 

6.6929 

2»Mb 

1 

0.156 

0.125 

Mb 

85 

3.3465 

AH 

180 

7.0866 

2H 

1 

0.156 

0.156 

Mb 

90 

3.5433 

4H 

190 

7,4803 

3 

IMe 

0,187 

0.156 

Me 

95 

3.7402 

4M 

200 

7.8740 

3Mb 

IH 

0.187 

0.156 

Mb 

100 

3.9370 

5 

215 

8.4646 

3>4 

IH 

0.187 

0.187 

Me 

no 

4.3307 

6H 

240 

9.4488 

3M 

IM , 

0.219 

0.219 

Me 

120 

4.7244 

6Me 

260 

10.2362 

AH 

IH ' 

0.250 

0.250 

Me 

130 

6.1181 

6Me 

280 

11.0236 

AH 

-IM _ 

0.250 

0,250 

^ _ 
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ISI ANflFniCTlON BBAFtim FUmAMBNTALB 

TaUe IMSb Dimeitidiotis df Wftimd Roller SpUt-race Beating 



ITTTTTTI,,. 


•/77'T' 


fnjn^ 


Sl^aft 

Ouisidc 
diam of 
bearing, 
B, in, 

Bearing 

Shaft diameter limita 

Houeing bore limita 

Roll ere 

diam, a, 
in. 

width. C. 
in. 

High 
limit, in. 

Low 

limit, in. 

HiKh 
limit, in. 

Low 

Bmit. in. 

No. 

Diam 

1 


1 

I>ii 

2 

2>i 

3 

4 

1.000 

0.0B7 

1.B40 

1.938 

7 


IH 

2H« 

2 

2W 

3 

4 

1.125 

1.122 

2.190 

2.188 

8 

Mb 

nu 

2H 

2 

2H 

3 

4 

1.188 

1.185 

2.377 

2.375 

7 

W 

i>i 

2jf« 

2 

2Va 

3 

4 

1.250 

1.247 

2.440 

2.438 

8 

K 

m 

2K« 

2 

2 Vi 

3 

4 

1.375 

1.372 

2.566 

2.563 

6 

h 

n{6 

2^4 

2 

2H 

3 

4 

5 

1.438 

1 435 

2 7,52 

2.750 

8 

M 6 

1 

2^«iB 

2 

2^ 

3 

4 

3 

1.500 

1.4D7 

2 815 

2.813 

8 

K« 

iH 

21“fB 

2 

2,^2 

3 

4 

1 625 

1 622 

2 040 

2.938 

8 

Mb 

IMIb 

3 

2 

a 

4 

1 688 

1 685 

3.003 

3.D00 

9 

Mb 

IH 

3Mii 

2 

4 

5 

1.730 

1.747 

i_ 

3.066 

3.063 

9 

1 

Mb 
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Table IS-Ii, Hisabiisioai of W<»ind Ifc^er .^g^t-iaee Bearings (Conf.) 


Shaft 

Outside 
diam of 
beariniC, 

B, in. 

Bearing 

Shaft diameter liicdta 

1 HmiiSag bme 

EoUera 

diam. A, 
in. 

width, C, 
in. 

High 
Limit, m. 

Low 

limit, in. 

mgh 
limit, in. 

Low 
limit, in, 

No. 

Diam 

IH 

3H6 

4 

5 

[ 

1.375 


3.191 

3.188 

10 

Ke 


3Ji« 

4 

5 

6 

1.938 


3.441 

3.438 

10 

H 

2 

3M 

3 

4 

5 

2.000 


3.503 

3.500 

g 

H 

2H. 

4H. 

’ 3 

i 5 

2.18S 

2.185 

4.191 

4,188 

8 

H 

2W 


3 

4 

6 

6 

2.250 

2.247 

4.253 

4.250 

8 

H 

2^6 

4M5 

& 

2.438 

2.435 

4.666 

4.563 

8 


ZW 

4« 

3 

5 

1 ^ 

7 

2.500 

2.497 

4.828 

4.625 

8 


2« 

4H 

4 

1 6 

6 

2.750 

2.747 

4.878 

4.875 

0 


3 


4 

5 

6 

7 

3.000 

2.996 

5.254 

5.250 

9 

i 

1 

1 

m 

AH 

4 

5 

7 

3.500 

3.496 

B.120 

6.125 

12 

IH 

4 

0« 

4 

5 

6 

7 

4.000 

3.996 

6.629 

6.625 

14 

m 

4>i 

7H 

4 

5 

6 

7 

4.500 

4.496 

7.380 

7.875 

14 

IH 

5 

7H 

4 

5 

0 

7 

5.000 

4.095 

7.880 

7.875 

15 

ihi 

8 

m 

6 

6 

7 ; 

6.000 

5.995 

8.880 

8.876 

18 

ihi 

7 

lOH 

7 


6.995 

10.130 

10 125 

16 

iH 
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Sao. 15] 


ANTlFRlCTiON BMRINO FUNDAMENTALS 

Table 15*5. Dimenfliiins of Solid Roller BeaxiiiKS 




Shaft 

diani, 

A 

Out¬ 

side 

diam, 

B 

Width, 

C 

Roller 

diam 

Shaft 

diAiii, 

A 

Out¬ 

side 

diam, 

B 

Width, 

C 

Roller 

diam 

Shaft 

diam, 

A 

Out- 

aide 

diam, 

B 

Width, 

C 

Roller 

diam 

Split rarps 

H 

IHb 

iH 

H 

IH 

24 

2 

Hb 





H 

IHb 

iH 

H 

IH 

2H 

2H 

H4 

W 


IH 

Hb 

H 

iHe 

2 

H 





H 


IH 

Hb 

H 

IHb 

2H 

H 




H 

IKs 

1 

H 

U 

IHb 

2H 

H 





H 

iHs 

IH 

H 

H 

IHb 

1 

Hb 





H 

1K« 

IH 


H 

IHb 

IH 

Hb 

H 

IHb 

1 

H 

H 

IHa 

2 

H 

H 

IHb 

2 

Hb 










IHb 

2H 

Hb 

Vh 

IHb 

1 

Hb 

H 

IH# 

H 

Hb 






IHb 

1 

H 

H 

IHb 

1 

Hb 

1 

IHb 

1 

Hb 

H 

IHb 

IH 

H 

H 

iMs 

iH 

H B 

1 

ijf. 

IH 

Hb 






IM# 

IH 

Hb 

1 

IHb 

IH 

Hb 


IHb 


H b 

H 

IHb 

IH 

H B 

1 

iH b 

2 

Hb 

1 H 

IHb 

1 

Hb 


1H« 

2 

Hb 

1 

IHb 

2H 

Hs 

1 H 

IHb 

m 

Hb 

% 

IHb 

1 

H 

1 

IHb 

1 

•4 

H 

IHb 

] 

Hb 

H 

iHe 

IH 

H 

1 

IHb 

IH 

H 

H 

IHb 

JH 

Hb 

H 

IHb 

IH 

H 

1 

IHb 

IH 

H 

H 

IHb 

2 

Hb 

H 

IHb 

iH 

H 

1 

IHb 

2 

H' 

H 

IHb 

2H 

Hb 

H 

IHb 

2 

H 

1 

IHb 

2H 

H 









1 

IH 

2 

Hi 


IHb 

1 

>4 

H 

IHb 

H 

Hb 

1 

IH 

2H 

Hb 

H 

IHb 

IH 

H 

H 

IHb 

1 

Hb 





H 

IHb 

2 

H 

H 

IHb 

IH 

Hb 

IH 

IHb 

1 

Hb 

H 

IHb 

2i.i 

•4 

H 

IHb 

iH 

H. 

IH 

IHb 

IH 

Hb 





H 

IHb 

IH 

Hb 

IH 

IHb 

2 

Hb 

1 

IHb 

1 

He 

H 

IHb 

2 

Hb 

IH 

IH 

IH 

H 

l 

IHb 

IH 

“IlB 

H 

IHb 

iH 

H 

iH 

IH 

2 

H 

1 

IHb 

2 

Hfi 

H 

IHb 

iH 

H 

IH 

IH 

2H 






H 

IHb 

2 

H 

IH 

IH 

2 

Mb 

IH 

I.H 

1 

H 

H 

IHb 

2H 

H 









H 

IHb 

1 

Hb 

iH 

iH 

1 

Hb 

iH 

Ui 

1 

Hb 

H 

IHb 

IH 

Hb 

IH 

iH 

IH 

Hb 

IH 

2 

IH 

H 

H 

IHb 

2 

Hb 

IH 

IH 

2 

H 

IH 

2 

2H 

4 

yi, 

IHb 

2H 

Hb 

iH 

IH 

2H 










IH 

2 

IH 

Hb 

IH 

2H 

IH 

H 

H 

IHb 

IH 

Hb 

IH 

2 

2 

Hb 





U 

IHb 

iH 

Hb 

IH 

2 

2H 

Hb 

iH 

2H 

iH 

H 


IHb 

2 

Hb 





IH 

2H 

IH 

Hb 

H 

IHb 

1 

H 

IH 

2H 

2H 

Hb 






Note: Aay roller aaoembly from the t&blee above may be used without the outer race. 
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Table 16-7a. Ball Thrust Bearings 


STANDARD DIMSmiOtfS ^ U 



i 

d 

tH ..<0 0 

ta lo ^ 

•n IQ e o 

Iliil 

iiii§ 

P4 ^ PH pH 

llfle 

pH pH p^ pH pH 

1.093 

1.831 

2.047 

uinipam 

3 

HI 

a 

lO 10 
<«< lo id 

lO 

oo eo 04 ct 
pH -H C4 04 C4 

a 

b- i>p b* a 

04 C4 54 04 04 

a a a a 

a a* 04 ea e 
n X X X '4< 

a 

ra a M 
^ ^ a 

5S. 

0 

1 

^ ^ ^ ^ 
s gqs 

hC" Hf ^ ^ 

SSSS3 

^ X a 0) 01 

sssss 

a a a a R 

sssss 

a a a 

s s 3 

< 

CD 

«Q 

Is 

d 

o « DO CO 

OQ ^ O «Q 

K h> 9 S 

CQ U3 DO O 

rW ^ 1-1 04 

Z.4409 

2.5197 

2 8740 

3 0709 
3.4&4S 

P5 O PH l^« 

m r- a a b> 
cc a a 04 
a 01 o a a 

a « ^ ^ 

X □ X a « 

PH a pH a 04 

a pH PH o a 
a X a a PH 

H|i a a a a 

pH n a 

a a <<< 

a X b. 

^ 00 X 

a a (p 


o-^ 

H 

10 O O (0 

P3 -w 113 

€4 ^ CQ 00 X 

V X b. t« X 

®§2BB 

a a o p >0 

Cl X « a a 

a a a 

a b. 5 

pH PH 04 


H; 

.a 


C4 N 1-1 
b- b. lO lO 

't 

o a o X X 
» eo m a o 
a a (0 r- b- 

a b. b- a 
a X X X a 
b» b. t- N 8 

a oS X 

X a a 

oS 

a 


'5 

B 

a 

C4 54 ^ 

a a a X X 

X a a o C4 

.-• IN 04 04 C4 

01 a a 

04 04 PH 

a 

04 

bD 

z) 

CQ 

s .2 d 
sa-S-- 

u 

^ ^ -e* 

W C4 « cl 

q o q q 

^ ^ Hjl ^ 

04 IN C4 C4 £4 

o o a o o 

^ ^ ^ ^ ^ 

C4 IN 54 04 04 

a o O O o 

^ ^ HS 

°. ^ 


5 a 


§ o-w 

N ‘R r'- CD 

CO ^ r- 01 

hC 04 S4 -O' » 

• 0 C4 b. X O 
aab-p-b- 
ph a a a o 

C4 C4 N 04 «’ 

3 2283 
3.5433 
3.7402 
3.9370 
4.3307 

a pH X 

b- X PH 

M pH .P 

US PH a 

a a 

a 

o 

a 

a 



e 

»o r- ‘-a o 

CO CO ■<< *0 

1(3 a X oo 
us a a b. b. 

04 a >o a a 

X a a Q pH 

a e a 
pH rt 

a 

a 

pH 


= “ 

'« £ 



Cl 04 .H pH o 
b. PH 10 lo co 

■Hh >0 lo a a 

a a a X X 
a o a ^ 
a b- i- t- b" 

X a 

'«a X 
b- X a 

X S X N 

a a PH 54 


C X 

u , 






a a a PH 

04 C4 XX 

-1 

6 

Q 

<A 


04 P3 ^ a 

b- X X a a 

a 04 a 

PH 54 CM 

1 

S 

« 

s 

5 ^ -2 d 
sa-g- 

jiri 


^ <41 Htt 

0S O 0> O) 

a a S a a 

a a a 

XX X 

a a a 

a a a a 

s s s§ 

5 

< 

so 

a 

d’ 


2.0866 

2 3622 

2 5591 

2 7559 
3.0709 

10 CO N O a 
a ra o b- ra 

Hb <n rt « 

ro us b- a pH 

w X ro X 

i--« s 

a ^ a 

X 04 pH 

X 1' X 

■H* -d a 

N ^ a a 

a 04 54 a 

O O ax 

b- PH a a 

a a CD bl 


oa 

a 

s 


So a a ° S 

•Q P a O a 
X a a o a 

a a a 

pH X X 

a a a o 

^ a b. X 

pH pH pH pH 


■w 

aJ 

Lh 

D 

u 

1 

d 

SSSftSa 

Cl o 00 m DO 

115 b- »» 03 — 

iH 

b. iw b. a a 
w a b- 5 PH 

*H pH pH PH 04 

2 3622 

2 5591 
2.7559 
2.9528 
3.1496 

a X ^ o a 

a a b- a PH 

X X X ro ^ 

X a a pH a 

H<« ^ H# a a 

1 

a 

s 

lO DO O IQ O 
^ N N CO 

lij g i£3 O a 
n ^ « a a 

ssggs 

SSSiS 

pH PH 

o a s a o Q 

BSSSSS 
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* Outride diametere listed show approrimately the eiiea in current production. 










S»«£, 1 S} antifriction BEAnim FUN DAM ENTAL8 


Tdtle IS-Tb. Sphetfcal Roller Tlinut Bearings* 




Diameter soriea 3 


Diameter series 

4 


Bearing bore, d 




Dimension 
series 93 




Dimension 
series 94 



Outrade diam. D 

Max 

fillet 

radius, 



Outside diam, D 

Max 

fillet 

radiuB, 







Hnght. H 



Height, H 





in. 





in. 



Mm 

In. 

Mm 

In, 


Mm 

In. 

Mm 

In. 


Min 

In. 

90 

3.5433 






n 

7.4803 

.079 

60 

2.362 

100 

K&mil 






210 

8 2677 

.098 

67 

2.638 


4.3307 


7.4803 

.079 

48 

1.890 

230 

9.0551 

.098 

73 

2.874 


4.7244 






250 

9 8425 

. 118 

78 

3 071 


5.1181 

225 

B.85B3 


58 

2.283 

270 

10.6299 

.118 

85 

3.346 


5.9055 

250 

9.8425 

.079 

60 

2.362 

300 

11.8110 

.118 

90 

3.543 


6.6929 

280 

11.0236 

.098 

67 

2.638 

340 

13.3858 

.157 

103 

4.055 

190 

7.4603 

320 

12.5984 

.118 

78 

3.071 

380 

14.9606 

.157 

115 

4.528 

220 

8.6614 

360 

14.1732 

.118 

85 

3.346 

420 

16.5354 

.197 

122 

4.803 

260 

10.2362 

420 

16,6354 

.157 

95 

3.740 

480 

18.8976 

.197 

182 

5.197 

300 

11.6110 

480 

18.8976 

.157 

109 

4.291 

540 

21.2598 

.197 

145 

5.700 

360 

14.1732 

560 

22 0472 

.157 

122 

ESIEI 






400 

15.7480 

620 

24.4094 

,197 

132 

5.197 






460 

18.1102 

710 

27.9528 

.197 

150 


■ 






* Outside diameteTB listed show approRimately the sizes in current prcduotion. 


NEEDLE ROLLER BEARINGS 

Partial-revolution and 0 Bcillating-t 3 rpe, or relatively lightly loaded applications 
make wide use of the so-called needle’' bearings, with small-diameter rollers and a 
high ratio of roller length to roller diameter. The term "needle” was originally 
associated with the needlelike proportions of the roller itself (see Fig. 15-10), and bear¬ 
ings made up with such rollers were called "needle bearings” or "package bearings.” 
These are also available in many types and with and without separable inner or outer 
rings and with and without separators. They are particularly adaptable where 
diametral space is limited and the advantages of an antifriction bearing are desired 
(see Tables 15-2a, 15-2b, and 15-2c for AFBMA Standard Needle Bearing sizes). 

A common type of needle bearing consists of the required number of ground rollers 
emdosed in a hardened shell which may be open at both ends or closed on one end 
Only. Commonly used sizes are given in Table 15-7c. 
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Table 15~7c. Tbin-shell Needle Bearings 


Numi- 

nii] 

Bhaft 

diam 

Shaft limits 

Nomi¬ 

na] 

OD 

Housing 
boTB hndta 

Length 

-I-.0U0 

-.010 

N<mu> 

na] 

shaft 

diam 

Shaft hmitB 

Nomi¬ 

nal 

OD 

Housiiig 
hora liniiits 

Langth 

+il00 

-.019 

Max 

Min 

Min 

Max 

Max 

Min 

Min 

Mu 

Ha 

.1663 

.1660 

Ha 

.2812 

.2817 

U 

‘Mb 

.8125 

.8120 

IMb 

1 0620 

1.0630 

> 

H 








»Ma 

8125 

.8120 

IMb 

1 0620 


H 

Mb 

.1876 

.1872 


.3432 

.3437 

}i 

‘Mb 

.6125 

.6120 

IHb 

1 0620 


1 

Mb 

.1876 

.1872 


.3432 

.3437 

H 















H 

.8750 

.8746 


1.1245 

1.1255 

H 

H 

.2500 

2406 

Mb 

.4370 

.4380 

V* 

H 


.8745 

m 

1 1245 

1.1255 

H 

H 

.2500 

.2495 

Mb 

.4370 

4380 

Mb 

% 


.8745 

IH 

1.1345 

1.1255 

1 

H 

.2600 

.2406 

Mb 

.4370 

4380 

Mb 















*Mb 

.9375 


1Mb 

1,1870 

1.1880 

1 

Mb 

.3125 

.3120 

H 

.4005 

6005 

Mb 

1 


.9995 

m 

1.2405 

1.2505 

H 

Mb 

.3125 

.3120 

W 

.4995 

5005 

Mb 

1 

BBSS 

.9905 

IM 

1 2405 

1.2506 

H 

Mb 

.3125 

3120 


.4905 

.5005 

Mn 

1 

jlffi 

.0995 

IM 

1.2405 

1.2605 

1 

M 

.3750 

.3745 

Mb 

.5620 

.6630 

H 



1.1245 

19^ 

1.3745 

1.3755 

M 

M 

.3760 

.3745 

Mb 

.5620 

6630 

H 


1.1250 

1.1245 

IH 

1 3745 

1 3755 

H 

H 

.3750 

.3745 

Mb 

.5620 

.5630 

H 

1 H 

1.1250 

1.1245 

IH 

1 3745 

1.3756 

1 

Mb 

.4376 

4370 


.6245 

.8265 

H 

1 w 

1.2500 

1.2495 

IM 

1.4996 

1.5005 









IH 

1 2500 

1 2496 

IM 

1.4005 

1.5005 

H 

H 

.5000 

.4906 

»Mb 

.0370 

6880 

Mb 

1 H 


1.2495 

m 

1.4996 

1.5005 

1 


.5000 

4996 

»Hb 

.6870 

6880 


1 H 


1 2406 

IM 

1.4996 

EE23 

IM 

W 

.6000 

.4995 

»Hii 

.6870 

.0880 

H 









.6000 

4995 

‘Mb 

.6870 

.8880 

M 

1 H 

El^ 

1.3745 

IH 

1.6245 

1.6255 

H 








IH 

1.3750 

1.3745 

IH 

1.6245 

1.6255 

H 

Mb 

.5626 

.5620 

H 

.7495 

.7505 

Mb 

1% 

1 3750 

1.3745 

IH 

1.6245 

1.6256 

m 

Mb 

.5025 

.5620 

% 

.7496 

.7.505 

M 








Mb 

.6625 

5620 

H 

.7495 

7506 

H 

1 n 


1.4995 


1.8745 

1.8755 


Mb 

.5525 

5620 

H 

7405 

.7505 

H 

1 M 


1.4995 

IH 

1.8745 

1.8765 

1 








IM 


1.4096 

IH 

1.8745 

1.8766 


H 

.6260 

.6245 

»Mfl 

.8120 

.8130 

Mb 








H 

.6260 

6245 

'Mb 

.8120 

.8130 

M 


1.6250 

1.0245 

2 

imm 

2.0005 

IH 

H 

.6260 

0246 

‘Mb 

.6120 

.8130 

H 















1 H 
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CYLINDRICAL ROLLER BEARINGS 
AND 

NEEDLE ROLLER BEARINGS 

BY John C. Morgan 

Engineer^ Hyatt Bearings Division^ General Motors Corporation 

CYLINDRICAL ROLLER BEARINGS^ 

Cylindrical roller bearings are exactly ivhat their name signifies, t.e., antifriction 
bearings in which the rolling elciiieiits are straight cylindrical rollers. 

The rollers are usually held together and spared circumferentially by a cage or 
separator, and the “roller assembly” thus formed may be entirely free of the inner 
and outer rings, or it may be assembled with either the inner or outer ring or with both. 



Woutid*rollcr separable roller bearing 



Solid roller bearing with Solid roller bearing with 

separable inner ring separable outer ring 


Fig. 15^. Types of separable cylindrical roller bearings. 

Cylindrical roller bearings are, therefore, classified according to construction, as 

1, Three-part hearings, in which the roller assembly and both inner and outer ring 
are separable. This construction permits the use of the roller assembly independently 
of the rings or with only the inner or outer ring or with both. 

2. Twthpart bearings, in which the inner ring is separable. In this type of construc¬ 
tion, the rollers are retained with the outer ring, The use of the inner ring is optional. 
It is often omitted and the rollers are operated directly upon the surface of a suitably 
hardened and ground shaft. 
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3. Twff^part heartnga, in which the enter ring is 8ep»rahle. In this case the raliera 

are retained with the inner ring. The separable outer ring may be omitted and tlie 
rollers rim directly upon the surface of the housing, gear, or sheave bore, etc., suitably 
hardened and ground. ^ 

4. Nonseparahle heanngs. In this type both the inner and the outer ring and the 
rollers are assembled in such a way that the bearing can be handled only as a complete 
unit (see Figs. 15-5a and 15-5b). 

The rollers in a nonseparahle bearing may be spaced by a cage or separator, or the 
bearing may contain a full complement of rollers, i.e., the greatest number of roUers 
that can be inserted between the rings with the rage or separator omitted. Usually 
the proportions of the rings and rollers in a full-complement bearing are such that there 
is very little circumferential clearance between the rollers (see Fig. 15-5c). 



I’lO 15-56. Cyliiiclneal roller bearings with separable inner and separable outer ring. 
Also nonseparahle tyjic with full coinplemeiit of rollers. 

Functionally, roller bearings may be classified as ‘‘nonlncating,” ^'ontM:lirection 
locating/’ and two-directiou locating.” This defines their ability to locate or restrain 
the movement of shafts or other moving parts lateralh^ within certain allowable limits. 

Normally cylindrical roller bearings are used for carrying radial loads only, hence 
the rings are plain cylinders. Adding shoulders or flanges to cither or both rings 
increases the usefulness of the bearing, however, in that it can then be useil to locale 
shafts or gears and even to sustain light intermit ini t thrust loads (see Fig. 15-6). 

The great majority of applications are fittcfl with the so-called AFBMA standard 
metric-dimension bearings. These arc so proportioned that the roUer diameter is 
approximately half the bearing-section height, the other half being approximately 
equally divided between the inner and outer ring. The roller length is usually about 
the same as its diameter, hence the inappropriate but widely used term ^‘square 
roller.” 

These bearings are made in several series with a wide range of sizijs as shown in 
Table 15-1. The pattern of sizes is so arranged that several bearings, varying 
ill width and outside diameter, are available for every given bore (sec Fig. 15-7). A 
variety of types (Fig, 15-6) is also available in any given size to suit the requirements 
of any application. 
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Any may obtained in a standard coznmercial grade or in a ao-called 

‘'preciBion” grade. Hie former conforms with AFBMA Boiler Bearing Sngmeers^ 
GOmmittee Toleranoe Standard RBEG>1 and the latter with Tolerance Standard 
RBEC-S. The RBEC-5 grade beaiings are made to doa^ tolerances not only on the 
bore and outdde diameter but also on the dimensions that govern running accuracy, 
«.e,, eccentncity of the ring diameters and squareness of ring faces with ring diameters. 

The running smoothness of a bearing application depends on the uniformity of the 
rings and rollers, the character of the finish on the operating surfaces, and on the inter¬ 
nal diametral clearance which exists in the assembled bearing. Because of the 




Separator type 




Fia. 16-6c. Separator and full-complement-type roller Ijearings. 


difficulty of controlling this clearance owing to the dimensional variations of the bear¬ 
ing component parts and the effect of interference fits on the rings, various means have 
been designed to overcome these difficidties, especially for applications where internal 
clearance must deffnitely be controlled or held to a minimum. 

The double-row cylindrical roller bearing has been designed specifically for this 
purpose and is manufactured with a tapered bore (1:12) wliich allows the bearing to 
be ^ven up on the tapered shaft to give any desired internal clearance in the bearing. 
This type of bearing has the low-friction and high-limiting-speed characteristicB of 
cylindrical roller bearings and great rigidity owing to its double-row width. It is 
usually made to extra-precision tolerances for machine-tool spindle and similar appli¬ 
cations. Double-row cylindrical roller bearings with tapered bores are made with 
straight cylindrical outer races and can carry only radial loads (see Fig. 15-8). 

A popular type of oommerciol bearing is the so-called journal bearing.'^ This is 
almost invariably of three-part construction, with a separable roller assembly and 
separable straight cylindrical outer and inner rings. These are made up with solid 
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Fig 16-fl. Variatioua in delail deBign of baaic cylindrical rnller bearinga 



Fig. 15-7. Dimension variation in ryliiidricol roller bearings. 
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Fia. 15-9. Jouni.il bc^ariiif^s. 
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Fiti, 15-10. Needlii boiiringa. Different methods of retaining roller ends. 


rollers, T.^ith "wound” rollers, or with hollow solid rollers. They are often applied 
w'ith only the outer ring or only with tho inner ling, and sometimes the roller assembly 
is assembled alone, operating directly on the shaft and hore (see Fig. 15-9). 

Journal bearings are commonly made to fractional dimensions, although there are 
a number of standard designs manufactured to metric dimensions on bore and outside 
diameter, only the widths being in inches. 

On a much lower plane of quality and accuracy arc the so-called "unground” 
cylindrical roller bearings, in which the rings and rollers are neither hardened nor 
finish ground. 
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THE TAPERED ROLLER BEARING 

BY Peter C, Pors 

Engineering Ediior^ The Timken Roller Bearing Company 

FUNDAMENTAL PRINCIPLES OF DESIGN 

Like many other noteworthy developments in the field of mechanics, the principle 
of the tapered roller bearing is remarkably simple. Essentially it consists of construct¬ 
ing the rolhng elementB, as well as the raceways, on the principle of the cone, so that 
lines drawn coincident with the working surfaces of the rollers and races will all meet 
at a common point on the axis of the bearing. ITiis is brought out clearly in Fig. 
15-11. The significance of this is at once apparent. Initially, true roiling motion is 
obtained, and secondly, the hearing will handle all loads, radial, thrust, or both, in 
any combination. Furthermore, no greater number of parts are necessary than in 



Fig, 15-11, Principle t)l <he taporod i oiler Fig. 15-12. Parts of n tapered bearing: 
bearing. cage, rollers, (‘Oiie, and cup, 


other types of antifriction bearings; i.e., an inner raceway, an outer raceway, the 
tapered rollers, and the cage or roller retainer. These are designated as the cone, 
which it resembles from its mechanical profile construction; the cup, wliich fits over 
the cone and rollers; the rollers, which roll between the cone and cup; and the cage, 
which retains the rollei’S properly spaced about the cone. These are all shown in 
Fig. 15-12. 

Even in its early stages, this new development in the antifriction bearing field, 
posse.saing obvious advantages over other types, met with immediate favor. Manu¬ 
facturers recognized its merits and soon found occasion to include it in new products, 
particularly wagons and buggies. That the design is correct is evidenced today by 
the fact tliat, although its use has spread to practically every field of industry, it has 
never been found necessary to depart from the basic principles. Refinements have 
been made, but the tapered bearing today bears a remarkably dose resemblance to 
the one produced over 50 years ago, 

TYPES OF TAPERED BEARINGS 

From the foregoing description it will be appreciated that the design of the tapered 
bearing is such that it is suited particularly w ell to most positions in machines and will 
carry all loads regardless of whether they are all radial, all thrust, or in any combina¬ 
tion. Even in positions where the load is momentarily changing from one direction 
to the other, the tapered roller bearing functions perfectly. 

There are some locations, however, where certain load or mounting csonditions 
exist wliich make it desirable to modify somewhat the standard tapered bearing. 
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Hicse modifications, which do not change the basic principles of the bearing, may be 
grouped under three natural headings. First, those where the change is made in 
the raceways or rolling elements, e.^., increasing the angles of the cup, cone, and 
rollers to obtain greater thrust-cairj^ing capacity; second, by making combinations 
to secure multiple-row assemblies; finally, bearings developed for certain positions 
and not suited to general machine applications. 

There are occasions also when a designer may wish to adhere to standard dimen¬ 
sions. To meet this condition a light, a medium, and a heavy series of tapered roller 
bearings have been selected and adopted by the Society of Automotive Engineers as 
an SAE standard (see Table 15-3). 

In the application of the hearings the various factors entering into the operation of 
the bearing and the machine are considered and the proper tapered bearing is selected. 
Usually this can be done by using the standard single-row bearing. However, there 
ate occasions when one of the other assemblies is better suited to the design. We are 




Fio, 15-13. Standard single¬ 
row tapered bearing—Type TS. 


Fio. 15-14. Steep- 
angle or high-thrust rat¬ 
ing bearing—Type TS8, 



Fio. 15-15. Flanged-cup 
liearing—Type TSF. 


therefore illustrating and describing these various units briefly and indicating the 
positions where they have found the widest use. 

Sijigle-row Bearing—Type ST. In the consideration of the various types of 
tapered bearings, obviously the standard bearing (Fig. 15-13) is the first to discuss. 
It is this bearing which is so widely used tliroughout all industry. The principle of 
the bearing is understood since the design and construction have been described. 
It will be recognized, however, that almost endless modifications are possible merely 
by changing the dimensions or angles of the rolling elements. In actual practice, 
however, it is essential to make certain basic classifications or ‘'series.Tliese are 
established by maintaining a fundamental relation between the various components of 
the bearing. We thus obtain standard or convcntinnal tapei'cd bearings with wide 
races and long rofiers, others with narrow races and short rollers, and a third group 
representing an approximate mean between the oth<^ two. This permits the designer 
to Bcdect the bearing best suited to his needs. 

Steep-angle Bearing—Type TSS. In numerous applications, such eis power take¬ 
offs and worm and bevel-gear shafts, the thrust load predominates, although there is 
an appreciable radial load. For these positions the high-thrust-eapacity or steep- 
angle bearing has been developed (Fig. 15-14). It differs from the conventional 
tapered bearing in that the angles of the raceways, as well as the rollers, arc quite 
steep. The fundamental principle of the tapered roller bearing is retained in that 
lines drawn coincident with the surfaces of the cone, cup, and rollers meet at a common 
point on the axis of the bearing, thus assuring true rolling motion. The designer 
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theism obtains all tbe outataiicUng advants^gjss thd taperod bearing and in addi^ 
tion a product particularly adapted to heavy thrust loads. 

FUnged-cup Baarlng—Type TSF« In certiun appUcattons^ particularly in pre¬ 
cision machine-tool spindles^ it was found di&nlt to machine contraitiimal cup seats 
to a shoulder and maintain the desired accuracy, This Was brought about on account 
of the necessity of removing the housing from the machine after one seat was machined 
and to set it up in a reverse position to bore the other. Even mth the most careful 
workmanship a variation often occurred so that the cup seats were not in absolute 
alignment. The required accuracy can now be obtained, however, by boring straight 
through the housing and facing an outside seat at right angles to the bore. The fioe 
thus obtained provides the backing for the flange of the cup (Fig. 15-15). 

This bearing is also favored in other machine-tool applications such as gearboxes 
where there is not sufficient space to use conventional mounting methods, la this 
case the flange on the cup is set against a face machined on the inside of the gearbox. 

In other industrial applications such as sheaves and car wheels, which are fre¬ 
quently cast of manganese steel, it is also used ext^sively. Manganese steel is 



Fio, 15-t6. Two-row bear- Fio. 15-17. Two-row bear¬ 
ing, double cup, single cones— ing—Typo NA.’ 

Type DO, 


exceptionally difficult to machine. In fart, it is ntjcessary to resort to grinding to 
obtain a finished surface. It would be impractical to attempt to obtain the usual 
shoulder for cup backing, but here again no difficulty is experienced in grinding a 
seat on the face of the sheave or wheel hub to locate the flange and thus obtain the 
required bearing mounting. 

The popularity of this bearing has brought about its rapid development so that it 
now available in a wide range of sizes. 

Multiple-row Bearings. In an ever-widening group of applications, presenting 
problems not readily Solved by the single-row tapered bearing, this type, in one of its 
many variations, is used extensively. Through the use of these assemblies the designer 
is able to provide maximum load-carrying capacity in the smallest space, to resist 
thrust loads from both directions, and to maintain a precise and rigid mounting or a 
‘‘floating’’ assembly as desired. 

A discussion of multiple-row bearings divides itself naturally into three groups; 
the two-row cone-adjusted, two-roW cup-adjusted, and the four-row cup-adjusted 
bearings. Within the first two classifications are other types developed to meet 
specific applications or for certain needs. Thus, in the two-row cone-adjusted 
assembly will be found the standard two-row cone-adjusted bearing shown in Fig. 
15-16 and the "NA” series (Fig. 15-17). 

In the two-row cup-adjusted group there has been developed a more extensive 
range of assemblies. These include the standard two-row cup-adjusted bearing with 
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conventional cone and cups (Fig. 15-19), the tapered-bore bearing, with and without 
cone puller (Fig. 15-20), and the slotted-cone bearing (Fig. 15-18). At present but 
one four-row assembly is recommended. That is the four-row cup-adjusted bearing. 

Two^row Bearing, Double Cup, Single Cones—Type DO. The two-row bearing, 
double cup, single cone, employs a double cup with two conventional cones (Fig. 15-3 6). 
Two assemblies are possible. Both are identical except that in one case a spacer is 
introduced between the cones so that the setup or running clearance is established at 
the time the bearing is assembled. The other, having no cone spacer, requires that 
the proper setup be obtained by some form of adjusting device. Either form will 
give satisfactory service. The one having the sparer is usually preferred in those 
applications where provision must be made for quirk removal and replacement of the 
bearings or w'here the operating conditions are such that it is unnecessary to provide 
for take-up after a long period of service. 

Numerous applications require that some pro\dsion be made to allow for shaft 
expansion. With this type of bearing it is readily arromplished by securely looking 
the cones in position and permitting the cup to “float” in the housing. The opposite 
end of the shaft is usually fixed in position so that the movement is confmrd to one end. 



Two-row Bearing—Type NA. Another ronstnirtion is shown in Fig. 15-17. 
Here again w^e have a double cup and tw'o single cones. In this assembly, however, 
the cones are butted together so that, when the unit is fixed in pla(“e, the proper run¬ 
ning clearance is provided. This class is designated as the NA sevips mid is divided 
into the conventional and steep-angle groups. These bearings, like those already 
discussed, are suited particularly well to those assemblies where it is not desirable to 
provide means for take-up in service or where opi^ratuig conditions require a fixed 
mounting at one end of an assembly and a certain amount of “float” at the other. 

Two-row Bearing, Slotted Double Cone—Type DIK. A bearing developed for 
use in light-duty pillow blocks is showm in Fig, 15-18. It w-ill be noted that slots are 
provided in the cone to engage in mating projections on a collar, which in turn is 
secured to the shaft by means of setscrews. This unit is, of course, not limited to 
pillow blocks but finds a wide field of usefulness in those applications w’’here cold- 
finished shafting is used. Since cold-finished shafting may be held to compBratively 
close limits, it is possible to obtain relatively tight fits on the shaft. This type of 
bearing, however, is not recommended for heavy-duty service. It should be kept in 
mind that the Imre of these standard bearings is held to the nominal outside diametei* 
cold-finished shafting. However, tapered-roller-bearing manufaeturing practice 
always provides a plus tolerance, w'^hile the standard manufacture tolerance for cold- 
finished shafting provides for the undersize variation only. 

Two-row Bearing, Double Cone, Single Cups—Type DI. The tw^o-row bearing, 
double cone, single Cup, shown in Fig, 15-19, is frequently selected for positions where 
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k is necessary to secure the capacity tf a twonrow besting, yet to obtain a simpler 
mounting than tw6 standard single^row bearings. It is also oftrni used on the &ed 
end of a shaft when an allowance must be made for shaft expansion. In this ciaSe 
the bearing used on the opposite end is usually one of the double^up units so set up 
as to float. 

Two-row Bearing^ Tapered Bore, Double Cone, Single Cup—Type BIT. The 
two-row bearing, tapered bore, double cone, single cup, which is identical to the one 
shown in Fig. 15-19 except that the bore is tapered, was also developed for use on line 
shafting and in pillow blocks. Like the slotted-cone bearing, however, it is by no 
means limited to such service but is used extensively in those applications where ease 
and speed of assembly and disassembly are primary rpc^uircmcnts. The usual method 
of mounting is to use a sleeve tapered to conform to the taper of the bearing. This 
sleeve should have a saw cut lengthwise to permit it to compress as it advances into 
the bearing bore, W'^hieh also provides a rigid seat on the shaft. 



Fig. 15-20. Two-row bearing, tapered bore. Fin, 15-21, Thrust bear- 
double cone with puller—Type DITP. ing, heavy duty—Type T, 


On line shafting and other positions where it is necessary to be able to slide the 
complete assembly into position and then fasten it securely, this unit is ideally suited. 
The field of application is unusually extensive since the tapered sleeve permits a rigid 
Seat on the shaft. 

Two-row Bearing, Tapered Bore, Double Cone with Puller—Type DITP. The 

two-row bearing, tapered bore, double cone with puller, is shown in Fig. 15-20. It 
differs from the one described above in that a flange is provided on the rone to facilitate 
removal. The mounting is usually made directly on the shaft. The general field of 
applicafion covers positions in machines where it is necessary to remove component 
parts frequently, such as in certain railroad applications and paper-mill machines. 

Heavy-duty Bearings. In order to save power, improve performance, and reduce 
operating costs generally, extensive studies and tests have been made in developing 
tapered bearings for heavy-duty applications. Numerous installations have lieen 
made in various types of rolling mills, cement plants, rubber mills, and other units that 
develop extreme pressures. Comparative tots have been made, not only to measure 
the loads which are ejicountcrcd but likewise to determine the actual savings to be 
expected. Obviously, this varies with dilferent installations, but in general a aaving 
of from 20 to 50 per cent in power lias been obtained. 

Power savings, however, are but one of several out.stand^ advantages since 
tapered-bearing-equipped rolls may be set to exceptionally close limits, thus accurately 
maintaming the gauge of the material being rolled. This is frequently an item of 
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major importanoep ospecially in the rubber and metal indastnea. Likewise the eavinge 
XtL gTeaee and oil are to be coneidered. In a tapered-^bearing inetaJlation, carefully 
iMigned closurea have been developed go that a dual advantage is obtained. Firat^ 
the lubricant is kept inside the housing so that it performs its primary function 
lubricating the moving parts and does not escape to damage the product being 
handled. Secondly^ foreign matter such as water^ dust, dirt, or mill scale is excluded. 

In addition to the information gained relative to loads and power savings, extensive 
studies have been made with reference to mountings. This knowledge has been 
aj^lied as it was acquired so that new applications represent the most advanced 
thought in tapered-roLLer-bearing development. 

Thrust Bearings—Type T. Although a combination of radial and thrust loads 
exists much more frequently than either a purely radial or purely thrust load, thc^ 
are numerous occasions where it is necessary to install a beahng to withstand thrust 
loads only. To meet this condition, a series of bearings J^nown as the T type is 
available (Fig. 15-21). These bearings are in regular production in bores ranging from 
^ in. and a capacity of about 1,000 lb, to massive units having a bore of 11 in. and 
capable of withstanding over 200,000 lb load. 

Special Bearings. Although standard tapered bearings will be found suitable for 
nearly all applications, at times problems arise requiring special units. The rocker 
arm of aircraft engines is such an example. The bearing developed for this position 
is of the two-row double-cup type. In addition to the bearing assembly, t.c.» the cone, 
cup, and rollers, closures are provided so that the unit becomes a complete, self-con- 
ta^ed assembly. 


MOUNTING TAPERED BEARINGS 

In considering the fundainentals of mounting all types of tapered bearings, it must 
be kept in mind, first of all, that it is impractical to mount a tapered bearing singly. 
On account of the tapered construction of the bearing, a radial load on one bearing 



Fio. 15-22. Indirect and direct mounting of tapered roller bearings. 


acts up a thrust reaction which must be resisted by the opposed bearing. For this 
reason tapered bearings must be mounted in pairs. This may be done by using two 
difiierent types of mountings, referred to usually as direct or indirect, as shown in 
Fig. 1&-22. 

The indirect mounting has the large ends of the rollers of each bearing xMiinting 
out or away from the other bearing. The direct moimting has the large ends of the 
rollers of each bearing pointing toward the mating bearing. 

Indirect Mounting. Actual Laboratory and field tests have proved the indirect 
mounting much superior to the direct mounting for wheels, which are usually mounted 
on a doM shaft. This places the heavy ends of the rollers to the outride, udiieh 
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incTeftaes t^e BtArbi]it 3 r of thi; applination. Hie diatanee between bearing editors 
(^g. 15^22) should be no less than 15 per cent wheel outside diameter and prefera!>ly 
20 per eeut. / 

The indirect mounting is standard in wheels, idler pulleys, sheaves, drums, auto¬ 
motive pinions, and other applications where stability is deSired and the distance 
between bearing centers is r^atively short. The increased stability of the indirect 
over the direct mounting may be better understood by referring to Kg. 15-^. in 
this illustration the distance between bearing centers A is the same. However, the 
stability of the indirect mounting over the direct is much greater, 

Direct Mounting. The direct mounting is used on applications with relatively 
long bearing centers. It is used on automotive transmission gear shafts differartial 
gear shafts, as well as on macliine-tool transmission shafts, general gear reductions, 
pillow blocks, journal boxes, and other applications that permit wide bearing spreads. 

Keeping in mind the two fundamental principles just outlined, each tapered healing 
application should be selected to carry the loads to the best advantage. A live shaft 
application with heavy thrust loads should be designed to carry the thrust on the 



Fio. 15-23. Stability advantage of indirect mounting. 


bearing nearest to the imposed load, i.e., an indirect moimting should be used. like¬ 
wise, an overhung bevel-gear arrangement, such as a power take-off, should use a 
similar mounting since it places the large ends of the rollers adjacent to the heavy 
radial load. Conversely, where there is a heavy gear or belt-pull load between two 
bearings, the direct mounting should be used so as to place the large ends of the rollers 
next to the load. 


SHAFT AND HOUSING DESIGN 
Alternative Methods of Cone Backing—Properly Designed Housing 

The setting of the tapered bearing on the shaft and in the housing is important. 
The usual practice is to seat the cone or cup or both against a shoulder of sufficient 
height to support whatever thrust and radial loads may be imposed. 

Shaft Design. The fillet radius of all shoulder backings should be 3^4 in. less than 
the radius of the cup or cone. 

The conventional method of providing backing is to machine a shoulder on the 
shaft or in the housing. In some applications it is sometimes necessary to provide 
alternative backing for the cone by introduemg a spacer between the back face of the 
cone and the shaft shoulder. In this way it may be possible to use a smaller shaft, 
thereby effecting a production economy. 

Another method of providing cone backing for use only with light-duty alloca¬ 
tions such as cemveyor idler rollers or hand trucks is to clamp a split collar tightly 
to the shaft and lock against end movement by setscrews. 

When it is ret[uired to maintain maximum shaft strength and also faciiitato 
assembly and diSa^mbly, accurately ground tapered shafts which fit tapered-oone 
bores are frequently used. 
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In dev^piug new designs the removal as well as the installation of the bearings 
should be a matter of primary consideration. The recommended shoulder diameters 
allow a sufficient portion of the cup and cone to extend so that they may be removed 
readily. If it is necessary to provide higher shouldersj cored or machined knockout 
slots should be provided. 

Housing Design. In numerous applications it is necessary to provide backing for 
t^e small end of the cup with a spacer sleeve supporting the heavy end. This arrange¬ 
ment permits the entire assembly to be clamped firmly in place. When this method is 
used, some provision must always be made at the small end of the cup for its removal. 

Cage clearance must be provided to avoid any rubbing of the rotating bearing cage 
on the stationary housing parts. 

Cylindrical housings and many other applications are chiefly stressed with bending 
and shearing loads. The designer should consider these loads carefully bo that the 
bearings are not subjected to misalignment, which would bring about early failure. 

In split housings, such as generally used with gear reduction units, transmission 
cases, and similar applications, a cartridge mounting is frequently used, although it 
is also common practice to mount the bearings directly in the housing. In either case 
particular attention should be given to the seals so that the lubricant is retained in the 
housing. 

Cleanliness is a matter of the utmost importance, as no bearing will operate success¬ 
fully in the presence of foreign material, sindi as core sand, cuttings, scale, or anything 
of an abrasive nature. When left in the bearing housing, it acts as a lapping agent 
and leads to rapid wear of the bearings. It is strongly recommended that all inside 
cast surfaces be cleaned by sand blasting or other means and either painted or coated 
with a suitable filler to keep tlie core sand and scale from loosening up in service. 

Take-up in Assembly. The take-up feature of the tapered bearing offers many 
advantages in assembly: 

1. Provides wider tolerances for machiiiing bearing scats. 

2. Makes possible the adjustment of other dependent parts such as spiral bevel 
gears and helical gears. 

3. Eliminates chatter on machine-tool spindles due to variable bearing clearance. 

4. Quieter operation ma>y be obtained by proper bearing adjustment. 

5. Elimination of play which may develop after long service. 

General applications should have 0.001 to 0,005 in. end play. Special conditions 
involving elimination of vibration, chatter, unusual qxiietiipss, extremely high speed, 
abnormal heating, or expansion should be taken up with the bearing manufacturer. 

The adjustmejit of the bearing may bp made either through the stationary race or 
the rotating race for speeds up to 1,000 rpin. Above 1,000 rpm, it is usually advisable 
to make adjustments with the stationary race in order to permit a tight press fit of 
the rotating race. Adjustment increments of not over 0.003 in. are desired. 

In detailing the bearing housing, covers, sliaft, etc., provision should be made for 
machining variations and for future bearing adjustment. When shim adjustment is 
used, ^^2 in- should be provided for shims. This will be sufficient for all normal 
machining variations and in addition will provide a few additional shims for service 
adjustment. In making assembly, it may be found desirable to place part of the shims 
at each end of the bearing housing to facilitate adjustment if it becomes necessary. 
Where threaded adjustment is provided, the in. should be provided for the same 
reasons. Threads will be used at one end of the assejmbly only unless it is necessary 
to vary the position of the entire assembly, in which case threads nwiy be used at (&ach 
end. Threaded adjusting nuts are used for either cone or cup movement. Light¬ 
er medium-duty applications should use nuts with 16 threads per inch and six or more 
locking castcUations. Heavy-duty machinery may require nuts with 12 threads per 
inch and eight or more castdlations. Close-fitting threads are required. Split nuts 
or housings that can be clamped on mating threads are csssenlial on heavy-duty jobs. 
Threaded adjustments should not only be positively locked against rotation, but 
whenever possible the threads should be clamped to ensure tightness against end play. 

Whenever possible shim-adjustment devices should be ekj designed that shims taken 
oxit will seat the bearings tighter. This permits field adjustments without requiring 
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new flhimB. A complete set ef shims consists of seven pieces, one of 0,020»m. thick¬ 
ness, three of 0.007-m. thickness each, and three of 0,005-in. thickness each. This 
permits adjustment increments of 0.001 in. The shims should be smooth sheet metal 
without rough edges. 

Closures—Metal Stampings, Felt, Annular Groove, Stuffing Box, Leather/ 
Cork, Piston Rings, Special, Vertical. In selecting the proper closure design for any 
tapered-bearing application, it should be kept in mind that the consistency of the 
lubricant, foreign material to be excluded, speed of the application, and general oper¬ 
ating conditions are of unusual importance. Foreign material, such as dust, mill 
scale, or any hard, gritty substance, will act as a lapping agent and quickly destroy the 
bearing. Likewise, water, acid, or inferior lubricant v'ill etch the highly finished 
surfaces and also bring about early failure. A variety of closure designs is therefore 
available to assist engineers in obtaining the most satisfactory application. 

Cone- and Cup-fitting Practice. The adjustable feature of a tapered bearing is an 
important advantage since it permits the heavy press fits required'in numerous 
applications. Regardless of the fit, the tapered bearing may be set to the correct 
running clearance after all the other parts have been assembled in position. The 
proper adjustment of the bearing is therefore independent of variations in mounting 
conditions. 

However, careful study should always he given to the selection of the proper fitting 
practices, and Tables 15-8 and 15-9 cover in some detail recommendations which 
.should be followed in industrial installations. 

Turned Shafts. It is recommended that all cone .seats be ground. In those cases 
where this is impo.ssible a miiumum cone seat should bo provided equal to the nominal 
cone t)ore plus 0.0005 in. per in. of cone bore, to wliieh should be added 0.001 in. for 
ijiaximura cone seat diameter. 

TliiiS appli^^a to traiismissions, speed reducers, eleotrical machinery, and all low- 
speed, heavy-duty, continuous-service applications or applications subject to shock, 
and using cones with a bore of over 2.5000 in. For all oilier applications use the 
fitting practice proviiled for gromid shafts. It Ls always best to refer any new designs 
dircictly to the bearing manufacturer for attention and mounting suggestiona. 

While there are certain basic rules which should be followed in mounting tapered 
bcariiig.s, some vjriation is permitted where necessary to meet special conditions of 
mounting, assembl^^ and different types of service. For example, on a stationary 
spindle, a loose fit of the bearing cone can be permilted in some applications to facili¬ 
tate assembly and disassembly. Such a condition is found in the front wheels of auto¬ 
mobiles. In this application, since the spindle itself is iiHually made of a high-grade 
alloy steel, there is very little likelihood of damage to either the spindle or the bearings 
owing to the cone creeping on the spindle. Furthermore, the speed is not high. In 
applications such as this, however, it is essential to make the outer races or cups a 
tight press fit in the hub. 

When COUPS are mounted on rotating shafts, espcnialh’’ where the loads are heavy or 
the speeds high, it is essential that the cones be a tight press fit. Some deviation from 
this rule may be permitted in exceptional cases, but only where all conditions surround¬ 
ing the befiriiig and its operation are known. In mountings where the bearing adjust¬ 
ment is made through the cone, it is possible to fit the cone on the .shaft with a light 
press or even a .slip fit provided that the shaft i,s hard and the parts immediately back 
of the cone are hard. It should bcundersinod, however, that the ideal mounting is a 
tight press fit. In many bearing applications incorporating a rotating shaft, adjust¬ 
ment is made through the bearing cup in which case the cone can be a tight press fit 
and the cup a relatively loose fit in the housing. There should he no tendency for the 
cup to rotate in the housing under these conditions. 

Stationary-shaft Applications^ It is possible and quite often desirable to mount 
cones loosely on stationary-shaft applications where the average speed is not likely 
to exceed 500 rpm. This permits the rone to creep, tbevnby utilizing the full working 
Bui-face. It also facilitates assembly. Examples of such applications are automobile 
front whEH^ls, tractor front wheels, farm-implement wheels, glio|>-truck wheels, and 
similar applications. It is, of course, necessary to provide against excessive looseness 
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of the OOUBB even in these applications, and cone seats and shoulders backing up iho 
cones should be smoothly machined or ground. The actual fit in this type of applica¬ 
tion whea-e alloy-steel or other high-grade heat-treated steel spindles are used will 
vary from 0.0002 loose to 0.0012 in. loose in the small-size bearings, and in the larger 
sizes the fits will vary from 0.0002 loose to 0.0017 in. loose. Where ordinary carbon- 
steel spindles are used, a fit of 0.0005 tight to 0.0015 in. loose is recommended. 

light press fits of cones are recommended for stationary-shaft applications such 
as found on loose pulleys, idler gears, and similar applications. In such applications, 
where speeds may run from 500 to 1,000 rpm, loose-fitting cones should be avoided 
if possible. Assembly problems may necessitate a loosely fitted cone, but in these 
cases care should be taken to see that a good steel is used in the shaft and parts adja¬ 
cent to the bearing. On small hearings these fits will vary from 0.0005 tight to 
0.0005 in. loose and on the larger bearings from 0.001 tight to 0.001 iu, loose, the 
desired lit being about a line-to-line condition. ^ 

In applications where speeds are above 1,000 rpm or where the loading condition 
is particularly severe, tight fits are recommended. The tightness of the conn fit 
should be approximately 0.0005 in. press per in. of shaft diameter. If adjustineni is 
to be made through the tightly fitted cones, it will be necessary to heat the cones during 
assembly and make the proper setup while the cones are still hot. Where precision 
bearings are used in which cone bores are held to 0.0005-in. tolerance, a liglitci* fit 
may be necessary to maintain utmost precision. In such cases the shaft must be 
ground, and a press fit of from 0.0005 in. tight to 0.0015 in. tight is satisfactory. 

Tight press fits are required on cups in stationary-shaft applications in pruidically 
all cases. A loose cup in a rotating housing such as a wheel hub is bound to rotate 
with respect to the housing itself, and trouble is very likely to be encountered. In 
some cases where the adjustment is made through the cup, such a fitting practice may 
bo necessary. Before adopting such a design, it is recommended that the bearing 
manufacturer be consulted so that proper recommendations can be made. 

Cups up to 3 in, in outside diameter should be mounted with a presKS fit of from 
0.0005 in. tight to 0.0025 in. tight; above 3 in. in outside diameter, the fit recommended 
is from 0.001 in. tight to 0.003 in. tight. Where precision bearings are supplied with 
outside-diameter tolerance of -+-0.0005 in., a press fit of from 0.0005 in. tight to 0.0015 
in. tight is satisfactory up to 5 in. outside diameter, and above that the recximraended 
fit is from 0.0005 in. tight to 0.002 in. tight. 

Rotating-shaft Applications. On rotating-shaft applications the cone fit on the 
shaft is important. This is particularly true where the speeds are high and loads 
severe. Where the loads encountered are heavy, it is absolutely essential to have the 
cones a tight press fit regardless of whether the adjustment is made through the cone 
or through the cup. In a very few special applications where the loads are relatively 
low, cones are fitted loosely on the shaft, but in these cases ei)ecial provi.sion is made to 
ensure against excessive turning and wearing of the shaft its*elf. In general, all cones 
supplied with a standard bore tolerance of -j-0.001 in. should be fitted with a normal 
press fit of 0.0005 in. per in. of .sliaft diameter. With concis that arc supplied with a 
cone-bore tolerance of -f0.0005 in. and used in precision mountings such as machine- 
tool spindles or where the cones are mounted on hardened and ground shafts, a press 
fit of from 0.0005 in. light to 0.0015 in. tight is satisfactory. 

Where bearing adjustment must be made through the cone and where the loads are 
light, a looser fit is sometimes used. Such a loose fit can he used satisfactorily only 
on a hardened shaft and with the shoulder iinmediatrily back of the cone also hardened. 
An example of such an application is the forw'ard pinion bearing used in ptissengcr-car 
and truck axles. The cone fit used in these applications is from 0.0005 tight to 
0.0005 in. loose. Wherever possible, a further safeguard against excessive rotation 
should be provided by clamping the cone endwdse. This construction is quite common 
where shims are used for initial setup. 

In rotating-shaft applications the bearing cups arc, of course, stationary, and an 
adjustable fit is in most cases satisfactory. Clups provided with the standard tolerance 
of -f 0.001 in. on the outside diameter up to 5 in. should be fitted from 0.001 in. loose 
to 0.001 in. tight. Above 5 in. outside diameter, these cups should be fitted from 
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0.002 in. loose to 0.001 in. tight. Adjustable eups up to 5 in. outside diameter, ^ hich 
axe supplied with a tolerance on the outside diameter of +0,0005 in., such as are used 
in machine-tool and other precision applications, should have a ht of 0.0005 in. loose 
to 0.0005 in. tight. Cups above 5 in. outside diameter and supplied with the some 
lolcrn-nce should be mounted with a fit from 0.001 in. loose to 0.0005 in, tight. 

Where adjustment is made through the bearing cone, the cup should be given a 
tight pre.ss fit in the housing. Cups up to 3 in. outside diameter and furnished with 
the standard tolerance of +0.001 in. used in a mounting with cone adjustment should 
be given a press fit of from 0.0005 in. tight to 0.0025 in, tight. All cups above 3 in, 
outside diameter should be fitted from 0.001 in. tight to 0.003 in. tight. Cups up to 
5 ill. outside diameter and furnished with an outside-diatneter tolerance of +0.0006 in. 
should be given a press fit of from 0,0005 in, tight to 0.0015 in. tight. Cups with the 
same tolerance but over 5 in. outside diameter should be fitted from 0.0005 in. tight to 
0.002 in. tight. 

Where double bearing mountings are used, the bearing cups at one end of tho 
mounting aro usually allowed to float in the housing to provide for expansion or 
machining variations. In these mountings, adjustments are made through the cones, 
and the cups are mounted hack to back either directly against each other or through a 
spacer. Standard cups with outside-diarneter tolerance of 0.001 in. arc fitted from 
0.000 ill. loose to 0.002 in. loo.sp up to 5 in. outside diameter; from 0.001 in. to 0 003 in. 
loose from 5 in. outside diameter up to 7.500 in. outside diameter; and 0.002 in. to 
0.004 in. loose over 7,500 in. outside diameter. In precision bearings up to 5 in. out¬ 
side diameter, the cups are fitted in the housing from 0.000 in. loose to 0.001 in. loose; 
above 5 in. outside diameter the fit is 0.000 iu. loose to 0.0015 in. loose. All precision¬ 
bearing cups have an outside-diameter tolerance of +0.0005 in. 

The foregoing information relative to fitting practices to be followed on tapered 
cups and cones is, of course, general and should serve as a satisfactory guide in the 
majority of standard bearing applications. In order to facilitate the specifications 
nf proper shfiit diameters and housing bores, Tables 15-8 and 15-9 have been prepared. 
C^ertain types of applications and mountings have been classified so that the selection 
of the proper fit is comparatively simple. 

In tho “N.V^ series bearing, certain fits must be observed in order to obtain the 
proper luuniiig clearance, which is established at the time of manufacture. These 
fits should be obtained from the bearing manufacturer. 

As stated previously there are numerous special bearing applications for which 
special fitting practices are reiiuirod. Fitting practices for such applications should 
bo obtained directly from the bearing manufacturer. 
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SELF-ALIGNING ROLLER BEARINGS 

BY Bhycb Ruley 
Senior Engineer^ SKF Indxtstriea, Inc. 

This subsection describes those types of roUer bearings which are inherently self¬ 
aligning, i.e., able to adjust to misaligninent between shaft and housing bore without 
loss in carrying capacity, 



a b c d e f 

Fw. 15-24. Self-alif^ning roller-bearing types: (a, spherangular; (c, d) concavex; (p) 
spherical r (/) spherical thrust. 


The ability to self-align is obtained by making either the inner or the outer rare of 
the bearing a section of a sphere. The other ring and the roller assembly can align 
freely on this surface to adjust to any initial or operating misalignment. 

Various designs which give approximate line contact between rollers and raceways 



Fio. 16-25. fipherangu- 
lar ioUbt bearing. 


and allow self-aligning between inner and outer rings are 
shown in Fig. 15-24 and described in detail in the material 
that follows. 

SPHERANGULAR BEARING 

The spherangular b<*aring is a symmetrical bprrel roller 
type of angular-contact bearing designed for combined radial 
and thrust loads. The bearing is self-aligning, but the roller 
and ring curvatures are such that proper load distribution is 
obtained even under conditions of misalignment. The load 
direction is always through the largest diameter of the roller. 

The single-row bearing is made with a separable outer 
ring, while the double row is nonseparable. In the larger 
sizes the double row is made with a center flange for roller 
guidance^ 

The Ihnist capacity depends on the angularity of the 
rollers, i.e., the angle at which the rollers are placed with 


respect to the radial plane of the bearing. This angle varies from approximately 10 


to approximately 25 deg, the higher angles being used where higher thrust capacity 


is required (see Fig. 15-25), 
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COHCAVEX ROLLER REARIRG 

Tile concavex roller bearkig is an angular-eontact roller beariog designed to carry 
combined radial and thrust loads. The rollers are curved bo that the largest diameter 
iB at the ends of the rollers, i.e., the rollers are concave in one direction and convex in 
the other. These rollers conform to the spherical inner race to give line contact and 
self-alignment without reduction in carrying eapacity. 

The single-row bearing has a separable outer ring. The double-row bearing is 
sometimes made with two separable outer rings and sometimes with only one non- 
separable outer ring. 

The single-row bearing can carry thrust or combined loads in one direction only, 
while the double-row bearing can carry reversed thrust or a pure radial load. A 
number of bearing series are available in this bearing type to handle a wide variety of 
load conditions. 

SPHERICAL ROLLER BEARING 

The spherical roller bearing is a double-row type designed to carry heavy radial, 
thrust, or combined loads. Since the two rows of rollers have opposed angles of coH'^ 
tact, the bearings can support reversed thrust loads or combined loads in any direc¬ 
tion. The outer race of the bearing is a section of a sphere in which the roller assembly 
and inner race move to adjust to any misalignment. 

The rollers are usually made with a tapered barrel shape. This allows a dose 
approach to true rolling motion between rollers and raceways and holds the ends of 
the rollers firmly against the central guiding flange assuring proper roller guidance. 

This bearing is manufactured in a wide variety of dimensions and dimensional 
proiiortions so that a bearing selection can be made to suit any load condition. This 
bearing is available with either a straight bore or a tapered bore to suit a variety of 
mounting conditions (see Fig. 15-26). 



Fig. 15-26. Spherical roller bearing. Fig. 15-27. Spherical roller thrust bearing. 

SPHERICAL ROLLER THRUST BEARING 

The spherical roller thrust bearing is a single-row angular-contact bearmg designed 
to carry heavy thrust loads or combined loads that are predominantly thrust. The 
outer race is a spherical section making the bearing self-aligning. 

The rollers have a tapered barrel shape which holds the roller ends against the high 
guide flange on the inner ring, assuring proper roller guidance. 

The lubrication preferred for this bearing is an oil of fairly high viscosity. The 
bewaring is designed so that the oil is pumped outward from the bearing center over the 
rollers, cage, and guide flange, giving uniform lubrication to all bearing parts. 

Spherical roller thrust bearings may be mounted in pairs, back to baek, or face to 
lace, to carry heavy reversed thrust loads (see Fig. 15-27). 
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BALL BEARINGS 

BV Bryce Rcley 


&miw Engineer, SKF Industries, he. 

Ball bearings fall into a few main classes, each class having different characteristics. 
Figure 15-28 showrs some common ball-bearing types and the following paragraph.s 
describe these types more fully. 


SINGLE-ROW RADIAL BALL BEARINGS 

The deep^groove or Conrad type of radial ball bearing has raceways which consist 
of deep continuous grooves cut in the bearing rings. Since the radii of the grooves 
are only slightly greater than the radii of the balls, the balls conform closely to the 
raceways, giving good support to the areas of contact and accurately guiding the dire^c- 
tion of rolling of the balls. 

Deep-groove ball bearings can carry radial, thrust, or combined load. The wide 
range of load and operating conditions for which decp-groovc ball bearings give excol- 



Fig. 16-28, Ballbearings. Deep-groove radial— a; angular- Fig. 15-29. Deep- 

eontact—b; double-row — c; self-aligning — d, ball thrust -e. groove ball bearing. 



lent service make this bearing a popular general-piiijinse liearing for light and medium 
loads. 

A variation of the deep-groove bearing is the maximum or fdJiruj-notrh t>pe. 
This bearing has raceways which are grooves cut in the bearing rings, but notches have 
been cut in the groove shoulders on one side of the bearing to allow a greater number 
of balls to be inserted in the bearing (see Fig. 15-29) 

The maximum-type bearing is designed to carry radial loads and combined loads 
that are predominantly radial. It can carry moderate thrust loads but is not usually 
recommended for these. 

Radial ball bearings are made in a separable type in W'hich one shoulder of the outer 
race has been cut down to allow a full-complement ball assembly to be snapped in over 
the low shoulder. This bearing can carry radial load and thrust or combined load in 
one axial direction only. This type of bearing is sometimes called a ma^nefo-type 
bearing. 

A number of other modifications have been made to the basic radial ball liearing. 
In current manufacture are bearings with extended inner races, bearings with snap 
rings, tapered-bore bearings, bciirings with built-in plates or friction seals, etc. 
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ahgthak-coktact ball bsabutg 

If a deep-^oowbearing with conisiderable internal clearanee nr^slaekneas is loaded 
by a thmet load, the bearing moves so that the load passes through tho balls at aa 
angle to the radial plane of the bearing. This angle is called a contact angle. Radial 
ball bearings have an initial contact angle of 0 and may under heavy thrust load have 
a contact angle of 15 deg or more. 

Some bearings are made so that they have an initial contact angle. This improves 
their thrust-carrying ability but pn'vents them from carrying pure radial load nnliBiwii 
they are opposed by a similar bearing. Bearings of this type are called ongulor- 
contacl bearings. In current production are bearings Whose initial contact angles 





Fig. 15-30, An- Fio. 15-31. Double-row 

fsular-roiitact ballbearing, 

ball iKsanng. 


Fig. 15-32. Self¬ 
aligning ball bear¬ 
ing. 


range from 15 to 4<J deg. These bearings are designed to carry light or medium com¬ 
bined loads whii'li are mostly thrust and are often used to carry thrust loads at high 
speeds (see Fig. 15-30). 


DOUBLE-ROW BALL BEARINGS 

Douh]e~row ball bearings arc siniiliir to two single-row radial be.arings placed side 
by side except that the rac'eway.s for both row s are .set in common rings. This bearing 
IS sometimes made as a deep-groove t>pe, sometimes as a maximum typo, and some- 
limes as a double-row angvdar-conlact bearuig with opposed coiitart angles. 

Double-row bearings have nearly twice as much radial capacity as single-row 
bearings, but their thrust capacity is usually about the same as the single-row bearing. 
This bearing is more sensitive to misalignment than the single row since a alight mia- 
alignment can result in one row of balls carrying all the load (see Fig. 15-31). 

SELF-ALIGNING BALL BEARINGS 

The self-aUgniTig ball bearing is a double-row tj^ie in which the grooved outer races 
have been replaced by a single spherical-section raceway. This bearing is thus able 
to self-align to adjust for any misalignment between shaft and bearing-housing bore. 

Self-aligning ball bearings usually have .slightly hiss radial capacity and substan¬ 
tially less thrust capacity than the equivalent size of deep-groove ball bearing. How¬ 
ever, their ability to adjust to misalignment gives them more effective capacity under 
^’onditions where considerable misalignment is present. 

These bearings are made in a number of series so that the customer has some lati* 
tude in selecting bearings to match his needs (see Fig. 15-32). 
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BALL THRUST BSARIRGS 

• BaM beoHnga are grooved-rtype bearings with contact angles of 90 deg. This 
means that the grooves are cut in rings so that the load line pasSes through the balls in 
direction parallel to the shaft. 

Ball bearings can carry pure thrust loads only. If radial loads occur, they must 
be carried by separate bearings. Ball thrust bearings run under considerable difficulty 
at high speeds since centrifugal and gyroscopic forces act on the balls to prevent true 
rolling motion. This increases the friction in the bearings and gives them a low 
liniitiDg speed. 



Fio. 15-33, Ball thrust bearing. 

Ball thrust bearinge are very sensitive to misalignment. Some bearings are made 
with self-aligning seats on one bearing ring. This proves fairly satisfactory in coring 
for initial misalignment but has not been nearly so successful with misaligiiineiit that 
varies with operating conditions. 

Two-directional ball thrust bearings have been made to carry reversed thrust loads 
(see Fig. 16-33). 
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ELECTRICAL SPEED CONTROL 

BT R. B. IHMEL 

Design Engineer^ Industrial. Control Engineering Department, 

Westinghouse Electric Corporation, Buffalo, N. Y. 

INTRODUCTION 

Th« sucecsaful operation of many motor-driven machines or devices depends upon 
the speed control. Some machines require operation over a wide range of speed, while 
others require operation at a closely regulated speed. The speed-control means may 
be mechanical, completely electrical, or a combination of mechanical and electrical 
meana. However, electrical speed control is generally characterized by the ease with 
which relatively small changes in voltage and current can effect changes of very large 
magnitude in the power circuits and the motor output speed, torque, or horsepower 
characteristics. In general, electrical speed-control means are more flexible, quicker 
and easier to adjust, faster in response, and much more suitable for CDiiiplicatcd 
sequence operations and interlocking than any of the other speed-control methods. 

Electrical speed control can be accomplished by manual or automalie. control 
devices. It is particularly well adapted to automatic speed control, and this type of 
control should be used where it is economical to do so. Compared to many mechani¬ 
cal speed-control mechanisms, the electrical control system may also provide a much 
wider range in speed control. 

The selection of the proper control equipment for a specific application is equally 
as important as the selection of the most suitable motor. A great many factors, such 
as the type of power supply available, the type of machinery to lie driven, the speed 
range desired, the type of control wanted, the location of the electrical equipment, 
the duty cycle, the operating personnel available, the cost, etc., must be taken into 
consideration in selecting the most suitable electi’ical apparatus for the application. 

The type of power supply available is usually given the first coiLsidoratinii in the 
selection of an electrical drive which con.sists of tlie motor, control, and auxiliary 
control apparatus. However, in many applications the speed-control factor i« pre¬ 
dominant over the power supply in selecting the drive that will in the long run be the 
most economical and satisfactory. 

A complete knowledge of the essential features of tlie dri\rcn machinery and the 
load characteristics is required before an intelligent selection of the electrical drive 
can be made. With the exception of the a-c synchronous-motor drives and drives 
with speed-regulating controls, the speed of many rlectrical drives is drtennined directly 
by the torque requirements of the load, Wlien the speed- torque requirements of a driven 
load are definitely known, the electrical drive performance can he predicted reasonably 
accurately. 

The relationship between the drive torque, the horsepower output, and the speed 
nan be expressed by the following equation: 

T - (hp X K)/N or Hp = (T X N)/K 

where T « torque 
hp « horsepower 
N - speed 

K » conversion constant 

When the torque T is expressed in pound-fent, and the speed N in rpm, the constant 
K is equal to S,2^. 
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ELECTRICAL ORXV9 CLASSIftCATZOH 

^ectrical drives maj be classi^ed by liie load m(|uiremenU wbieh are f^aerally 
known as constant torque^ constant horsepoweT, a combination of constant torque 
and constant horsepoweri and variable torque. 

Constant-torque Electrical Drives. Compressors, chain-grate stokers, belt oon- 
veyors, cranes or hoists, plunger pumps, and loading machines are generally considered 
to be constant-torque loads. Figure 16-1 illustrates the speed, torque, and horse¬ 
power relationships of a constant-torque electrical drive. With a constant-torque 
load, the total pull at any time will be constant and independent of the load. Speed 
adjustment is required to vary the amount of material being transported, and the 
horsepower required will be a direct function of the speed. Action also represents 
a constant-torque load, and in some inefficient machines, this friction load may be 
predominant and cause the machine to have a constant-torque characteristic regard- 
loss of the useful-load characteristics. 



Q ZO ^0 60 80 100 120 140 160 180 200 ''o 2Q 40 60 BO tOO 120 140 160 ISO 200 


%of. Full Load Torque (T)- Full Lood Torque (T) - 

Xo1 Full UJqd Horsepower^Hp.)- %of Full Load HorsapoeierlHiq-- 

Fla. 16-1. Cliaracteristics of a constant- Fig. 16-2. Characteristics of a constant^- 
torque electrical drive. horsepower electrical drive. 

Constant-horsepower Electrical Drives. Figure 16-2 shows the relationship 
between the speed, horsciwwer, and torque for constant-horsepower electrical drives. 
Machine tools, lathes, planers, drill presses, and any machine with a controlled load 
is usually considered to be a constant-horsepower load. W hen the load (or torque) 
is light, the machine can be operated at a relatively fast speed; and wdien the load is 
heavy, the machine should be operated at a slower rate of speed. For example, con¬ 
sider the load characteristics of a lathe. As the cutting speed is increased, the depth 
of cut is decreased to reduce the torque required to drive the load. Since the horse¬ 
power is proportional to the product of the torque and speed, the horsepower req\ih'ed 
for this type of application is appi-oximately constant at any speed. This ia not 
unexpected as the volume of metal that can be removed per unit time is approximately 
constant over the entire speed range. 

For a core-type paper-winding machine, as the diameter of the roll increases, the 
speed of the driving motor must be decreased to hold the sheet tension and Jinw 
paper speed constant. Constant tension at constant linear paper speeds requires 
constant horsepower over the complete range regardless of how the motor speed varies 
with the diameter of the roll, ^ , j 

Constant-torque—^Constant-horsepower Electrical Drives. For loads requiring 
a wide speed range, a combination constant-torque and constanti^horsepower drive 
is often utUized. The characteristics of this type of drive are shown by Fig. IM. 
This type of drive has been used very successfully for elevator and metal-workmg 
planers. This drive characteristic is typical of a d-c shunt motor which has annature- 
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voltage control bdlow the base speed for eonstaut torque and field control above the 
base ape^ for constant-borBepower output. 

Va^hle-torque Electrical Drives^ Fans, blowers, and centrifugal pumps are eon> 
aidered to be variable-torqile loads as the tcn-que varies directly with the speed. The 
horsepower is usually considered to vary approximately as the square of the speed for 
a variable-torque load. The characteristics of a variable-torque load are illustrated 
m Kg. 16-4- 

In Figs. 16-1 to 16-4 subscripts have been added to the constant K to indicate that 
the numerical value of K is not the same. 

It should be thoroughly understood that the characteristics indicated by Kgs. 16-1 
to 16-4 are the maximum or boundary conditions for the torque or horsepower that 
the electrical drive motor can safely deliver. It is not likely that a single load will 
have exactly the same speed-torque characteristics as the drive motor and control; 
but the load-speed-torque requirements must never exceed those of the drive motor. 



20 40 GO 80 100 120 140 160 IBO 200 

% Of Full Load Torque (T)- 

% of Full Load HorsepihrBrfHpJ-—— 

Fig. 16-3. Characteristics of a oonstant- 
torque-constant-horsepower electrical drive. 


■KBIHIBBBilfl 


mmmmuwatimnmm 



0 20 40 60 BO 100 120 140 lEO ISO 200 
% of Full Load Torque (T) ‘ ■ - ■ ■ 

%oF Full Leod HorMpowerlHp.) 

Flo. 164. Characteristics of a variable- 
torque electrical drive. 


As the drive-motor torque and liorscpower output are directly related to the current 
that the motor draws from the line, the maximum torque or horsepower limitations 
must not be exceeded, or the motor temperature will exceed its rated and safe tempera¬ 
ture rise. As a motor generally has considerable thermal capacity, intermittent 
overloads are not objectionable for some applications like cranes, hoists, etc., where 
intermittently rated motors are usually used to obtain the most economical installation. 

The drive motor and control for a given load must always be selected to satisfy 
the load requirements under all conditions of speed and torque. Obviously, the motor 
torque avadabie at each speed must be equal to or greater than the requirements of 
the driven load. The maximum torque and speed requirements of a load usually 
determine the horsepower rating of the drive, and this rating may be many times that 
required when the machine is operated at other than maximum speed. 

With the exception of arc synchronous-motor drives and drives where the motors 
are operated in conjunction with automatic speed-regulating controls, the speed will 
be determined directly by the driven load. The motor will always operate at a speed 
where its speed-torque characteristics are exactly in equilibrium with the speed-torque 
requirements of the driven load. This condition is illustrated later in this section 
on some of the curves where the operating speeds are predicted graphically by plotting 
the load and drive-motor characteristics on the same set of coordinates, 

Every e^trie drive motor possesses certain inherit speed characteristics by which 
it can be classified into a specific category. The following classifications have been 
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help to suggest the type of motor to be applied to a epeeific apgdleatioQ. 

A O0n4ton^4pecd motor is one the speed of normal operation of whic^ is emistaat oe 
practically constant. For example, a synchronous motcx, an induction motor with sms^ 
slip, or an ordinary direcWurrent shunt-wound motor. 

A varifing-BpMd motor is one the speed of which varies with the load, ordinarily deoreafr- 
iiig when the load increases; such as a series motor, or an induction motor with large dip. 

An ad^nataile^peed motor is one the speed of which can be varied gradually over a mm* 
siderable range, but when once adjusted remains practically unaffected by the load; such as 
a shunt motor with field-resistance control designed for, a considerable range of i^jMsed 
adjustment. 

An adjustable varyingspeed motcff is one the speed of which can be adjusted gradually, 
but when once adjusted for a given load will vary in considerable degree with change in 
load; such as a compound-wound direct-current motor adjusted by field contri^ or a slip- 
ring induction motor with rheostatic speed control. 

A mvUiapeed motor is one which can be operated at any one of two or more definite 
speeds, each being practically independent of the load. For example, a direct-current 
motor with two armature windings, or an induction motor with windings capable of various 
pole roupings. 

The basic methods of speed control for d-c and a-c motor drives have been iUus- 
tratcd with particular emphasis on the speed control. WhUe this section is not 
directly concerned with methods of starting motors, speed control and starting are 
inherently linked together, and the starting means must also be considered. The 
apparatus shown in the illustrations may be manually or magnetically operated to 
illustrate the diversity of the choice of equipment. Manual speed-control apparatus is 
generally simpler and less expensive than magnetically operated control equipment. 
For automatic operation, overload protection, interlocking, and limit or auxiliary 
switch control, manual control is not generally satisfactory, The use of magnetically 
operated control is imperative to obtain this type ot operation. 

Emphasis has been placed in particular on the speed range, speed regulation, size 
of the drives available, and the economics of one speed-control system over another. 

It should be borne in mind that there are many variations of the basic speed- 
control schemes sho'wn; however, a thorough understanding of the basic motor charac¬ 
teristics and the methods that can be utilized to control the speed of a motor will 
make it possible to understand many of the more complicated control schemes. Some 
times artificial loads arc imposed on the driving motor to provide more stable opera¬ 
tion. These control systems are considered to be too special for this section and will 
not be discussed. 

D-C MOTOR DRIVES—D-C POWER SOURCE 

Although a-c induction motors are the most widely used type of motor because of 
their relatively low cost, simplicity, and the extensive distribution of a-c power, there 
are many applications where the use of d-c drive motors is absolutely necessary to 
meet satisfactorily the operating requirements. In general, an adjustable and wide 
Speed range with a very accurate means of speed control can be obtained only with 
d-c drives. 

D-c Sbunt-woimd Motor Drives. Shunt-wound d-c motors are essentially con¬ 
stant-speed motors with the field winding connected in parallel with the motor arma¬ 
ture. When operated on a constant voltage supply and with a fixed value of field 
current, they operate at essentially constant speed regardless of variations in the load. 
There is some change in speed or regulation as the load varies from no load to full load, 
hut in general, at the base speed this docs not exceed 12 per cent for integral-horse¬ 
power motors up to 5 hp and 10 per cent for motors larger than 5 hp. 

(^onstont-sp^ motors are usually snutahle for a speed range up to 2:1 by field 
control and for constant-horsepower output, provided the top speed does not exceed 
the maximum safe rpm for which the motor was designed. 

Direct-current motors which have a speed range by field control of 3 t I or more aiu 
considered to be adjustable-speed motors. Standai^ motors are avails}^ for 
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Huad 4:speed ranges. Motors with speed miges up to d: 1 are available, but these 
motors are more exp^tisive as special designs and field windings must be used. 

D-tynt&hr Bobic C/iaract<?r{Bto and Speed Formulas. The direction of the motor 
I'Otatidn which results from the relationship between the direction of the current flow 
in the armature and the direction of the magnetic lines of force produced by the shunt 
field for motor opei'ation is such that a counter cmf Ej. is generated in the armature 
conductors as they pass through the magnetic field. This counter emf varies from 
aero at armature standstill to approximately line voltage less the armature-circuit 
voltage drop IaBa at full speed. This counter emf Ea is almost directly proportional 
to the motor speed. 

This characteristic can be represented by the following equation: 

Ea = Km 

where Ea *= counter emf 

K es motor constant 
= field flux 
N speed 

Figure 16-5 shows this inherent motor characteristic graphically. The counter 
emf is in opposition to the impressed line voltage V. Hence, the net voltage that 
causes current to flow in the armature conductors and which produces motor action is 
the difference between the impressed line voltage V and the counter emf Ea* 

This relationship can be expressed by the following formulas: 

7a - (r - Ea)/Ra or F = Fa + IaRa 

where I a = armature current 
V = line voltage 
Ea = counter emf 

j®A = total armature circuit resistance 

The basic d-c-motor speed equation can now be derived as follow’s; 

as = Ea + JaRa 

and Ea — Km 

then .V - (F - IaRa)/K^ 

where N = speed 

F * line voltage 
7 a = armature current 
Ra — total armature circTiit resistance 
K - motor constant 
4* = field flux 

As the product of the full-load armature current 7a and the armature resistance 
Ra *5an be considered a constant, an examination of the preceding speed equation 
shows that the motor speed can be varied by changing the line voltage F when the 
shunt-field flux ^ is held constant. This equation also shows that a properly designed 
motor should have an TaRa voltage drop wdiich is small in comparison to the impressed 
line voltage F so that the speed will not vary appreciably with changes in the armature 
current 7a. In general, this value is approximately ID per cent of the line-voltage 
value F for shunt motors. 

For constant shunt-field excitation, the change in speed with a change in the per 
cent of fine voltage F impressed on the armature of a shunt motor is shown by Fig. 
16-6. 

The motor speed can also be changed by varying the shunt-field flux If the 
impressed line voltage F is held constant, the speed will increase with a decrease in 
the flux; This characteristic is shown by Fig. 16-7. 

Because of the physical limitalions, the shunt-field flux cannot readily be increased 
beyond the value that is produced when the field is energized at rated line voltage F 
for the slowest speed. As previously shown by Fig. 16-6, to obtain speeds below the 
base or full-field speed, the voltage applied to the armature must be reduced. 
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Fi«. 16-5. fSpeed-counter omf curve for a Fiu. 16-6. Speed-per cent impressed arma- 
typical d-G shunt motor. ture-vnltage rurve for a typical d-e eliunt 

motor. 


Constant Horsepower 
(Vand 1 a- IOO %) 



% gf full Held Flux (^1 

Fjo. 16-7 Speed-ficld-flux curve of a typ¬ 
ical l1-c shunt motor. 


Torque-Current Choracteristic 
(♦•IDD-4) 

T-K^Ia 


Where 


T* Torque 
K-Motor constant 
4-Field flux 
l^sArm current 






0 20 40 60 60 ICX) 120 


7t of Full Lood Currenl (!«} 

Flo. 16 - 8 . Torque-amiaturo-current char¬ 
acteristic of a tyiJical d-c shunt motor. 


D-c-mo/or Btuic Torqyie Characteristic and Formula, The torque developed by a 
cl-c shunt motor is proportional to the pri3durt of the field flux and armature current 
/a- The torque can be expressed by the following equation: 


T - 

where T “ torque 

K * motor constant 
= field flux 

IA — armature current 

Most controllers are arranged so that the motor shunt field is fully excited during 
the starting and accelerating period. This helps the motor to develop the required 
torque without excessive armature current. A typical torque and armature-current 
curve is shown by Fig. 16-8. For constant field excitution, the torque is almost 
directly proportional to the armature current. The motor torque can be eotitroMe4 
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by varying the applied armature voltage or by limitiag the armature current by 
meana of a aeriea. resistor. 

Bpeei Adjustment hy Armature-resistance Control, 

Bpsea Range; 

2:1 ^50 per cent speed reduction by armature-resistance control) 

Speed Decrease from No Load to Full Load; 

Apinoximately 50 per cent at low speed 
Approximately 10 per cent at base speed 
Hobsepoweb: 
to50 

Figu^ shows the apparatus required for the simplest and least expensive d-c 
adjustable-speed drive. This type of controller is manually operated and provides 

a means for varying the resistance in the 
armature circuit and the voltage applied to 
the motor armature. 

The diagram for a typical manual con¬ 
troller which utilizes the apparatus illus¬ 
trated in Fig. 16-9 is shown by Fig. 16-10. 
The motor is started by moving the con¬ 
trol-rheostat handle in a counterclockwise 
direction. This movement closes the line 
contact, and the motor will start and ac¬ 
celerate to approximately 50 per cent of 
full-load speed if the load is correct for the 
resistors. A magnet energized by the “ h old 
coil*’ will hold the line-contact arm in the 
closed position. The regulating arm may 


co// (Opens when reg iHoids hne 
arm is maved (a contact armj 
off position} 

X'lG. 1&-10. Circuit diagram for a manual 
speed controller for speed adjustment by 
armature-resistance control. 

then be moved to short out the regulating resistor and to increase the speed by turn¬ 
ing the handle in a clockwise direction. A star wheel and roller assembly on the oper¬ 
ating-handle shaft provide positive positioning of the reguluting-arm contacts on the 
stationary contact segments, The motor can be stopped by moving the regulating 
arm in the counterclockwise direction to the off position. The release switch opens 
just after the regulating arm is moved beyond the first or lowest speed point. Deen¬ 
ergization of the ^^hold coil" releases the line-contact arm and opens the circuit to 
atop the motor. As the line-contact arm is m^netically held in the closed position, 
this controller will provide low-voltage protection and always ensure that the motor is 
started with full resistance in the circuit. This type of controller usuaUy does not 
provide any overload protection. 

For armature-resistance control, the motor is alinx>st always operated with full 
shunt-field excitation. Figure 16-11 shows typical speed-torque curves for a 10-point 
manual controller with a class 93 resistor for varying-torque applications. This 
resistor class provides 50 per cent speed reduction at not less than ^ per cent of full- 
toad torque. Tko regulation of this drive is not very good as it varies from approxi- 
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Fro. 16-9. T 3 ''pical d-c drive consisting 
of B shunt motor and manually operated 
faceplate-type controller. 
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mately 120 per eeait at tow apeed td abcnlt 10 p^r cei^ at ratad i^ieed. ^(^er toifer- 
mediate spe^s tiian those shown can be obtatoed b^r nMng moPe Mister steps. 

Class 05 resistors are used for eonstant-tor(|ue appMoaticms add pnmde 50 per oent 
reduetion in motor speed with not less than 80 per cent of full4oad torque. 

The speed-torque chararteristio of a fan load is also shown on Fig. 10-11. When 
the line contact ia closed, the motor will be accelerated on the first-point speed curve 
to the point indicated by A, When the regulating arm is moved to the second poipt, 
the motor will then increase in speed from point £ to C. On the third point, the speed 
will change from D to etc. 


N- 


Varying Torque Fen Load 
ond T>K24 Ij^ 


Shunt finM 

—VA-1 


N < Speed 
V - Line volfage 
U- Arm current 
Total arm. 

\Vhert circuit resis. 

4 > Field flue 
K|> Motor constant 
T > Torque 
K^^Molor constant 




Fio. Id'll. T 3 ''pioBl Bpeed-torqu« curves for armature-resistance control of a d-c shunt 
motor. Class 93 resistor for varyuig-torque applirations. 


For speed reductions below 50 per cent of the rated speed (full-field excitation from 
rated voltage on the field), the armature is generally shunted by a resistor to improve 
the regulation and to reduce the differential Imtween the no-load and full-load speeds. 
Figure 16-12 illustrates how the speed regulation can be greatly improved with the 
motor armature shunted. When the per cent of the impressed volt^ on the arma¬ 
ture is known, the per cent of base speed can be fouud for both no load and full load 
from the curve shown on Fig. 16-6. 

4 ?psod Adjustment by Field-excUaHon Control. 

Sfe&d Ran os; 

4; 1 (4:1 speed increase by field control) 
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PiscEBASSi s*BOM No Lgad TO FuLL Load: 

Approximately 10 per cent at baae speed 
ApptiQximately 25 per cent at high speed 
Hobseppweb: 

Unlimited 

An examination of the speed equation for a d-c shunt moinr shows that the speed 
can be adinated by Varying the shunt^field excitation A rheostat in series with the 
field can be used to vary the field current. This in turn increases or decreases the 
excitation. 


Shunt fiatd 



Armature Series Resistor 


Shunt fiefd 





No 

Lood 


Full 

Load 



% Full Load Current 


Armature Shunting Resistor 

Fie. 16-12* Circuit diagrams and cumpariwn of the regulation for^a d-c shunt motor 
with a serias or an ai'niature-shunting resistor. 

Figure 16-13 shows the apparatus required for a typical d-c drive with speed 
adjustment by field control. 

Magnetically operatetl starters are advantageous over the manually operated type 
aa tbey are more suitable for remote operation, interlocking, and providing overload 
protection. Figure 16-14 shows the ciTctut diagram for the drive shown in Fig. 16-13. 
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When the btart push button is operated, the inductive accekrathig contaotor oofl %A 
will be enel'^ed. The main contacts \A will dp^ to permit the iirst step the start¬ 
ing resastor to become effective, and the auxiliary contacts 14 Will close to energisa 
the second accelerating contactor coil 24. The main contacts 24 will open, and the 
auxiliary contact 24 will close to energize the lincvcontactor coil M, Sner^zation 
of coil M will close the line contacts Af, and the motor will be started with reduced 
voltage on the armature. 

The line-contactor auxiliary contact Mh also opens and deenergizes the coil 14 to 
initiate the time-delay period. After a time-delay period of several seconds, the mfttn 
contacts 14 will close to short out step i21-Jf22 of the starting resistor. The auxiliary 
contacts 14 will also open to deenergize coil 24. After another timo-dday period, 
the main contacts 24 will close to short out all the starting resistor and to apply full 
voltage to the motor armature. The motor will continue to run until it is deener¬ 
gized because of operation of the STor push button, the overload relay, or a power 
failure. 


Constant D-C 
vottog^ source 



Fio. 16-13. Typi»’flJ d-c drive ronaisting 
of a ahunt motor, magnetic starter and 
push button, and a field rheostat. 


Rheo. 



Fig. 16-14. Circuit diagram for speed ad¬ 
justment of a d-c shunt motor by field 
control. 


The field-arrclerating relay FA is operated by a series and a shunt coil so that the 
motor is always started with full lieJd. Also, full field is automatically applied when 
the motor current incrcasos beyond a preset value. Full field is necessary to provide 
ample torque withoul excessive motor current for the load requirements. 

After the motor has onc;e been accelerated to a speed that corresponds to the speed 
for full line voltage on the motor armature, the contact FA in paralleJ with the field 
riieostat will open so that the rheostat will be effective to adjust the field current for 
Speed control. 

Figure 16-15 shows a family of curves for the speed-torque characteristic of a d-c 
&ive, motor with a 13-point field rheostat. Other intermediate speeds can be obtained 
by using a rheostat with smaller steps and a greater number of points. 

The regulation is best at the base speed and increases as the speed increases. Aa 
this drive operates with a constant-horsepower characteristic, the safe drive torque 
available decreases as the speed increases. It should always be remembered that the 
motor win overheat if it is operated continuously at greater than rated full-load 
armature current. As the armature current 1a should not be increased above XOO 
l>er cent of the full-load value, the torque T value must decrease as the field flux ^ 
decTeascs for obtaining the higher speeds. 

Speed A djustment 6^ Both Armature-resistance and Fidd-exciiation Cantd, 


SpExi) Ranok: 

3:1 (50 per cent speed reduction by armature-resistance control and 4:1 qieed 
increase by field control) 
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SwEB DbcbiS^h fbom No Load to Ftn^L Load: 
Apfwoxiiiuiftielsr 50 per cent at low speed 
Approximately 10 per cent at base speed 
A^piOadmately 25 per cent at high speed 
HonsBi>owEB: 

^tQ 50 


The speed adjustability of a d-c shunt motor drive can be greatly increased by 
using both armature-resistance and field-control means. 



0 ZO 40 60 do iOO IZO 140 160 E80 200 

% of Full Lood Torque (T) 


Fio. 16-15. Typical speed-torque curves for the speed adjuetment of a d-c shunt motor 
by field control, 

Hgure 16-16 shows typical apparatus which can be used for this type of speed 
oontrol. A drum controller functions similarly to the faceplate rheostat previously 
described, but it is more rugged and can be manufaclurod in much higher ratings than 
the faceplate type of starter and regulating controller. In general, the cost of a mag-* 
netic controller is higher than that for a drum type of controller. However, ease of 
operation, remote or automatic, and the possibility of interlocking features which are 
characteristic of magnetic controllers should always be considered in the selection of 
the e^paratUB for an electrical drive. Figmre 1^17 «hows a typical diagram Iot a 
five-^point drum-type controller. Ihe F contact on the drum opens only on the last 
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or ^ith |)oint ftiixl ensures that the motor shusrt field Is always fuUy‘ eiauted wtimi 
reduced voltage is applied to the motor annatoe. Whan all the remstor is 

shmrted out, the field rheostat may be used to adjust the speed to a hi^er value. 
This particular controller does not have any provision for overload proteetum^ This 
type of d-c drive falls in the constant-torque and constant-horsepower clasfi^cation. 
The set of speed-torque curves shown iu Fig. 16-18 illustrates the characteristkiB 
obtained from a drive which has five points of armature-r^istance eontrol 17 

Cofisfonf D-C 
fptiog^ source 



Fig. 16-16. Typical apparatus for a d-c shunt-drive motor with speed adjustment by 
armature resistance and shunt-field conl^ol. 

points of field cirntrol. Intermediate speeds can be obtained by using a drum con*^ 
troller and a field rheostat with more points or steps. It should be noted that, for 
this drive, the speed regulation is best at the base speed. 

D-c Compound-wound Idotor Drives. Compound-wound motors have both 
shunt and series fields, and the relative strength of the two fields determines to what 
extent the motor operation approaches the shunt- or series-motor characteristics. 
The formulas previously given for the counter emf, speed, and torque of a dnj shunt 
motor also apply in general to a compound-wound motor. A compound-wound motor 
provides a relatively high starting torque which approaches that of a senes motor and 
yet has tiie desirable characterisUos of a safe no-load speed which is typical of a shi^t* 
Wound motor. 
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'Pram na loAd to full load^ the drop in speed or regiilation of a compound-wound 
motor is approximately 2d per cent for operation at full shunt-field excitation. 

Compound-wound motors are used extensively on applications where a reasonably 
constant speed is required and where a motor must develop a high starting torque to 
accelerate the driven machine. This type of motor is extensively used on piston 
pumps, conveyors, compressors not equipped with unloading devices, mining and 
loading machines, and other similar applications. 

In general, compound-wound motors are not recommended for adjustable-speed 
applications, as the weakening of the shunt field to obtain a speed increase changes the 
proportionate ratio of the shunt and series fields. Also, the speed characteristics of 
a motor operated with less than full excitation on the shunt field are similar to those 
of a series-wound motor with the series field shunted. 




Drum 

confro/fer 

development 


Tio. 16-17. Circuit diagram for speed adjustment of a d-c shunt motor by armaturo- 
Tesistance and shunt-field control. 


Compound-wound motors have a speed-torque characteristic which is suitable for 
application to machines with fiywhecls or which have a high iiiertia-load characteristic 
as the motor drooping-speed trait will permit the flywheel to give up its kinetic energy 
if the load is suddenly applied. When a flyw'hcel is permitted to give up its energy, 
the motor power requirements and the disturbances on the power supply are appre¬ 
ciably reduced. It also results in less heating of the motor. 

Compound-wound motors can be started by the faceplate, drum, or magnetic 
type of controller which was previously described for shunt-wound motors. 

D-c Series-wound Motor Drives. D-d series-wound motors are inherently vary- 
ing-speod motors as the field winding is in series with the armature. Any change in 
the armature current will vary the field flux. This type of motor provides a rela¬ 
tively high starting torque with a relatively low starting current. Series motors 
are capable of starting and accelerating heavy loads wii^i lower values of current drawn 
from the power supply than any other type of motor. 
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Oa light or ao loada^ the motor speed may bo d^mg^tottsly high ^ee the eerieis-lield 
Hux decreases as the armature current decreases. For this reason, series motors should 
be employed only where the load is never mitirely removed frdm the mdtor or where 
close stjpervision is maintamed. A seriRs motor should never be connected by a belt 
to the load; it should always be connected by gears, chains, couplings, or some posi¬ 
tive means. 

Series-wound motors are applied mainly for widely varying loads, such as are 
typical for hoists, cranes, winches, etc., where wide speed changes are permissible and 



1 Hi. 16-18. Typical Bpood-torque curves for the speed adju.stment of a d-c shunt motor 
by aruiature-rebistance and sbuiit-field control. 


desirable. Sometimes series motors are provided with a shunt field which produces 
just enough field to prevent the motor from ha\dng an excessive speed on very light 
loads. 

While the general fjounter emf, speed, and torque equations given for d-c shunt 
motors also apply to series-wound motors, the only practical way to vary the 
is to vary the voltage aj>plied to the armature and series field. Any attempt to con¬ 
trol the series-field excitation separately would nullify the reason for using a smes- 
wound motor in the first place. 
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< Spev^ ^ Armature^esiaiance Cattfy-ol. 

SPVSfD EaK6£; 

In^tetmiz^te (depends entirely on load) 

Spbbd Dgcbease fbom No Load to Full Load: 

Approximately 100 per cent or more at low speed 

Approximately 100 per cent or more at base speed 
Horsbpowee: 

1 to 200 intermittent 

Series motors are often controlled by manually operated drum controllers as that 
type of control provides a very nigged and compact control unit. Figure 16-19 shows 
the apparatus required for a typical d-c series-motor drive that is often applied to 
cranes or hoists. 

ConsfMf e 
*otrag» set/re^ 


p»n§f 



Flo. 16-19. Typical d-c sones-niDtor drive with a protective controller. 


Where ease of operation is required and a higher first cost of the rontroUer can be 
justified, automatic magnetic control operated by a master switch is often used. 

For some applications, such as encountered for large oranes or steel-mill drives, the 
motor currents that must be carried and interrupted are beyond the values that can 
be handled safely and efficiently by manually operated controllers; for such applica¬ 
tions, only magnetioally operated controllers are satisfactory. 

Figure 16-20 shows a typical circuit diagram for a series-motor drive. For over-- 
load protection, limit-iiwitch control, and interlocking, a protective panel with a line 
contactor M and an overload relay QL must be used. The linewsontactor coil M is 
initially energized only in the drum off position through the reset contact. The 
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coil remittiiis ^orfbod ihitHigh itit auxiliary contact Ml w&oa tho drum k >te 

any oi&m powiaon- In of a voltage faihiie or operation of overload the 

coil M IB deenergised, and the contactor will then open the line contaeie M to atc^ 
the motor. The motor can be restarted only by moving the drum oontrohet to^the 
OFF position. 'Dm protective panel prevent starting of the motor nnlesa all the starts 
ing and regulating resistance is in series with the motor armature and series fieldL 
Figure 16-21 shows tyjncal speed-torque curves for a series-^motor dirive. From 
this set of curves it should be noted that the series motor has an excessive speed 
characteristic when the motor has a very small load. 
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Fio. 16-2G, Circuit diagram for a d-c series motor with speed adjustment by armature- 
lesistance control. 

Comparison of Typical ID-c-motor Characteristics. Figure 16-22 shows the com¬ 
parison of the typical speed, current, torque, and horsepower characteristics for 
shunt.-, compound-, and series-wound motors operated at their base speeds. It should 
be noted that the current-horsepower curves are plotted to a different ordinate scale 
as they would otherwise obsi'ure the current-torque curves. The careful considtkra- 
tion of this curve should be very helpful in the selection of the drive motor which has 
the proper speed, regulation, torque, etc., characteristics. 

Graphical Analysis for the Selection of a D-c Shunt-wound Motor Drive, In 
sUecting the proper drive for a specific application, the speed range, size, ooet, regula¬ 
tion, etc., must be considered. Figure 16-23 illustrates how to analyto a typical 
application where it is desired to apply a d-c shunt-'wound motor to a constantdx>rqiie 
load which requires a 4:1 speed range or speed adjustment from 450 to 1,600 tpm. 
The speed—torque and speed-horsepow^er requirements of the load are plotted in f3o|. 
(* of Fig. 16-23. 

Column h shows the application of a constant-speed shunt-wound motor urtth 
75 pej cent basenspeed reduction by armature-resistance control. While this chiv^' 
meets the torque requirements of the load and is the lowest in cost, it shoukl be btmio 
in mind that the speed regulation for this type of drive is very poor compared to othor 
drives, and the number of speed points is limited. Standard drivM with speed 
^ment by armatuVe-resistance control are ustiahy reccmimended for only 50 pear 
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Qpeed Toditotion. However, by using an armature-shunting resistor on the lower 
speed point and carefully selecting the motor, it is possible to obtain the desired speed 
Induction, 

c Column c of Fig, 16-23 illustrates the characteristics of a drive with a constant- 
i^med motor with speed adjustment by both armature-voltage and held control. From 



Fio. 16-21. Speed-torriue curves for a d-c series motor with speed adjustment hy arma¬ 
ture-resistance control. 


the curve it should be noted that the armature-regulating resistor needs capacity for 
only 40 per cent of the rated horsepower at the base speed. 

Column d shows a drive which has an adjustable-speed motor that will provide a 
4:1 speed adjustment by control of the shunt-held cxcitatioii only. This drive gives 
a fairly good speed regulation and provides a relatively large number of points. 
The cost of this particular drive is considerably higher than the other two, and it 
should bo noted that the full horsepower rating of the motor can be utilized only 
when the motor is operated at the maximum speed required by the load. The 
weight and siae of this particular drive arc larger than those of the other drives 
considered. 

As a general rule, it should be remembered that, the higher the shunt-motor base 
i^eod, the smaller the motor-frame shze and the lower the motor cost. It is recom¬ 
mended that a graphical analysis similar to the one discussed alw^ays be made in order 
to obtain the most economical and satisfactory drive. 
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A-4: MOTOR DRIVES—A-C POWM SOURCE 

The electrical energy dtsiribnted in the Umted States teday is predoBiinanl^ 
00-cycle alternating current, Vor this reason it is generally more economical to a|)|3ly 
a standard a-c motor and controller to the application if it provides suitable dravo 
rharacteristics. 



% of Full Load Current (1^) 


Fio lR-22. Comparison curves of the d-c shunt-i compound-, and BerieEhWound-motor 
characteristics. 

A-c-motor Basic Speed Formula. The speed of an a-t* motor is determined by the 
number of poles in the field winding and by the frequency of the applied voltage to 
these windings. The basic equation for the “synchronous” or maximum theoretical 
spettd in terms of the number of poles and the frequency can be expressed by the fol¬ 
lowing formula; 

AT « KF/P 

where N = synchronous speed 
K =» constant 

F * frequency of power supply 

F *■ number of poles „ • ^ 

When the speed N is expressed in rpm and the frequency F m cycles per secona, 
constant K is equal to 120. 




dtc. 


BLStOT&K^AL SP0m OOUmOh 


Lo«4 


onif 

horsepower 
oherocferlsHo of a 
4|p{edl cocment 
forque food 


Cofflpiett drivt* Mo|or4 roflnqol focaoi^l^ eontrolter 
lH) 


75% speed reducHon by 
arnuHure control 


10 Hp drive reknlve; 

Motor frome size — 43SK 
Complete cost 100% 

Complete weight I0D% 


(£) 

50% speld reduction 
ormdtore control- 
2: t speed Increase by 
field control 
10 Hp drive relative* 

Motor frome size—G35K 

Complete cost-153 % 

Complete weight—156 % 


ti) 

4:1 Speed increase 
J)y field eofitrnl 


to Hp drive relative: 

Motor frame size — I055K 

Complete cost-207% 

Complete weight-I8Z % 


% of Load Torque— % of Load Torque — % of Load Torque— 



% Horsepower for Load—% FL Motor Horsepower-%FL Motor Horsepower-%FL Motor Horsepower- 

-<*-Load- *- -<-Motor-- 

Fia. 16>23. Graphical analysis of three different speed-control methods for a typical 
constant-torque load. 
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Except for an a-c eynchronoiifl motor, the synchronous speed is a theoretical speed 

which a motor could attain only if it had no 
losses or load. An a-c induction motor can 
never reach synchronous speed as there is 
no torque developed when the rotor re¬ 
volves at exactly the same speed as the 
rotating field. The difference between the 
synchronous speed and the actual speed 
for the torque that is reqiurcd to drive the 
motor and the load is called the “slip.” 
The speed of an induction motor is also 
determined by the load requirements and 
will be a speed at which the motor-torque 
output and the load-torque requirements 
are exactly in equilibrium. 

As shown by the speed equation^ the 
motor speed can be varied by changing the 
frequency of the power supply or the num¬ 
ber of poles in the field winding. It should 
always be borne in mind that an a^-c motor 
must always have an even number of poles 
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Flo. 16-24. Rclatiouship between speed 
and the number of poles fur a-c motors 
operated at given frequencies. 


(same number of North as South poles), and the minimum number of poles is two. 
Figure 16-24 graphically shows the relationship between the speed and the number 
of poles at given frequencies of 25, 60, and 120 cycies. 

Figure 16-25 graplncally shows the speed of a motor wdtb a given number of poles 
for frequencies up to 120 cycles. It should be noted that, for a speed change by adjust¬ 
ment of the frequency, the change in speed p^r cycle is greatest for a two^pole motor 
and least for a forty-pole motor. 
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A tiiofB t$osi]d 0 tfi talkie of the''S3rnc]iit>QOUB i^eedflvfoi' various pole azul fpfijquifiPiP^ 
combme^tkms is fl^vea by Fig. 16-26. . 

Basic Tonj^ Formula. In gt^neral andoxoept for some conditicH^ of 
BynchFoaous-motOr operation, the torque developed by an a-o motor ie pK^Msrtio&ali to 
the square of the impressed voltage V applied to the stator or held windings. The 
approximate torque equation can be expressed as follows: 


T » JBTF* 

where T =* torque 

K m motor design and conversion constant 
V “ voltage applied to the field or stator windings 
The speed of an a-c induction motor can be controlled to some extent by adjusting 
the voltage applied to the field windings. As a variation in the applied voltage will 


7200 
, 6B40 
E 64S0 
<^6120 
« 5760^ 
.E 5400 
XI 5040| 
S 46SQ, 
,^^ 320 | 
1 3960 
3 3 600 

I 3240 | 

I ZBBO 

f 2^201 
2*160 
1800 




I I I I I ITI I I 



m 


12 24 36 4B 60 72 64 96 lOS 120 
Frequency (Cycles per Second) 


Flo. 16^25. Relationship between speed and 
the frequency applied to an a-c motor with a 
given number of poles. 
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Flo. lB-26. Motor synchronous speeds 
for various frequencies and pole combina¬ 
tions. 


change the torque output of the motor, the speed of the motor must change for a 
given load. This method of speed control is not too satisfactory for general applica¬ 
tion, as a reduction in the applied voltage may result in a very low breakdown torque. 
For some single-phase fan applications, this method of control is quite widely used and 
satisfactory, as the load characteristic is such that the horsepower requirements 
decrease rapidly with a decrease in speed. 

A-c Squirrel-Cage Induction-motor Drives. Alternating-current squirrel-cage 
inductidn motors are considered to be the simplest and sturdiest of the electrical 
rotating devices that are now xnariufactured. 

In Sxo field of integral-horsejxjwer motors, ihe polyphase induction motor is pre¬ 
dominantly the most widely used type of motor applied to constant-speed indiistrigl 
drive applications. Also, polyphase a-c power is usually the only type of power avail¬ 
able at the majority of the industrial sites. 

In the field of fractional-horsepower motors, the single-phase induction motor is 
the most widely used type of motor. In general, polyphase power is not usually 
available at the places where the majority of the fractional-horsepower motors m 
applied. 

Squirrel-cage induction motors are essentially constant-speed motors, and in gen¬ 
eral, no relatively inexpensive control methods are known by which a reliable speed 
change and control may be obtained on a motor of a rdistively l^ge size. About the 
only practical means available for varying the speed of a relatively small induotis^ 
tttotor Without changing the number of poles or the frequency of power supply ^ 
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to adjust the voltage a|>plied to the motor field and permit the load to govern the 
Speed at which the motor will then operate with a change in the output torque. 

Rpeed AdjuntmerU of u Single-phase Sqnirrel-cage Capaciior Motor by Primary 
VoU^eOovtr^ {Autotransformer). 

Speed Range: 

Approximately 2:1 or 3:1 (50 to 33 per cent speed reduction by voltage control) 
Speed Decrease prom No Load to Full.Load: 

Approximately 70 to 60 per cent at low speed 
Approximately 5 per cent at baSe speed 
Horsepower: 

Fractional 


Figure 16-27 shows the apparatus required for a typical single-phase drive motor 
for a fan application. The control for this drive is manually operated and provides 


Singte phase constartf 
A'-C source 



Fio. 16-27. 6ingle^-phaee a-c capacitor- 
motor drive with speed adjustment by 
primary voltage control. 


a means for varying the voltage applied to 
the motor. 

The diagram for the drive illustrated 
in Fig. 1B-27 is shown in Fig. 16-28. When 
the line contact M is closed, the motor will 
be connected to a tap on the autotrans- 
former. The speed for a particular voltage 
win be determined directly by the load. 

From the speed-torque curves shown 
in Fig. 16-29, it should be noted that the 
curve for the lowest value of voltage ap¬ 
plied to the motor field windings has a 
very steep characteristic and a slope similar 
to the load at the lower speeds. The speed 
at which the motor and the load torques 
are in equilibrium will be very indefinite 
unless the load requirements arc known 
quite accurately. The set of curves in Fig. 
16-29 illustrates how four different fan- 
operating speeds can be obtained quite 
efficiently. This type of drive is successful 



Autotronsformer Line 
switch 
contact 


Fto. 16-28. Circuit dia|i:ram for a ainglB- 
pha^e manually operated coutrollBr for speed 
adjustment by primary voltage control. 


only because the fan-load characteristics are such that the torque requirements fall off 
quite rapidly with a decrease in speed. 

Typical Thre^phase A-c Squirrd-cage Drive-motor Characteristics. For a given 
a-c squirrel-cage motor, the speed-torque characteristic is determined primarily by 
the rotor design and resistance, linestart Class 1 and II motors operate at a rela¬ 
tively constant speed and differ primarily in the starting torque that each can develop. 

High-torque high-slip motors have a drooping speed-torque characteristic which 
can be very effectively utilized for providing automatic speed control for applications 
where the load is pulsating and has load peaks of v cry large magnitude. As the motor 
speed automaticBlly decreases quite rapidly with an increase in the load, the flywheel 
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or mass of the driven machinery is permitted to give up its kinetiQ energy to the bad. 
As the energy is supplied by the inertia of the rotating systinn, the motor^urrent 
peaks and power-supply disturbances are reduced to a minimuTn when this type of 
motor is applied to a pulsating load such as encountered in a punch press, musher, etc. 
A normal or low-slip (Class 1 or II) motor is not generally satisfactory as i^high^torque 



% of Full Load Ibrque (T) 


Fig. 16-29. Typical speed-torque ciu-ves for primary voltage control of a single-phase 
capacitor motor, 

cyclic load would also probably seriously overheat the motor. These characteristics 
are shown in F"ig. 1&-30. 

This example illustrates 'why it is very imjK)rtant to select the most suitable motor, 
as automatic speed control can be obtained very simply and at a relatively low cost. 

Speed Adpistment of a Three-phase A-c Squirrel‘<age Drive Motor hy Primary 
Voltage VontrdL {Primary Resistor), 

Spesiu Range: 

From full speed 'to 0 speed 'with operation at very indefinite speeds 
Speed Decbease from No Load to Full Load: 

Approximately lOO per cent at low speed 
Approximately 3 to 4 per cent at high speed 
Horsepower: 

Not practical except for very low ratings and variable-torque bads 
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CK^rod^ritHes of on4 A^pticallOfli f^r TypiCttl 

ThrM-PlitiOa Sqitirr«t-^«ge Moton 


) T*Torque 
K> Motor constant 
V« Voltage opplftd to iriotor 
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% of Full Lood Torqui(T) — 

FIg. 16-30. Typical speed-torque and speed-current curves for three-phase a-c squirrel- 
cage motors. 


The output torque of a squirrel-cago induetion motor ran be rontrolled by inserting 
resistance in each phase of the primary circuit to reduce the voltage actually applied 
««/»«/ FiRure 16-31 

A^Cvoltage source shows a thret^-pnase aquu-rel-cage motor 

fl Drum controller foe drive with a manually operated primary- 

primary voltage control . _ 

Q Primary resistor 


lu. primary voltage conj^ol resistor controller for adjusting the motor 

f^r circuit diagram for a primaiy- 

9 K resistor controller with a manually oper- 

Ss Sa & ateddrumisshownby Fig. 16-32. WTien 

__ ^ A drum-controller handle is moved to 

I "7^ the first point, the motor is energized with 

all the resistance in series with each 
I phase. The speed will be determined 

I only by the torque requirements of the 

» \ load. 

TAree phase A-C Figure 16-33 shows typical speed- 

squjrrel-cage torque curves for a four-point manual 

drive motor controller. It should be noted that, for 

particular resistor design, the speed 
Fig. 1^31. Tluee-phase a-c equirrel-cage varied only in a very small range, 

motor drive with sj^eed adjustment by pn- ir* or 

mary voltage control. f approximately 75 to 96 per cent 

for a varyjng-torque load. 

For the constant-torque load shown, the motor can be started only on the fourth 
point or with full voltage on the motor. After the motor is once started, the speed can 
be reduced to only 90 per cent of the synchronous-speed value by moving the drum 
back to the second point. 


Fig. 16-31. Tliree-phase a-c squirrel-cage 
motor drive with sx^^d adjustment by pri¬ 
mary voltage control. 
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Thifi type of cqntroHor Ufusttatod ^nly to £^o«r that, Uv goaml 

applicatiom, this tooana of speed control ia very meffoetiv^ 9iid satxRfaetaiiy. 
type of oontroi has another undesirable feature, as the drum controller must W 
capable of carrying and mterrupting relatively large pcknaiy currents. ^ i 



Drum 
controthr 
de vetofitue/tt 


Fig. 16-32. Circuit diagram for u three-phase manual speed controller for 8j[>eed adjust¬ 
ment by primary voltage control. 

Speed Adjuelmeni of Three-phftse A-c Squirrel-cage Multispeed Drive MoUflS hy 
Pole<hangtng ConfroZ, 

Speed Range: 

Single-mnding motors 2:1 
Multiple-winding motors 2:1, 3:1, 4:1, etc. 

Speed Decrease from No Load to Fuijj Load: 

Approximately 3 to 4 per cent 

Hobsepower: 

Unlimited 

The basic speed equation given for a-c motors also shows that, for a given^Jre- 
quency, the speed can be varied by changing the number of poles in the motor Md 
windings. Multispeed motors are constructed bo that it is possible to reconnect the 
windings to provide two or more pole combinations. 

figure 1^34 shows typical connection diagrams for tWE>- and four-speed motcUa. 
It is not practically possible to obtain any speed adjustment between t h e synchroi^us 
speeds for the various pole combinations, but this type of motor ia widely appHf^ 
fans, machine tools, etc., where only two, three, or four different speeds are entirely 
aatirfactory. 
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It should be noted that three speeds can be obtained by using only three pole 
eombinaUons of a four-speed motor assembly. On motors with two or three separate 
windings, bU the individual windings that are not in use to obtain a certain pole com¬ 
bination ore generally open-circuited to prevent circulating currents from being 
induced in those windings. 

For two-speed motors with single windings, the ratio between the high and low 
speeds is always 2:1. Standard two-speed tw'o-winding motors can have almost any 
high-speed to low-speed ratio, such as 1.33:1, 1.6:1, 2:1, 2.66:1, 3:1, 4:1, etc. 


Tllfse-Phase Squirrel-Cogs 
Motor With Primary Voltage 
Control 


T-KVf 

I T-Torque 
K-Motor constant 
V|‘Voltage applied to motor 




Fla. 16-33. Typical sxioed-torque curves fur a three-phase squirrel-cage motor operated 
with resistance in the primary circuit. 


Three- and four-speed motors can have numerous pole combinations which will 
provide a relatively large range in the speed ratios. 

For the most satisfactory selection of a multispeed drive motor, the exact charac- 
tensries of the load must be accurately known. A comparison of the horsepower 
ratings and physical size of 10-hp constant-horsepower, constant-torquBj and variable- 
torque motors is shown in Fig. 16-35. A variable-torque motor caimot be applied 
to a constant-horsepower load as it would overheat at the lower siieeds. A constant- 
horsepower motor could be applied and could handle any of the three typos of loads, 
but it would be very uneconomical for constant- and variablEs-torque loads as the 
motor would be much larger in size than necessary, have excess thermal capacity at 
the lower speeds, and coat considerably more tlmn the motor that has just the right 
capacity for the load. 
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Figure 16-36 shows a, typical muliispeed mot^ dtiv« with a msutlglly operated 
apeed-^^ector station and a magnetically operated pole^hangnig starter. 

Manually operated drum switches are also ayailable for multispeed^motor OodtmrL 
This type of control does not generally provide any means for interlocldiig or overbad 
protection. 

Typical two-speed magnetic-starter diagrams are shown in Fig. 16-37. For these 
particular circuits the motor can be started and operated for either speed dependilng 
upon the push button operated. When a push button is operated, its respective speed- 
contactor coil is energized, and the main contacts close to start the motor to operate 
ultimately at the desired speed. It is not necessary in this circuit to hold the push 
button down as an auxiliary interlock contact will close to provide continuous ener¬ 
gization of the coil when the push button is released. The push buttons are inter- 



rro 16-34, Typical corjiiwtioii dia^ia-iiis for variable-tinque, crmstant-torQoe, and 
ermstant-horsepower threo-pliase mulUbpeed motois. 


locked so that operation of the other speed push button will deenergize one contactor 
coil and energize the other coil for the desired speed. 

Some multispeed motor starters are equipped with a ‘'compelling” relay so that a 
motor can be initially started only on the lowest speed. For some applications where 
the driven load has a very high inertia, it maj^^ be advisable to provide an automatic 
time delay between speed changes to prevent damage to motor or driven machinery. 

Typicnl speed-torque curves for constant-horsepower, constant-torque, and vari¬ 
able-torque motors are shown in Fig. 16-38. It should be noted that the fuQ-bad 
torque for the lowest spcf^d of a constant-horsepower motor must be twice the value nf 
the high-speed torque. It is also two times the value of that for the low speed of a 
constant-torque motor and four times that of a vaiiable-torqUe motor. The curvoa 
in Fig. 16-38 are based on motors that have the same rating at the highert speed and 
have a high- to low-speed ratio of 2:1. For motors with two separate windings, the 
ratio between the high and low speeds do<^ not necessarily need to be 2:1, 

Bearing in mind that the hp * TN/K (where hp - horsepower, T * torque, 
A' « speed, and K =* a conversion constant), this set of curves graphically xtlustcates 
the data tabulated in Fig. 16-35. 
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Jl-e IkKloctiiiii-inotor Ddveib The limited capacity of tho power 

eystrane i& the early days when induetion motors were first developed aad applied 
loroed the extmimve use of wound^rotor motors to keep the starting euj^ents to a 
minimum. As squirrel-cage motors were developed and perfected and the capacity 
df the pemrer systems was greatly increased, the sipiirrel-cage type of induction 
motor supplant^ the wound-rotor type of motor for the majority of the a-c-motor 
pppUcatkma. 
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at-SO^-AO^C.CONT-OPEN-MULTISPEED SQUIRREL-CAGE MOTORS 

TYPE 

NaoF 

SPEEDS 

TYPE OF 
WINDING 

HP AT SYNCHRONOUS RPM OF 

FRAME 

NO. 

DIMENSIONS j 

mssi 

IkTSTiB 

900 


A 

c 

D 

2J 

K 

I 

2 

Single 

10 


10 


365 

o 


9 

m 

2 

Double 

10 

1^1 

10 


404 

20 

3i3 

10 

Bl 

4 

Double 

10 

10 

m 

lO 

444 

22 

B1 

n 

2'S 

CONSTANT 

Torque 

2 

Single 

10 


5 


324 

16 

251 

B 

16 

2 

Double 

10 


5 


326 


H9 

8 

16 

4 

Double 

10 

66 

5 

33 

365 

18 

294 

9 

IBi 

VARIABLE 

torque 

2 

Single 

D 


25 


324 

B 

25| 

e 

16 


Double 

lO 


m 

QQI 

326 

B 

03 

8 

16 

4 

Double 

10 

B 

B 

11 

326 

16 

Bn 

8 

16 

’^Motors with two windings can hove ottief than a 2 i ratio between the high and low speeds. 

This rating obtainable for Other than o 8 winding on this same frame size 


Fio. 16-35. Comparison of the horsepower ratings at various speeds and the size for 
typical constant-horsepower, canstant-torqiue. and vanable-torque IQ-hp mujfispeed 
motora 


However, there are still several types of applications where the wound-rotor type 
of motor is preferable over any other type of a*-c motor. First, the wound-rotor induc¬ 
tion motor is well adapted to applications where particularly high starting torques 
and low starting currents are required simultaneously. Pumps, compressors, and 
other continuouB-duty and constsjit-speed applications are often driven by wound- 
rotor motors. 

The second major type of application for the wound-rotor induction motor is 
where speed adjustment is required. This type of motor is often applied for driving 
Ians and conveyors that require speed adjustment and when only a^ power is avail¬ 
able, With special control equipment, wound-rotor motors have been very success- 
liiUy applied to cranes and hoists. 
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Fi<3. 1 &-36. Typical a^c multiapeed &qiurrel-cag© motor drive with speed adjustment by 
pole-chaiLgizig control. 






Flo. 16-37. Typical diagrams for a two-apoed motor with speed adjustment by pole^ 
changing control. 
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Xhe iiiliBreiit oliarsoteristicB of a wofund-rotor iaduction motor are such that, with 
tesiataBce in the secondary circuit, the driven load will directly determine the motor 
speed. The motor slip depends almost entirely upon the load, and if the load is 
removed, the motor speed will approach the maximum synchronous value. In 
general, wound-rotor motors should not be applied w^here it is expected that very 
low speeds at very light loads will be required. Under these conditions the operation 
may not be very satisfactory unless a very costly investment is made in special resis¬ 
tors; for many applications this extra cost is not practicable or feasible. Usually, a 
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Fla. 16-38. Comparison of the speed-toraue characteristics of typical multispeed squirrel- 
cage motors. 


50 per cent speed reduction is considered to be the maximum reduction that should be 
required from this type of motor if stable operation is desired. Special control 
equipment, artificial electrical loading means, etc., are sometimes used to obtain 
Stable operation at low speeds and useful light loads. 

Speed Adjuetment of a Three-phode Wound-rotor Induction Motor hy Secondary 
Besieiance Control, 

Sfbbd Range: 

Approximately 2:1 (50 per cent speed reduction by secondary resistance control) 

Speed IDecrkase from No Load to FrUilAiAo: 

Approximately 50 per cent at low speed 

Approximately 5 per cent at base or high speed 
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HOBfiEFOWER; 

IMimitE^d 

A m&nually operate starting and speed-regulating rheostat is generally the 
simplest type of C/ontroUer for a wound-rotor motor. Figure 16-39 shows a typieal 


wound-rotor dnve motor with a magneti¬ 
cally operated primary starter and a manu¬ 
ally operated aenondary controller. Motor- 
operated drums, magnetically operated 
contactor controllers, or liquid slip regula¬ 
tors are generally used for the relatively 
large wound-rotor motors. 

The circuit diagram for a typical manu¬ 
ally operated starter and speed-regulating 
rheostat is shown in Fig, 16-40. The rheo¬ 
stat is arranged so that the motor is always 
started with all the resistance in the second¬ 
ary circuit. A coni ml contact on the 
faceplate arm momentarily provides a cir¬ 
cuit for energizing the primary-starter con¬ 
tactor coil. Energization of this coil will 
close the contacts M and energize the pri¬ 
mary circuit of the motor. The motor will 
then operate at a speed depending upon 
the load and the value of the resistance in 
the secondary circuit. 

This circuit will provide low-voltage 
protection and make it necessary for the 
controller alwa> s to he returned to its off 
position before the motor ran he restarted 
ill case of an overload or voltage failure. N( 
the controller handle to the off position wh 


r/tras phasa censfant 
A-Cwfttaga soure0 



Fio. lfi-39. Typical a-c three-phase 
wound-rotor motor drive with speed 
adjustment hy soconilary resistance con¬ 
trol. 

[irmally, the motor is stopped by returning 
ich will deenergize the line-starter cbil ilf. 



Fio. 16-40. Circuit diaRram foi a three-phase wound-rotor drive motor with secondary 
resistance control. 


A typical set of speed-t<orqiie purvt*s for a seven-point secondary resistor controUlor 
is shown by Fig. 16-41. These curves are similar to those which would be obtained 
from a resistor designed according to the specifications for a NEMA class 93 resistor 
for varying-torque applications. With tliese resistor values, oa the first point the 
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wiU develop approximately S5 per cent of its rated torque and will operate at 
approximately 50 per cent of synchronous speed if the load is correct. 

For Bome appUcations where "softer ” starting and a finer speed control are required, 
special oontrol is sometimes arranged so that one phase of the secondary circuit is 
Opened, For single-phase operation, the motor will develop only about 50 per cent 
of the three-phase starting torque. 

It should be noted that, witliin certain operating regions, the speed-torque curves 
of a wound-rotor motor with secondary resistance control are very similar to those of 
the d-c shunt motor operated with resistance in the armature circuit (see Fig. 16-11). 

A-c Synchronous-motor Drives, An a-c synchronous motor operates at absolutely 
synchronous speed. This characteristic makes it indispensable for many applications 
that must be operated at a constant speed. However, there arc no very simple or 

inexpensive means available for varying 
the speed. 

Synchronous motors also operate ac¬ 
cording to the same unescapable relation¬ 
ship expressed by the speed equation 
previously given for a-c motors. The 
synchronous speed can be changed only 
by adjusting the frequency or changing 
the number of poles. Unless a number of 
synchronous motors are required for a 
particular application, it is not practical 
to provide an adjustable-frequency power 
system. Synchronous motors are some¬ 
times arranged so that the windings can 
be connected for several different pole 
combinations. 

The synchronous type of a-p motor is 
quite widely applied today as, in addition 
to providing a constant speed, it can also 
provide some power-factor correction for 
a power system. 

Compared to the other starters for various types of a-c motors, the synchronous- 
in otor controller is a little more complicated as it must control and synchronize both 
the a-e and d-c circuits. 

A-C AND D-C UNIVERSAL-MOTOR DRIVES—A-C OR D-C POWER SOURCES 

The universal motor is a series-wound and commutator type of motor which can 
be operated on either a-c or d-c power supplies. The performance and operating 
characteristics are e.sscntially the same when it is operated on either type of power 
supply. The speed-torquH characteristic curve is similar to that for a d-c series- 
wound motor. 

This type of motor provides a relatively large starting torque and may have a no- 
load speed as high as 10,000 or 20,000 rpm. It is customarily built in fractional-horse¬ 
power sizes, and the armature is designed and constructed in such a manner that it 
can be operated at these high speeds safely. Some degree of speed control can be 
obtained on this motor by a series resistor or by the use of a tapped series field. 

This type of motor has found wide application in electric adding machines, cash 
registers, drills, hammers, vacuum cleaners, motion-picture projectors, sewing 
machines, and other built-in applications where the motor housing is an integral part 
of the machine or appliance. 

Universal motors have laminated armatures and stators so that they will ojierate 
satisfactorily on either a-c or d-c sources. For a given motor assembly, the armature 
will rotate in the same direction on either alternating current or direct current. When 
this type of ni<^r is operated on alternating current the direction of the current in 
the armature circuit and the direction of the series-field flux reverse simultaneously; 
therefore, the average torque output always has the same direction, 
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Fio. 16-41. Typical speed-torque rurves 
for a three-phase wound-rotor motor with 
secondary resistance control. 
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Speed Adjoitmeiit uid Cestrol of a Ualyaml Midsor by a Ceiitiifugelly 
Goyemer. 


Spe£d Range: 

ApproximfllHy 12; 1 (or 500 to 6,000 rpm fur one partir ular and typical govemoj 
design. Other governor assemblies can be Used to provide other spoed 
ranges) 

Speed Variation from No Load to Full Load: 

Approximately ±2 per cent 
Horbefower; 

Ha ^ Ho 


By means of a centrifugal-governor assembly mounted on the shaft, the universal 
motor can be adapted to provide a constant speed-torque characteristic from no-load 


phase constant A-G 
orD-C vottage source 



to approximately 150 pCr cent of full¬ 
load torque. A typical universal drive 
motor with a centrifugal governor for 
speed adjustment and control is shown by 
Ilg. 16-42. An adjusting screw on the 
governor assembly is provided for vary¬ 
ing the constant output-Hspeed value and 
is accessible only when the motor shaft is 
at standstill, ^me governor assemblies 
arc arranged so that the motor speed can 
be adjusted while the motor is running. 

Figure 16-43 shows a diagram for a 
typical universal-motor drive. When 
the handle of the manual switch is moved 
to the ON position, [the line contacts M 
will close and energize the motor. When 
the motor armature accelerates to a preset 
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governor 

contacts 
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Monuat 
snap sv/ifeh 
contact 


Fig. 16-42. Typical uiiiversal-iiiatDr drive 
with a speed-control governor. 


Capacitor 

Fig. 16-43. Circuit diagram for a uni¬ 
versal-motor drive with a centrifugal gov¬ 
ernor for speed adjustment and control. 


speed, the governor contacts will open and insert a resistor in series with the motor 
armature and field. The insertion of Uie r^istor will prevent a further increase in 
speed. When the motor speed drops to a certain value, the governor contacts will 
reclose, and the motor will be again accelerated to the preset speed. This same type 
of control could be obtained by opening the circuit completely and omitting the 
resistor. However, more satisfactory operation can be obtained by inserting the 
resistor into the circuit to reduce the motor torque. The capacitor is connected in 
parallel with the governor contacts to improve the contact life. 

When a universal motor with this type of control is in operation, the governor con¬ 
tacts opeji and close very rapidly, at approximately 100 to 200 times per second 
depending upon fhe natural resonant frequency of the moving contact. The contact 
vibration is thought to bo maintained by the explosive force of the arc. The centrifu¬ 
gal force on the cjontact assembly tends to hold the contacts in the closed or open 
position dependmg upon the speed. 

figure 16-44 shows a comparison bctwecm the speed—torque curves for an universal 
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motor with and without a governor for adjusting and maintaining the output speed 
constant. For a governor-controlled motor the extremely high speed characteristic 
is eliminated, and the speed is maintained at a constant value regardless of a change 
in the voltage, frequency, or load. This type of drive has been very successfully and 
economically applied to electric typewriters, cahiulating rnacliines, motion-picture 
^meras and projectors, etc. 



Fio. 16-44, Comparison of typical speed-torque curves for a universal motor witli and 
without a speed governor. 

D-C MOTOR DRIVES~A-C POWER SOURCE AND 
CONVERSION EQUIPMENT 

Despite the fact that the electrical energy distributed in the United States ttiday 
is predominantly 60-cycle alternating current, more d-c drives arc being applied than 
ever before. For all the simplicity and inherent advantages of the a-c system, ni>a-(! 
drives have yet been developed which are ntadily adjustable over the wide speed range 
which is now attainable with certain d-c drives. The popularity of the adjustable- 
speed d-c drives is steadily increasing because the versatility of the basic adjustable- 
voltage system has been increased by important new modifications and arrangements. 

Some recently developed drives are very simple but have some limitations; other 
systems, more complex, provide possible speed ranges as great as 120:1. The d-c 
drive motor is uuequaled for speed range and flexibility of control. The basic speed 
equations and motor characteristics have l>een discussed in previous sections and 
should be referred to for a more complete description of the principle or combination 
of principles utilized to obtain economical and flexible adjustable-speed drives. 

Adjustable-speed drives are extensively used for paper mills, rubber-mill machin¬ 
ery, winders, machine-tool drives, hoists, and other similar applications. 

Some adjustable-speed drives provide regenerative braking. This is an important 
feature which should always be considered when the drive is large. No emphasis has 
been placed on this feature in the following sections as speed control is the main 
subject. 

While the cost of an adjustable-speed drive operating from an a-c powei source is 
relatively high, it has been very widely used. It is now used for motors as small as 
1 hp and even for fractional-horsepower motors in some cases. The additional first 
cost of this type of drive can often be saved in the design of the driven machine by 
the elimination of gears, cone pulleys; belts, and other complicated mechanisms. 
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B-c SexieB AdjuBtable-VQltage DxiveB. 

Speed Range; 

10:1 (90 per cent speed reduction by armature-voltage control) 

Speed Becbease feom No Load to Fuld Load: 

Approximately 15 per cent at low speed 
Approximately 25 per cent at base or top speed 
Hobsefdweb: 

Up to 15, 

An adjustable-speed drive utilizing a series generator and motor is one of the 
simplest means so far developed for obtaining adjustable-speed operation over a 
wide speed range from an a-c power source. 



Fia. 16-45. Idealistic speed characteristic of a series motor operated in series with a series 
generator. 

The basic speed equation for a d-c series motor shows that the predominant factors 
in tliB resultant motor speed are the value of the voltage applied to the armature and 
the magnitude of the field. Figure 16-45 illustrates the idealistic speed-current 
characteristic of a series motor operated from a series generator. The low voltage 
of the series generator at small values of current limits the inherenlij" high no-load 
speed of a scries motor; and the relatively high voltage of the series generator at high 
currents increases the normally low speed of a series motor which is heavily loaded. 

The apparatus required for a typical series drive of this typo is shown in Fig. ]6-46. 
The d-c series generator is usually driven at constant speed by an a-c squirrel-cage 
induction motor. This drive has been very successfully applied to applications requir¬ 
ing a wide speed range with reasonably good regulation and where the motor operates 
in one direction or is infrequently reversed. 

Conveyers, kilns, machine tools, stokers, feed-water pumps, agers, dye jigs^ 
padders, splashers, and washers are typical applications where this particular drive 
can be used advantageously. 

The simplicity of this drive is illustrated by the schematic diagram shown in Fig. 
16-47. The only control equipment required consists of an a-c Lineetarter, a startr- 
fitop pusti button, and a speed-adjusting rheostat. 
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To start the drive it is necessary only to operate tlie staht push button which 
energiw coil M of the lino contactor. B^ergisation of coil M closes the M contacts 
and starts the arc to d-c motor-generator sot. As the series generator is accelerated 
up to its rated speed, the d-c-series drive motor also starts to rotate. This method 
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Fio. 16>46. Typical aeries adjustable-speed drive with speed variatiuu by gonerator-lield 
control. 


of storting acts as a magnetic cushion and prevents shock on the driven load during 
the acederation period. 

The speed of the d-c driving motor can he varied by changing the setting of the 

generator-field rheostat. When all the 
resistance in the rheostat is effective, the 
generator voltage and motor speed are at 
their maximum value. As the rheostat 
resistance in parallel with the generator 
field is reduced, the voltage is decreased, 
and the motor operates at a lower speed. 

Once the rheostat has been set for the 
desired speed, the drive can be started and 
stopped without touching the rheostat. 
The driving motor will accelerate to the 
selected and desired speed after the start 
push button has been operated. This 
drive provides constant-torque drive char¬ 
acteristics. RegEinerative braking is not 
possible with this type of drive. 

Shunt-wound d-c motors have an inher¬ 
ent speed-increase characteristic of 10 per cent or more as the shunt field heats up. 
With the series motor used in this type of drive, there is practically im) change in 
speed from cold to hot operation. 

The generator rheostat is the chief factor limiting the size of series drive that can 
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Fhi. lG-48. Typical speod-tor(jue curves for speed adjustmeut of a series-drive motor by 
scries geiierator-fiBld coiitrul, 


The speed regulation of this drive based upon the indicated full-load and no-load 
speeds is rather high. However, for all practical purposes, on most applications the 
speed regulation is good because there is generally sulRcient friction in the driven load 
so that the increase in speed at very light loads is never actually obtained. 

When the rheostat is set for 10 per cent of the full-load base speed, the drive motor 
can exert a starting torqiie of five or six times the full-load torque value. Also, the 
drive can actually be operated at 5 per cent of the base speed as shown by the bottom 
Hjid dotted curve for short periods for threading or inching operations. Continuous 
qpeiation at the extremely low speed will cause an excessive temperature rise in the 
piotor because of the decreased ventUation. 
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D-c Self-ezcited Shunt Adjustable-voltage Diives. 

SvBED Eanue: 

12:1 (67 per cent speed reduction by armature-voltage control and 4:1 speed 
increase by field control) 

Speed Decrease from No Ixiad to Fttll Load : 

Approximately 20 per cent at low speed 
Approximately 10 per cent at base speed 
Approximately 25 per cent at high speed 
Horsepower: 

Up to 15 

The self-excited shunt adjustable-voltage drive is another simplified form of the 
adiustable-voltage group of drives. This type of drive requires a generator that will 
provide stable operation at reduced voltage while operating self-cxcited. A stable 


THr§a p/iate cotisfaAf 
A'C vaDage source 



Fig. 16-49. Typical tl-r self-excited shunt adjustable-speed drive with speed variation 
by armature-voltage and field control. 

generator is one that will repeat and hold its output voltage within a reasonable degree 
of accuracy. An ordinary self-excited generator controlled with a standard rheostat is 
stable down to approximately 60 per cent of rated voltage at no-load and allows opera¬ 
tion over a voltage range slightly less than 2:1. 

The generator for a self-excited drive is generally designed to have field saturation 
at a relatively lower voltage than a standard generator. With this special character¬ 
istic, stable operation can be obtained over a voltage range of at least 3:1. 

The d-c shunt drive motor differs from a standard motor in that the shunt field 
must provide full excitation with only one-third the rated output voltage of the genera¬ 
tor on the motor field. This is necessary if the speed range of the system is to be 3:1. 

Figure 16-49 shows the apparatus required for a typical self-excited shunt adjust¬ 
able-voltage drive. 

The schematic diagram for a typical self-excited shunt drive is shown in Fig, 1 fi-50. 
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A Belf-«xcited shunt generator does not build up its voltage very quickly; therefore, 
the motor-generator set is usually started without any load. Also, it^should be allowed 
run continuously, and the d-c drive motor should be started and stopped by the 
contactor L in the d-c circuit. A field relay FA ensures that, when the line con^tor 
L is open, the motor has full field, and the generator has minimum field, which pro¬ 
vides about one-third the rated voltage. When the line contactor L closes, the field 
relay operates to increase the generator excitation and to weaken the motor field to 
accelerate the motor to the speed determined by the rheostat setting. The series 
coil FA on the field-accelerating relay also operates to increase the motor field and to 
A~C Input 
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Fiq. 16-30. Schematic diagram for a self-excited shunt adjustable-speed drive. 

decrease the generator output voltage automatically if the armature current exceeds 
a preset value. This field-acceleration relay is sometimes knoAvu as a fluttering relay 
as its contacts close or open continuously during the acceleration period. 

Figure 16-50 also shows how dynamic braking can be provided to stop the drive 
motor in a minimum of time. The braking resistor is connected across the drive- 
motor armature by a normaUy closed contact on the L contactor. As the motor 
field is continuously energized, the motor will operate as a generator when it is paral¬ 
leled with a resistor. The kinetic energy of the armature is dissipated in the form of 
heat in the braking resistor. 

This type of drive provides a speed range of approximately 12; 1. Typical speed- 
torque curves are shown in Fig. 16-51. 

The speed control of this drive is obtained with a combination rheostat which has 
a resistance section in each field circuit. The sliders on the two rheostats are mechani- 
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tally isoimeeted so that, as one circuit is increased in resistance, the resistance in tlie 
other difcuit is decreased, In the rheostat low-^peed position, the motor is 
op«^4»ed at fun ^d, and the generator is operated at minimum held for a low output 
Yfdtage, As resistance is cut out of the generator field to raise the voltage, the 
resistance in series with the motor held is increased at such a rate as to maintain the 
full-held motor current value. After the rlieostat handle has been rotated approxi¬ 
mately 180 deg to the full-held generator position, further rotation of the rheostat 



yjG. 16-51. Typical speed-torque curves for speed adjustmont of a ssP-excited shunt 
drive by armature-voltage and held control. 


handle only weakens the motor held to obtain additional speed adjustment by held 
control. Hated voltage output is maintamed from the generator while the motor- 
hdld excitation is reduced. This particular drive is more hexible than the series type, 
as dynamic braking, reversing, inching, and slowdown operations can be obtained 
relatively easily. 

B-q Separately Bacited Shunt Adjustable-voltage Drive. 

Spked Range: 

40:1 (90 per cent speed reduction by armatmc-valtage control and 4:1 speed 
increase by held control) 

Speed Decbease from No TjOad to Full Load : 

Approximately 50 per cent at low speed 
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Approximately 10 pet Oent at base speed 

A|)proximat^y 2b per eeat at bigh apeed 

HbBsspQWEs: 

Unlimited 

The conventional adjngtable-voltage drive, which ia also known as the Ward* 
I^eonard system, is Inore expensive than the series drive previously described. Haw- 
ever, the increased cost is justified for many applications as the speed range is four 
times greater than that for the other drive. 

This conventional adjustable-voltage drive was originally developed and used fop 
large machines of several hundred to several thousand horsepower where it was imprac¬ 
tical to close or open the main armature circuits. Also, for some large steel-milL 
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Fio. 16-52. Conventional d-c adjiititable-voltage drive with speed variation by armature- 
voltage and field control. 

applications, this method of motor starting and speed control must be used as con¬ 
tactors arc not available with the current rating sufficient to handle the motor-arma¬ 
ture current. 

The apparatus required for a typical adjustable-voltage drive is illustrated in 
Fig. 16-52. It should be noted that the equipment required is similar to that lor a 
Belf-excitcd shunt drive with the exception of the addition of an exciter. Exciters are 
designed to provide excitation voltages which are considerably lower than those 
which can be obtained from self-excited generators. 

The circuit diagram for a moderately rated adjustable-voltage drive is shown in 
Fig. 16-53. The motor generator set a-c drive motor is started by operating the 
start push button to close the M contactor. For some applications it is convenient 
to control the starting and stopping of the d-c drive motor by means of the L con¬ 
tactor in the d-c circuit. A field-accelerating relay is generally used to control the 
motor acceleration when the speed range obtained by field weakening is greater than 
2 : 1 . 

For applications where the drive motor is relatively large, the line contactor L is 
fitted, and the generator- and motor-field rheostats are electrically connected to 
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the controller in such a manner that the generator must be operating at a low voltage 
before the motor can be started. The speed of the motor can then be readily adjusted, 
first with the generator-field rheostat and then with the motor-field rheostat. These 
rheostats are often motor operated for remote or automatic operation. 

When it is necessary to reverse the direction of the d-c motor, the control can bo 
readfly arranged to reverse the generator field. The contactors required for reversing 
the generator-field connections are usually available control devices and relatively 
very small compared to the switching equipment that would be required to reverse 
the motor-armature circuit. Reversal of the generator field will reverse the ];)olarity 
of the generated voltage. This in turn will cause reversal of the drive motor as the 
direction of the motor field is not changed. 

A-C input 



Fiq. 16-53. Diagram for a typical conventiunal adjustable-voltage drive. 

Figure 16*^4 shows typical speed-torque curves for the separately excited adjust¬ 
able-voltage drive. This drive provides constant torque below the base speed and 
constant horsepower above the base speed. 

For adjustable-voltage drives the power losses, which make speed adjustment by 
armature-circuit resistance in constant-voltage drives inefficirsnt, are eliminated. 
Also, the absence of additional resistance in the armature circuit improves the 
regulation. 

Field rheostats can be readily built with a large number of steps and will make it 
possible to start and stop a motor smoothly. This is absolutely essential for high¬ 
speed elevators and papermaking machines. 

The adjustable-voltage system also provides a means for controlling a group of 
motors simultaneously. Steel-mUl roll-out tables are sometimes controlled in this 
manner. 

D-c Separately Excited Shunt Adjustable-voltage Drives with Rototrol Regulators. 

Speed Range: 

120:1 (approximately 98 per cent speed reduction by armature-voltage control 
and 2:1 speed increase by field control) 
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gpiiiED Vabiatton from No Load to FtrLL Load: 

± 3 per cent 
Horsepower: 

^limited 

The addition of a Kototrol regulator to a conventional adjustable-voltage drive 
provides a drive with a greater speed range than any of the other types of drives now 
commercially available. 
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Fio. 16-54. Typipal speed-torque curves for a conventional adjustable-voltage drive. 

In order to have a drive that operates with a speed characteristic which does not 
change appreciably from no load to full load, compensation must be made for certain 
inherent generator and motor characteristics that normally cause poor regulation. 

The residual voltage of a commercially built generator and the motor-armature 
IR drop are the chief factors that prevent low speeds and good regulation. A Roto- 
trol, which is a small d-c generator with special held windings, can be added to the 
conventional drive to compensate for these factors. 

A typical adjustable-voltage drive with a Rototrol regulator unit is shown by Fig. 
16-55. The unit assembly of the motor-generator set a-c drive motor, the d-c ahunt- 
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WQ^d isenerntor, th« and the Eototrol unit makes ft very compact Unit 

which facilitates the iitsthUation. 

l%e residual voltage of a typical d-e generator is between 3 and 4 per cent of the 
nonnai operating voltage. For this reason^ a d-c motor that is energised from such 
a generator is limited to a speed range of about 25:1 for an adjustable^voltage control 
system^ The residual field of the generator prevents the output voltage from being 
any lower even though the generator-field windings are not even excited. As the 
magnitude of the residual field is a function of the previous magnetic history of the 
generator, it is also neeiessary that the control device or means used to compensate 
for flud overcome the residual voltage be able to measure the actual residual voltage 
accurately. 


Three phase constant 
A C ftoHage soufce 



Flo. 1&-55. D-c adjustable-voltage drive mth compensation lor the generator residual 
voltage and the motor-armature IR drop. 

Because of the motor-armature IR drop, the speed of a d-c motor decreases as the 
load current increases. In order to obtain a fiat speed-torque characteristic, a speed- 
regulating means must always automatically increase or decrease the generator output 
voltage which is applied to the motor by an amount exactly equal to the change in 
the motor IR drop for all conditions of load. A Rototrol can compensate for the 
motor-rarmature IR drop and has lieen very effectively used for this purpose. 

The basic circuit of an adjustable-voltage drive with a Ilototrol for constant speed 
regulation is illustrated in Fig. 16-56. A manually operated autotransformer type of 
starter for the motor-generator set a-c drive motor has been shown as this type of 
starter is frequently used to start a-c motors where the line dist.urbances must be kept 
to a minimum. \^en lower than rated voltage is applied to an a-c motor, the start¬ 
ing current and resultant torque are decreased as previously described for a-c induc¬ 
tion motors. 

In gene^l, ^totrol generators are designed for operation on the straight or air- 
gap portion of their saturation curves. The voltage that they generate will be directly 
proportion^ to the net field excitation. The llotutrol unit is usually directly con¬ 
nected to the motor-generator set and is driven at a constant speed. 

The main generator-field winding is divided in two equal aectioas and is connected 
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sections are balanised with resistor units in the other two «iies of the biidge So tbatj 
with sero voltage from the Rototrol ammture, there is no di^erence in potential 
between the points to which the Rototrol armature is connected^ The main generator- 
field sections are accumulative, and the destrod speed of the motor is controlled by the 
generator-field rheostat in the usual manner. The resistance in series with the 
Hotot^ol armature is used to tune the circuit so that the Eototrol operates on ihe air* 
gap portion of the saturation curve. 

At no-load on the motor, resistor 126 is adjusted so that the fields prcnluced by 
RFl and RF2 are completely neutralized by the shunt pilot field RF^ (Magnetic 
fields RFl -H RF2 — RF3 =* 0.) Under these conditions the generated output volt¬ 
age of the Rototrol armature is zero as the net magnetic field is zero. 
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Flo. 16-56. Diagram for an adjustable-voltage drive with automatic speed regulation by 
moans of a Hototrol. 

The Rototrol shunt 12^3 and series RF4 pilot fields are proportioned so that, for 
any load conditions, the net axupere-turns arc proportional to the counter emf of the 
d-c drive motor. The speed of a d-c motor with constant field excitation is propor¬ 
tional to its counter emf which, in turn, is equal to the applied voltage minus the 
motor-armature 712 drop. 

As an increase in the motor load regidts in an increase in the motor-armature cur¬ 
rent, the ampere-turns of the Rototrol series pilot field RF4^ also increase. The 
ampere-turns of the series field RF4 add to those of the self-energizing fields RFl and 
RF2, Furthermore, a decrease in the main generator output voltage because of the 
regulation also decreases the ampere-tums produced in the Eototrol shunt jnlot field 
RFZ. As a result of these changes in the net field excitation, the Rototrol now 
generates a voltage which circulates the current Jt through the Rototrol self-energizmg 
and pattern fields and the main generator fields to supplement the excitation normally 
produced by the current h from the exciter bus. This additional main generator- 
field excitation increases the generator output voltage to a value that is sufficient to 
restore the d-e diive-motor speed to the desired and preset value. 

1247 



Sec. 1^] 


]ELECTBICAL SPEED CONTROL 


The Eototrol aeries field i?F4 also compenaates the circuit for the resistance drop 
in the lines and motor armature. The ahunt pilot field RFB compensates the circuit 
for the rcsistajme drop as well as the magnetizing effects that occur in the main 
generator armature. All these conditions are integrated by the Rototrol, and the 
resultant compensation produces a flat speed-torque [-haracteristic. 

It should be noted that the d-c exciter supplies the normal gcncrator^field excita¬ 
tion and that the Rototrol supplies only the regulation excitation necessary to main¬ 
tain the motor speed at a substantially constant value. 
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Fiq, 16-67. Typical speed-torque curves of an adjustable-voltage drive with a Rototrol 
unit (or 120:1 speed range. 

Figure 16-57 shows typical speed-torque curves taken from actual test data and 
illustrates the speed control that can be obtained from this type of drive. The motor 
has no tendency to stall even at speeds of one-sixtieth of the base speed. At light 
loads for this very low speed, the voltage required by the drive motor is less than the 
residual voltage of the main generator. The Rototrol reverses the current in the 
field of the generator to buck the residual voltage to a value that gives the required 
motor speed. As the motor load increases, the Rototrol voltage polarity is restored 
to the original condition in order to build up the generator voltage to compensate for 
the motor IR drop. 
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Hie use of a Rototrol unit in an otKerwise oomrentional adjiiatablc^voltage drive 
gives a speed range far greater than the sup]) 06 ed liinits of a few years ago wittiout 
greatly comidicating the electrical apparatus or circuit. Thejse wide speed ranges 
were formerly obtainable only with laboratory apparatus. 

The particular drive illustrated has a conibiiiation main generator- and motor-held 
rheostat so that full field is eontimmlly maintained on the motor when it is Operating 
below the base speed. This drive provides constant torque below the base speed and 
constant horsepower above the base speed. 

Other basic circuits have been developed so that a Rototrol unit can be applied 
to a drive to provide more accurate regulation and control for a specific Speed, to 
maintain constant-torque output, to maintain cone^ant-horeepower output, to give 
smooth acceleration and deceleration, or for any other drive characteristic that can 
be measured in units of voltage or current. 

This type of drive is ideal for automatic welding heads, elevators, metal planers, 
core-type paper reels, paper machines, skip hoists, electric shovels, lAachine tools, etc. 

D-c Electronic (Mot-o-trol) Adjustable-voltage Drives. 

Speed Range; 

40; 1 (approximately 95 per cent speed reduction by armature-voltage control 
and 2:1 speed increase by field control) 

Speed Decrease from No Load to Fi ll Load: 

Approximately 10 per cent at low speed 
Approximately 13^ per cent at base speed 
Approximately 8 per cent at high speed 

Horsepower: 

Up to 15 

An electronic power supply can he used in place of the motor-generator set in a 
conventional adjustable-voltage drive. This is especially advantageous, particularly 
in the sm.illor drive ratings, where the customary additional rotating and relatively 
large control equipment may not he suitable for a particular installation. 

The Mot-o-trol electronic drive provides a wide and stable speed range, good speed 
regulation, and a very smooth and automatic acceleration of the d-c drive motor. 

The heart of the Mot-o-trol is the electronic power supply for the armature and 
field of the d-c motor. Grid-controlled thyratrou tubes are used in the rectifiers 
which convert either a single-phase or polyphase a-c power source, depending upon 
the rating, to a d-c voltage supply. 

The control rhaiaetcristic of a typical thyratrou tube is shown in Fig. 16-58. 
The potfitive anode voltage nt which a thyratron tube will conduct current can be 
controlled by a \ cry small potential on the grid with respect to tlie cathode. 

As shown in the right-hand figure, a tube can be prevented from firing when 
a positive half cycle (d voltage with a nns vfilue of 440 (or a peak of 620) volts is 
impressed between the anode and cathode if the control grid is energized with a nega¬ 
tive potential of more than 4 volts. 

A thyratrou tyi)e of tube will conduct current only when the anode is at a positive 
potential with respect to the cathode, and once the lueicury vapor in the tube ionizes, 
the conduction can be stopped only when the anode-to-cathode voltage decreases to 
a very low value. 

In the Mot-o-trol electronic drive, an adjustable voltage for the d-c motor armature 
is obtained by advancing or delaying the point on the a-q anode-voltage wave at 
wliich the thyratrou tube conducts current. 

Figure 16-59 shows the control means and principle whieb arc used to vary the 
rectifier output voltage from zero to the rated value. A small transformer wjth a 
center tap, a resistor, and a capacitor form a phase-shifting ciicuit This circuit 
is adjusted for many applications so that the voltage Ef, lags tlie anode voltage Ea by 
approximately 90 deg. By coiiuerting a d-c voltage Ei, source which is adjustable 
from a suitable negative to a positive value in series with the a-c grid voltage Eff, 
the a-c grid voltage can be shifted vertically up and down with respect to the zero 
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axis of the anode voltage Ma, As ^wn b^r the three voltage-^relationship dUgra^, 
the tube-firing or conduction time can be accurately controlled for a conduction period 
of aero to a maximum time of cycle merely by varying the d-c grid-voltage com¬ 
ponent from a negative to a positive value. This type of control is used for controlling 
both the armature- and shunt-field voltages. 

The apparatus required for a typical nonreversing electronic drive is shown by 
Fig. 16^. A complete Mot-o-trol electronic drive is usually comprised of an a-c 
power transformer, an electronic controller^ an operator’s control station, and a d-c 
shunt motor. 



Fig. 16-5S. Critical grid-voltage characteristics of a typical thyratron tube. 

The combination potentiometer-rheostat mounted in the control station provides 
a stepless speed range by armature voltage and field control. 

A simplified schematic diagram is shown in Fig, 16-61. The circuit has been 
revised to show only the necessary elements, and the rectifiers in the control circuits 
have been replaced by batteries for simplicity. Tubes 1 and 2 provide full-wave 
rectification of the single-phase a-c source. The control is arranged so that the motor 
Is always started with full field regardless of the setting on the speed-control poten¬ 
tiometers P2 and P2A. The field-weakening control does not become effective until 
the motor accelerates to its base speed. 

Transformer 3 and tubes 5 and 9 provide armature-current limit control. Fast, 
Smooth, and shockless motor acceleration is automatically provided by these devices 
which control the d-c voltage component of the grid voltage which controls the 1 and 
2 thyratron tubes. In this manner, the voltage output of the armature-voltage 
rectifier tubes is always precisely controlled so that a preset limit on the current is 
never exceeded. 
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Fih. 16-59. Voltage coutrol of a thyratron tube by means of a lagging a-c voltage wave 
and an adjustable d-c voltage. 


Siftgfe pftose constant 
M-C voltage source 


■ Power 
transformer 


A-C 



Pushbutton and speed 
control station 

Spaed control 
rheostat 
*Stort 
^Stop 


D^C shitnt mound 
drive motor 


Fio. 16-60. Typical Mot-o-tcol eleolzonic drive with epeed contcal by armAture-vultage 
and field, control. 
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Tube 6 also automatically controls the grid voltage of tubes 1 and 2 so that the 
motor IR drop is compensated for and does not cause the motor apeed to decrease 
with an increase in the bad. 

Tube 7 corrects the inherently poor voltage regi^tion of tubes 1 and 2. The 
coordinated operation of all tVie control elements provides on output voltage from the 
rectifier that will give a flat speed-torque characteristic. 

The shunt-field excitation current is rectified by tube 3 which is manually con¬ 
trolled by the potentiometer P2A and is automatically controlled by ibe voltage- 
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provides the most satisfactory aperation when one manufacturer supplies the complete 
equipment. 

This type of drive can be readily supplied suitable for inching and reversing servico 
and dynamic braking. It is not suitable for regenerative braking. The Mot-o-trol 
is particularly well suited for machine-tools, conveyors, key soaters, gear-cutting 
machines, and any other applications where a well-regulated and wide speed range is 
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Fig. 16-62. Tj-piral speed-torque curves for a d-c shunt motor operated from an adjust- 
able-voltago electronic power source. 

desired. With tlic exception of the actual drive motor, the electrical apparatus is also 
vibrationlesB and provides a more compart unit than an equally rated motor-generator 
set and its control. 

A-CMOTOR DRIVES—A-C POWER SOURCE AND 
CONVERSION EQUIPMENT 

The speed of an a-c motor can be adjusted by changing the frequency of the 
applied voltage. Refer to Figs. 16-24. 1^25, and 16-26 for curves and a table of 
motor speeds vs. frequencies. The main disadvantage to this tj'^pc of speed control 
is that the adjustable-frequency sj-’stera generally requires considerable conversion 
equipment. 
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AdfUBta^e^B^eney Dnvea— Motof^geneimior Ssts. 

Sfbbx^ Range : 

5 or€ *. 1 for typical drives (80 or 84 pct cent speed reduction by frequency control) 
.SfBED Decrease from No Load to FtTLXi Load: 

Without d-c to a-G motor-generator set drive-motor compensation 
Approximately BO per cent at low speed 
Approximately 15 per cent at base speed 
With d-c to a-c motor-generator set drive-motor compensation 
Approximately 50 per cent at low speed 
Approximately 5 per cent at base speed 
Horsepower: 

Unlimited 

A typical adjustable-frequency system is illustrated in Fig. 16-63. It consists of 
an BrC synchronous drive motor and a d-c shunt-wound generator for the a-c to d-c 
adjuatable-voltage d-c motor-generator set, a d-c drive motor and an a-c generator 

f/iftt pftast cans/ant 



Fig. 16-63. Typiral adjufetab]e-frequency drive with speed adjustment by frequency 
control. 

for the d-c to a-c adjustable-voltage and -frequency motor-generator set, and an a-o 
squirrel-cage drive motor. 

It should be very obvious that such a drive is practical and economical only when 
A number of drive motors are to be simultaneously controlled and operated at exactly 
the same speed. Such a drive is not feasible for a single drive motor as the ultimate 
Rpeed range could be obtained much better from the d-e. motor which drives the a-c 
generator. This type of drive has often been used for steel-mill roll-out-tablc drives. 

An undesirable characteristic of this drive is the fact that the speed regulation of 
the actual drive motor is affoctwl by tlie summation of the per cent regulation of all 
the machines iu the system. This poor rc^gulation characteristic can be minimized 
and reduced to almost that of the squirrel-cage drive motor by using a synchronous 
drive motor in the a-c to d-c motor-generator set and by employing a Rototrol regu¬ 
lator to maintain the speed of the d-c drive motor of the d-c to a-c motor-generator 
set at a reasonably constant value. 
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When a aynchronous motor id nflod for tlie driv^ means in the hhj to 4-c motojv 
generator set, power^actor correction can be obtained in addition to driving the set 
at an absolutely constant speed. 

The schematic diagram of a typical adjustable-voltage drive is shown by Fig. 
1(>‘64. To put the a-<J drive motor in operation, the stabt push button is operated 
to start the synchronous motor. When the start button completes a circuit to and 
energises the coils M and the M contacts close and apply voltage to the synchronous 
motor. The usual type of synchronous motor has damper bars in the rotor and starts 
similarly to a squirrel-cage induction motor. During the starting period, the syn¬ 
chronous-motor d-c field winding is shunted by a resistor which is in series with a 
normally closed contact F. The diagram symbol T represents a time-delay relay 
which operates to close the T contact after a definite time period. After the synchro¬ 
nous motor accelerates to a speed high enough for synchronization, the relay contact 
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Fto. 16-54. Circuit diagram for a typical a-c adjustable-speed drive with speed variation 
by frequency control. 

T closes and energises the coil F of the field contactor. This opens the shunting- 
resistor circuit and applies duert current to the field. The synchronous motor 
should now pull into step and run at an absolutely constant speed. The synchronous- 
motor field is shunted to prevent high voltage from being induced in the winding during 
the starting and stopping periods. 

The control can be arranged so that the actual drive motors are always started at 
the lowest speed. This speed control and adjustment can be readily obtained by 
operating only the d-c generator shunt-field rheostat. 

Typical speed-torque curves for a three-phase squirrel-cage drive motor are shown 
in Fig. 16-65. These curves were plotted from actual test data on a motor for ^plloa^ 
tion to a roll-out table. The motor developed approximately 0.9 bp when operated 
on 65 cycles for the base speed. 

As the inductive reactance of an a^c motor-field winding varies directly With the 
frequency, the applied voltage and frequency must always be in approximately the 
same ratio of volts per cycle for any spaed. This is essential in order to develop 
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the necessary torque and to limit the current to a safe value. {Xl 2jrfLj where 
Xj, « the inductive reactance, tt = 3.14,/ = the frequency, andl/ = the inductance of 
the winding.) The winding-resistance factor is prudominaut at the lower frequencies. 

Those curves are based upon the regulation only of the a-c squirrel-cage drive 
motor. Unless the a-c and d-c motor-generator set drive motors operate at constant 
speed for any setting, the actual regulation of the drive will be greater than that indi¬ 
cated. Any intermediate speeds between those indicated can be readily obtained. 

With this type of control, a load can be started smoothly as the starting torque 
eteadilyincreasesasihe applied voltage and frequency to the drive motor are increased. 

When it is necessary that the drive motors opiT/ite at an absolutely constant speed, 
synchronous motors can be used. Also, nonexrited synchronous motors for lower 
ratings can be operatecl very satisfactorily from the adjustable-frequency set. Non- 
excited synchronous motors w'ith fractional-horsepowGr rating.s have been applied to 
drive nylon-spinning buckets where an absolutely constant ojperating speed is desired 
with adjustability in a range of approximately 6:1. 


3 Phose ArC Squirrel-Cage Constant Torque Motor 



I'lO. 16-66. Typical fipeed-tprriiie curves for a three-phase srjujrrel-i‘a.Ke luotor operated 
from an adjustable-frequeiiny system. 

A-c Adjustable-frequency Drives—Induction-generator Sets. 

Speed Range: 

2:1 or 3:1 for typical drives (2:1 or 3:1 speed iitcrcahv by frequency control) 
Speed Decrease from No Load to FuddLoad: 

With indue ion motor driven set and induction drive motor 
Approximately 10 per cent at base speed 
Approximately 3 per cent at high speed 
With synchronous motor driven set and induction drivt* motor 
Approximately 5 per cent at base speed 
Approximately 1 per eent at high speed 
With synchronous motor driven set and synchronous drive motor 
0.0 per cent at base and high speed 
Horsepower: 

^ Up to 60 (for induction motor driven sets) 

Up to 100 (for synchronous motor driven sets) 

Induction frequency changers are used extensively for supplying power to high- 
frequency drive motors in the wood-working and rayon industries where relatively 
high speeds are required. The induction type of generator is ideal for applications 
where sturdiness, simplicity, reliability, low maintenance, and good regulation are 
important. Commercial seta are available for converting from 25-, 50- and BO-cycle 
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frequencies tip to 175 or 180 cycles, truluctioii generatore are not used to obtain 
lower than supply frequencies as the lower than base speeds can be readily obtained 
with mnltiapeed motors, 

A,n induction generator is actiially a wound-rotor induction motor whose rotor is 
driven opposite to the direction of its rotating magnetic field. 

When an induction-motor primary field is energized with a polyphase voltage, a 
rotating magnetic field is produced. The speed of the field rotation depends upon 
the frequency and the number of poles. This primary-circuit revolving field induces 
a voltage in the rotor or secondary winding of the motor similar to the action that 
occurs in a two-winding transformer. The basic circuit diagram for and the relative 
directions of rotation for the primary winding field and the rotor for an induction 
frequency-changer set arc shown by Fig. 16-66. 


Input 

Sfihaiu voirogt of fr»q 



Woung-rvtor 
tniucifon mw 
fruguuncf 
ctfungwr 


fZ.(J 


Output 

3phase reffege of freg fZ 

fZ*0ulpur Irifiginey of rotor 
Nl'Synchronoifi tpaid Pf fi|ld'* 

NZ^Acluol »pioil Dt rolOt 
ri r Inpul frpqvrney to finid 
*NdIb - SpoadNI dipond* on 
frm O and ngiUDor 
tit polai 


Fio. 16-00. Ba&in i iicviit diagram fur an iriduction-frequonry changer. 


If the rotor is held etatioiiary, the output frequency will be the same as the input 
frequenc}'. 

To secure a frequency higher than that of the power supply, the rotor must he 
driven by external means in a direction opposite to that of the rotating field. The 
relationship between the output and input frequencies ia given in the equation at the 
bottom of Fig. 16-66. 

A portion of the power output from an iniluction generator is supplied by direct 
transformer action between the primary winding and the rotor winding. This power 
Iransfer varies with the ratio of input to output frequency. For example, on 60- to 
180 -cycle conversion, one-third of the power output ia supplied by direct transformer 
action. The set drive motor must be large enough to supply the other two-thirds of 
the output plus a portion of the induction-generator losses. 

A typical three-speed drive is illustrated by Fig. 16-67- A motor-generator set 
can be readily constructed from standard machines. With an induction motor 
and two W'ound-rotor motors with a differeiit number of poles, two frequencies higher 
than that of the line supply can be obtained, A standard a-c Linestarter with addi¬ 
tional overload protection for the induction generators can be used for primary control. 

For the secondary control, an a-c controller and a selector switch can be used to 
operate the drive motor at the desired speed. 
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The bohematie diagram for the three-speed drive is illitstrated by Fig. 16-018. 
The iiiduetion.-geiierator eet ean be put in aperation by depressing the stabt button. 
This will start the motor-generator drive motor and energize the primary windings 
of the induction generators. 

The manually operated cam selector switch can beset for the desired speed. This 
particular control scheme provides low-voltage protection. The slow S, medium 
Mf and fast F speed cont^tors are interlocked electrically by electrical interlocks 
to prevent the coil on a contactor from being energized unless the other two con- 
taetoTB are fully open. 



Fio. 16-67. Typical threengpeed drive with speed adjuBtmPut by frequency control. 
Induction generator sot for higher-than-line frequencieg. 

The squirrel-cagB type of induction motor is frequently operated on the power 
output of an induction-generator set. However, to illustrate how an absolutely 
constant output speed can be obtained, the speed-torque characteristics of a non- 
excited synchronous motor are shown in Fig. 16-50. These curves are based upon a 
power supply with 0 per cent regulation. This frequency regulation of 0 per cent can 
be obtained by using a synchronous motor to drive the induction generators at abso¬ 
lutely constant speed. 

A nonexcited synchronous motor is similar to an ordinary squirrel-cage induction 
motor except for ^ts that arc milled in the armature. This alteration changes the 
reluctance of and the distribution of the magnetic lines of flux in. the armature iron. 
The 6ux lines are concentrated in certain armature regions similar to machines with 
salient poles. The starting torques shown for this type of motor are greater than 
those for a three-phase squirrel-cage motor of the same full-load rating, as the rated 
output of a given nonexcited synchronous motor is only about one-thiM that of the 
standard rating of the motor from which jt was made. 

This particular type of drive motor pulls into step at approximately 150 to 225 per 
cent of full-load torque and then operates at a constant speed. The pull-out torque 
is higher than the pull-in value and is approximately as shown in Fig. 16-69. The 
pulldn torques for the 100 and 20Q per cent base speeds can be increased to that at 
300 per cent speed by slightly increasing the applied voltage. 
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siEcrmcAL SPEED commi 


For ju6t 01 ^ or two sperds iuid whore intermediate operating speede are not 
required^ the induction frequency-changer set is much more economical to use than the 
adjustahle^frequency set which was illustrated in Fig. 1&-63. 

SUMMARY AND COMPARISON OF ADJUSTABLE-SPEED DRIVE DATA 

Figure 16-70 gives a graphical summary and comparison of the adjustable-speed 
drives that are now available. In selecting the most satisfactory drive for a given 
ai^licarion, the cost, speed range, speed in rpm, change in speed from no load to 
fuU load, and the size available must all be taken into account. 
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HYDRAULIC POWER SYSTEMS 
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FLUID DRIVES (HYDRAULIC COUPLINGS) 

BY American Rlowek Corp., Hydraulic Coupling Division Staff 

Hydraulic couplings, more popularly known as '‘fluid drives,” operate on the 
hydrokinetic principle, using two vaned rotors to transmit power, one of which is 
connected to the prime mover and the other to the output shaJt (Fig. 17-1). 

There are basically two commercial fluid drives available—the constant-filling 
unit popularized in automobiles and the variable-filling urlit widely used with constant- 
speed electric motors for variable-speed industrial drives. The variable-speed units 
are manufactured in several types ac¬ 
cording to the duty, as discussed in this 
sub section. ~\ 

In the constant-filling design of fluid 
drive (Fig. 17-2), the rotating elements j 

are initially filled with the proper charge I 

of oil and sealed. The impeller rotates \ 



Fiq. 17-1. Fluid drive prinripal parts: 
{left to Tight) impeller, oil vortex, and 
runner. 


Fig. 17-2, Constant-filling fluid drive. 


with the motor, and the runner rotates "with the output shaft. The casing, which is 
attached to the impeller, retains the oil and supports the seal at tlie output shaft. 

The uses of this fluid drive are best divided into (1) electric-motor applications 
and (2) iiitornal-combustiun-ongine applications. In both cases, fluid drive serves 
as a flexible cushioned power connection. The ratings and sizes available arc given 
in Tables 17-7 to 17-12, inclusive. 


VAMABLE-FILLING-VARIABLE-SPEED DESIGN 


Variable-speed fluid drives consist of the basic vaned rotors and a casing with an 
additional means of adding or removing oil from the vortex and thus varying the 
torque-transmitting capacity and/or the output speed. The usual means of varying 
oil filling and consequently speed arc discussed below. The lever-controlled design 
is commonly applied to industrial drives ranging from 1 to 350 bp. The pump- 
controlled design is commonly applied to industrial drives ranging from 100 to 3,000 hp. 

Lever-controlled Fluid Drive. Principle of Controlling Speed, The lever-con- 
trolled fluid drive is shown by Fig. 17-3. Wlien running, the outer casing acts as a 
rotating reservoir, storing oil ceiitrifugally against the rim. The movable scoop dips 
into the rotating reservoir and transfers oil to the working circuit, as required for the 

1264 














Bssim iam , 17 

dsaired output speed uod/w tsMiUe. A dontiownu eireufattioa of oil takw place. 
The oil leaves the vortex by calibrated noshes aod ckvulatefi through the eeoop 
out of the maidfold, through a cooler, and hack viathe manifold to the working vortex. 
When the motor is standing still, the outer eafing has suflkieat capacity to stoiO the 
oil below the center line and below the labyrinth seal at the manifold. 



The position of the operating lever determines speed. This lever may be manually 
operated or automatically operated by a diaphragm or piston. It can alra be remotely 
operated hy a damper motor and push button. 

Arrang€7fienis, The arrangements commonly employed are shown by Fig. 17-4. 
For belt drives the manufacturers recommend the two bearing arrangement on the 
output shaft. 

Applications. Applications and the principal functions of the fluid couj^mgs in 
each case are listed below. In all cases, constant-speed motors are used. 


Table 17-1. Variable-torque (Fan and Centrifugal Pump) Ratings 


Fluid- 

drive 

size 

Use with &-C motors of thene hp ratitigs* 

Over¬ 
hung 
wt, Ibt 

Center 

of 

grav¬ 
ity, t 

1,760 

rpm 

1,450 rpm 

1.170 

ipni 

070 rpm 

870 rpm 

090 rpm 

585 rpm 

9H 

2- 7H 

1>2- 3 






55 

H 

lOM 

10-15 

5 - 7H 






75 

H 

12 1 

20-30 

10 -15 

5- 10 

3-5 




90 

iKe 

IS 

40- 75 

20 -60 

15- 23 

7H- ir, 



...... 

16fl 

IKc 

IB 



30- 60 

20 - 30 

20- 25 



26fl 

1 

21 



75-125 

40 - 60 

30- 50 

20- 30 


416 

iHt 

24 



150-200 

75 -100 

60-100 

40- 50 


595 

K 

27 




125 -200 

125-150 

60- 75 

40- 60 

835 


30 






100-150 

75-100 

1,161 

Iffs 


* Strip winderji, test Btapdkii and similar spBcial-duty maqhineB may require qpociat comdderatlun. 


I Apciuutun; uir. 

t center of gravity U givan Jn IfrcheH beyond the end of the motor shaft. 

N tjb; The ovorTiung weight of tho fluid drive i« carried by the motor shaft. FOr this reason H is 
advisable to use B^nda^d matora with ftdl-sico shaft and bearihgs to catty this Wdghtr 
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mm \snuvm mmm) 


Fsuts AiH) tiimsmmAt puid>B^Btepte8s varUHft apeed, no-load ntoto^ atwrtifif) 
Ipv wBlumptkm, bw Boise level, long life 

Eia[F&0GAi7if« puuFS-^]de88 vanable speed m a oompaet a-c uoit 
TigtmB ^omiNO mMESr-^emootb starting, stepless sp^ eontrol, oompaetnesS 
DBAivBBNCHSS---shO€kleBs bad pickup) controlled acceleration, high efficiency, 
•uaj^fication of control 



Direct connsctiofl FvU tlixitit 




FiO* 17-4. Leyer-controUed fluid dnve—mountmK arrangements. 


Centrifugals, agitators, and mixers —controlled acoeleration, low motor heat¬ 
ing, no start-stop of the motor 

RotaRF kilns, driers, crushers, etc.— easy gradual starting, compact variable- 
speed unit 

Strip winding —smooth ^en tension, manual rontrol sufficient 
Paper machinehy— stepless speed vanation, responsive to process controls 
J^j^drauhe Ratings. Ratings of the commercially available lever-controlled Units 
are shown m Tables 17-1 and 17-2. 


Table 17-2. Constant-torque Ratings 




Use with a-c motum of these bp ratings* 




Fluid- 








imrifl- 
ler and 

Wff* 

drire 

1,760 

rpm 




1 



run- 

aUe 

1.450 

rpm 

1,170 rpm 

970 rpni 

j 870 rpm 

1 

j 090 rpm 

16S6 r]>m 

eaB- 

mgfct 

liert 

m 

S- 7K 

2- 3 

3 


' 

1 


1 

1 6 ] 

0 S 

m 

10-16 

^ 7K 

3 - 5 




i 

! n 

1 3 

12 

20-30 

10-20 

7H- 10 

a - 5 



1 

17 

1 5 

15 

40-76 

26-60 

16 - 30 

7H' 16 




66 

4 B 

16 


60-75 

40-60 

20-30 

20- 30 

1 


140 

12 2 

21 



1 75 -125 

40-75 

40- 60 

20- SO 


289 

26 4 

24 



110 -200 


73-126 

40- 60 


530 

46 0 

zr 




100 -150 j 

150-200 

76-126 

40U 00 

930 

80 0 

SO 

! 

1 

1 

1 



160-200 

76-125 

1020 

168 0 


• Strip jrmdera. twt BlMnda, end Bumlu Ri)ectal>{|ut> marhinea may require spwdal boasideratloit 

ov^was WHght oI the flwd dnve h oi^Bd by motur ehaft. Ppr tbie reaeod rt ii 
kdvuame to uee etuderd motora wth fufl-n^e shaft aad beariiifi deBipied to carry this w^bt. 
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pmsmt m>B.n 

Thjf^ ci^ae%4>{ th9 fluid dtemt UyitnmMik fK»«rer varied aa the<sube af Uie kispdter 
speed, the power the ruimer dtameter, and directlsr as the i^p (difference in 
speed between runner and iin})efler) k l^e bw^ raufee of jdip. ^ 

ekndd be^imtod tiiat the unite are ratod lower m some eases lot Han and centrifu^ 
gal^pump duty than for constant torque. This is because the safety factors exi^)loyed 
in fan and pump splection (eapedaJly fans) tend to increase the acti^ load horsepower 
at maximum speed over the design condition, while the safety factors emidoywd k 
constant-toriiue-drive selection create a margin of safety between the actual lo^ and 
the motor rating. 

VariflWe-iorgiis Drinea (Fans). For fan drives the speed can be varied from 
approximately 10 to 97 per cent speed when no 6tai,‘k draft k pr^ent and from about 
20 to 97 per cent speed where there is a moderate amount of stack draft. The air 
horsepower at 20 per cent speed is 0.00$ of full-speed horsepower (hp varies as rpm 



1*IG 17-5 Lever-controlled fluid drive—typical fan application, aaid efficawicy-com- 
pariaon curves of fan-oontrol devices Curve 1—outlet dampers; curve 2—mlet-vane 
control, curve 3^—slip-ring motor and damper, curve 4—fluid drive. 

cubed) BO that horsepower saving is no factor at low speed. The comparison curve 
(Fig. 17-5) shows the economy of variable-speed fan drive. 

Conntantr-torque Uses. Constant-torque loads may be divided mto two classifica¬ 
tions for simplicity. 

Class 1 —^free-rolling loads with some momentum such as paper slitters, wire¬ 
drawing machines, centrifugals, ete. 

Class 2—loads with little or no momentum or subject to torque fluctuation, such 
as hammermills, kilns, conveyors, vacuum filters, etc. 

It is natural that all loads do not fall clearly into one or the other of these classifica¬ 
tions, but for the purpose of analyzing speed-control range they are cited. The 
control range of a fluid drive is affected by torque fluctuation to a small degree at high 
speed and to a greater degree at low speed. It is this characteristic which makes it 
especially suited to overload protection and tensioning drives. 

Class 1 loads may be started from standstill and run through creeping Speeds very 
gradually. They may be operated at one-third speed and above contkuously (3^1 
range). 

ClasB 2 loads may be started from standstill, but because of the usual high break-- 
away torque, accelerate more rapidly* Fluid drives for this duty ate recommended 
for a 2; 1 spe^ range continuoudy. 
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Noi?|b: Tiia motpx Belectfid ahould h»ve full-sise bearingB dtssigiied lor belt j^uU so that it can oariy 
the ovethung weigni of the rotatiiig parts. Do not use Bhort-emft motors mthout specific appiovsl 
from the motor nmniifaeturBr. 
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Dimmsiom- Talble 17-3 givefii the ajlproxbtt&te ^ade reived by a N£MA Irhme 
metoF iiind a leVeF-conii^Med <vaiiable-9f)eed) fluid dfive. CoustmctiQii dSmswom 
win vary slightly. 

For dimeuaioiis Ol larger units apply lo manufaeturersl 

Oil Cooler. Variable-speed fluid drives require a cooler to dissipate the heat from 
power absorbed at reduced speeda of the runner. The rate of oil flow to the cooler is 
determined by the nozzle dimeter in the inner casing and may be set for the design 
duty. The limit of oil flow is the scoop-tube capacity since the scoop tube must be 
capable of handling all oil which Comes through the nozzles. 

Summary, To summarize the medianical details of the lever-controlled fluid 
drive: 

1. It is normally hub mounted on the driving motor. 

2. It uses a light oil which both lubricates the pilot bearing and transmits power. 

3. It ran be connected to the driven macliinery by flexible coupling, chain, or belt, 

4. It includes an oil-to-water cooler as standard equipment. 

5. It is adaptable to manual, remote, or automatic control. 

6. It is built as a standard product for 1 to 350 hp. 



Fig. 17-6. Typical adjustable-speed unit of levoavcontroUed type. 

Pump-controUed Fluid Drive. In general, the characteristics of the lever-con¬ 
trolled fluid drive apply to the pump-controlled unit. The primary diflereiices appear 
in design. 

1. The separate external sump or reservoir. 

2. The use of a gear pump to add or remove oil from the working circuit. 

3. The fixed scoop tube. 

4. Larger size units handle up to 3,000 hp. A cross section (Fig. 17-7) shows the 
fundamental working parts. 

Principle of CorUroiling Speed. The fixed scoop tube continually emulates oil 
through the extenial cooler circuit via the manifold. Speed control is effected by 
operating a small gear pump in one direction to add oil to the working circuit and, in 
reverse, to withdraw oil from the working circuit. When the pump is not running, 
the speed remains fixEid. Calibrated nozzles at the periphery meter the oil flow from 
the vortex to the outer casing. 

The pump-controlled unit is built for heavy duty—^particularly for power-plant 
and utility service. Boiler feed-pump drives, mechanical draft, and waterworks 
pumps represent the bulk of the uses. Constant-torque machines falling within Ibe 
ratings of these units ore reciprocating pumps and compressors. The speed ropge for 
(instant torque ts limited by cooler selectk>n. j 

HydraxtUc UaHng. The rating curve and dimensionB appear in Tables 17-4| 17-S^ 
and 17-6. 



Sna 


mjvMa iBmMAvm wvmms) 


hdmfaawer tnummlttod J97 a tinii is |irOp&rtkiii«i to the slip (difi^rea^ 
mosier and icc^^eller sp^ed). Tlie units axe norznally selected so tliat elip 
^will not exceed 3 per cent, i.ethe smaUest unit that mU fall within the 3 per cent slip 
Tfttm g is usually selected. The diagona] size lines in Table 17-4 indicate that hydraulic 



power increases as the cube of the speed and the fifth power of the diameter. (The 
size is the diameter of the rotors in inches.) The mechanical limits of commercially 
available units are listed in Tables 17-6 and 17-6, 

The two examples following are shown in dotted Lines on Table 17-4. 

Example 1:250 hp at 1,175 rpm—size 24 VS. The intersectian of the speed (1,175 rpm) 
line and horsepower (250 hp at 3 per cent slip) line occurs at a size 24. A size 27 would 

Table 17-4. Rating Chart—Pump-controlled Fluid Drive 
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satiaFy thU load at 2 par oont dip, but there no tb" ua^'^the larger si«e beeftiMO tho^ 
horeepotrer and rpm limits und^ the cUmeusion and ^ttiog tid^p show that a dee 24 is 
rated up to 325 hp at 1,550 rpm^ ^ ^ 

Bx/imflb 2 :300 hp at 1 JOOTpm. The intersot^tion of the l,76&<rpm line and the 300 hp 
at 3 pm- cent slip line faJIa betweeP a sUa 13 and a sise 21. Sioee the alee 16 would have 
niore than 3 per cent Blip, it is neossaary to use the aise 21. The horsepower and rpm limits 
uiid^ the dimension and rating tables diow that a VS fluid drive has this rating. 

A typical installation Of a variable-speed fluid drive of the pump-controlled type 
is shown by Fig. 17-8. 

dlrrangsmen^8. There are two basic ^arrangements of medium-duty (type VS) 
fluid drives. Arrangement 4 is a elose-cmupijed design in which the impeller mounts 
directly on the driving motor. Arrangement 8 is an independent unit which can be 



Fiu. 17~S- Typied installation induced-draft fan drive. 


set in place or lifted out without disturbing the driving motor on driven machine. A 
full flexible coupling is required betw een the motor and the arrangement 8 input shaft 
and between the output shaft and the driven machine. The ratings and dimensions 
of these units are given in Table 17-5. 

Dimensions of heavy-duty (type PE) fluid drives are given in Table 17-6. This 
unit is similar to arrangement 8; it is eui independent unit with its own bearings. Full 
flexible couplings are required to connect the input shaft to the motor and the output 
shaft to the load. 

Duty Classificatioxis for VS and PE Fluid DriveB. Constant-torque duty ratings 
cover machines that require full torque output at reduced speeds. These loads are 
further classified as 

Smooth-rolling load ^—steady loads with considerable rolling inertia such as 
reciprocating pumps, printing presses, pulp grinders, beaters, and lobe blowers. 

Flvjf^uating-torque loadjt —constant-torque loads subjfct to torque fluctuation 
and shock such as ball mills, tube mills, crushers, hammermills, and multicylinder 
compressors. 

The oil-cooling requirements for these duties should be checked. 

Variable-torque duty ratings cover fans, centrifugal pumps, centrifugal compressois, 
turlKJ bloaters, pure liquid agitators, and similar loads. The horsepower required by 
these machines falls off rapidly at reduced speeds (usually as rpm=) so that the average 
duty is light, and the peak duty is not in exwss of motor horsepower. 

Mavim u m raiings are based on mechanical considerations only. Huid drive should 
be selected frrun chart of Table 17-4 with initial slip not to exceed 3 per cent- Further 
limitations may bo imposed by oil-circularing capacity. 
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T«bl« 17^. Pimeiisioiis and BSdchanical Sfttui£fr«-Type FIE 

(Tor direct conneciitm) 



Fluid- 

drive 

Bi«e 

Variabl&^torqu e 
duty 

Constant-torque duty 

Primary 

lb-ft» 

i 

Secondary 

H Ib-ft* 

Oil 

rapao- 

ity, 

cal 

8mooth-rollinK 

loads 

Flurtuatms- 
torque loads 

Max 

rpm 

Hp per 
100 rpm 

Max 

rpm 

Hp per 
10(1 rpra 

Max 

rpm 

Hp ]>er 
1001 pm 

With 

oil 

Dry 

With 

oil 

Dry 

27 

1,800 

5S 

1.200 

40 

1,200 

31 

330 

296 

90 

48 

15 

30 

1,500 

90 

1,200 

64 

1,200 

60 

570 

610 

167 

95 

20 

36 

1,200 

no 

900 

78 

900 

61 

1 666 

1.555 

406 

275 

83 

42 

1,000 

165 

750 I 

94 

750 

73 

3 250 

2*910 

875 

032 

53 

48 

000 

240 

750 

170 

750 

132 

5,400 

4,770 

1.775 

1,145 

60 


Dimenaione 


Fluid- 

drive 

Bice 

1 

AA 

A 

1 

B 

E 

F 

G 

/ 

K 

M 

0 

P 

u 

V 

w 

BB 

27 

42 

53 

39Hb 


209i 


H 

8 >i 

23^ 

26M 

4 

2H 

5H« 

2 

46W 

30 

45H 

57H 

44 




1 

8 K 

26K 

2m 

41^6 

4 

6 

2% 

52»Mb 

36 

58>2 

64fi 

51 

6^is 

26^^ 

7«<e 

IH 

944 

32Hd 

324^ 

m 

m 

m 

2H 

mi 

42 

61 

73M 

53 

8 J, 



^2 

mu 

35H 

2m 

m 

5 


3 

65?^* 

48 

66 K 

1 

81>i 

mi 

9K« 

34 

7H 

1 _ 

3 

llK 

42 

mA 

I 7Hc 

m 

B'Kb 

3H 

73^6 


Enclosed Design with Speed Controllej'. A new developmentis the enclosed design 
in Which the rotors and bearings are completely encased within n stationary housing. 
*I1ua design enibodies the following features: 

1. The speed controller which makes possible the rapid and accurate response to 
demands of such control equipment as that used in boiler feed-water-level control, 

2. ^Qil-film-type radial and thrust bearings supported in a split pillow block which 
is line-bored. 

3. A heavy welded-steel stationary housingi split horisontally. 

4. Integral shell- and tube-type oil tsoolers with removable tube bundle. 

5. Fbrced-feed lubrication. All rotating parts and the oil piping are enclosed. 
The principle of power transmission is the same for tliis unit as for the preceding 

nnitft; thi power is transmitted by a whirling vortex of oil. This vortex is set in motion 
hy the impeller, and it imparts its energy ip the runner with a smooth continuous 
of power. 
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Madflbfr mi the 1%ei!e U m ^ecmtio#^^ IubmI 

mila^ thitkugh the fotalwg paa-ts by the oil pumpi. Tlii» oil enti6n :l£e yoetmx 
diiiti^tealt)!)^ ittii;ie rotstbig im annular ring'ol^^c^^ 

l^boepeed onMrdller skkba the inner anr- 
face of this annular ring in the outer cas- 

ing. Its position sets the depth (amount) - ,^y;p=| ^p ^f * \ 

of oil in the rotating'parte and thus j " ^ ^ | 

controls output speed and power. 

The speed contrullerean be adjusted 

for very dose accurate control. It is I a jW \^) |N /®\ 1 IJj' 

operated by a linkage connected to a ^ f f ^ ^ 'S!^ I 

shaft that extends through the housing. . & 

The automatic or remote manual con- |. gl. j *W&^*i* |L' 

trol device is coupled to this shaft to | T *Mr f 

adjust the speed rontroller. L JB I 

The external and internal viev's of | JmW i, 

a 250- to 2,600-hp 2,d00-rpm unit of ^ / lyy^ 

this construction, intended for boiler ~"" 

feed-pump service are shown by Figs. ^ . 

17-9 and 17-10. This unit is connected Erter.w of 3,600-rpm adju.Uhte- 

to the driving motor and to the driven ’ 

machine by full flexible couplings. 

CONStAIfT-FILUNG FLUID DRIVE 

When a fluid drive is mounted on a general-purpose electric motor, certain new and 
unproved characteristics result. The motor is able to start against any load and gain 
high speed as if started unloaded, and it rannot be stalled by overload. The motor 
torque can be limited to prevent shear-pin failure (for conveyors). The explanation 
for these charactcrifetirs is demonstrated by Fig. 17-11. 


Of/ fo ct/cuff 
o/ fluid 

Spin Kmgsiury ^ 
tpanng housing \ | 


htitpr and outer cosing 
(fOtatmg mth impelfpr)^ 


r Km^bury Hmisr 

beanng 


Oil pump — 
fg&armfio 
mpufsfmfij 


-^ SpM d f conhvller 

fconimeeogleir^ 

mOukli^fvo) 


Flo. 17-10. Section through 3,600-rpm adjustable-speed unit, 

PriTunph of Operation. The dotted lines in Fig. 17-11 are the motor torq^ue and 
motor current plotted against output speed (a g^eral-purpose motor). The heavy 
line beginning at the origin is the torque required by the fluid drive; with the output 
shaft standing still. It is seen that the motor has to gain speed before the oil in the 
fluid drive begins to circulate and to require power from the^ motor. For this riPfwqn, 
the motor starts virtually unloaded and gains a speed where its windings>re wep, 

1276 



8*c. 


(SYBRAULiv coumms) 


veniJlaM wlmre the powers faetor is good aiid emrent* relatively law b^oi« it 
takes hold of thedoad. 

Ap^iicaitums.‘ The applieationa comioonly employing fluid drive and the benefits 
derived|n.each case are li^d below* In most eases, the contod is simidified, and the 
rugg^ gOneral-purpofie motor is sufficient. 


3 

u 

I 

£ 

I 

i 



I 

1 

s 

s 

I 


Motor Speed, Per Cent of Synchronous 

Fro. 17-11. Typical performance curve of constant-Bpeed fluid drive and general-purpose 
electrie motor. 


Agitatokb and mixeeb —^no-load starting of thp motor against a sticky mix 
Ball mills (heavy starting loads) —^no-load starting of the motor, low current 
consumption, and in some cases low demand peak (see Fig. 17-12). 

Crushers and hammermillb, etc. —shock absorption, prevention of motor-rotor 
troubles from jams, protection of crusher from motor impact on jams 



Flo. 17-] 2. Ball-mill application of constant-filling fluid drive. 


’ Forginu presses— ^hydraulic appUcation of power 

Lock Oates —smooth starting, low peak stresses in the mechanism, shock absorp¬ 
tion when logs get caught in the gates 

OoNVBYORS—Serves as a shear pin that does not need replacement, offsets had 
effects of overmotoring, allows equal loading on multimotored conveyors, and gives 
smooth starting. 
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WmcHiDe AKD cAt>eTANS—GHiiztpMefl tUiowB the uee of sinf^&^^jeed motore, 

smooth, tdke-iip reduces motor heetiug oa h^vys startfl ' 

Arfung^m^n^. Arrangementfi oommonly employed aii!i#idwa by Fig. 17-4. The 
direct-coupled arrangement can be rated fer full power according to Table 17-7, but 
the two arrangements using a sheave on the runn^ shaft must be rated according to 
the allowable belt-pull reaction on the motor shafts 

Special motors, sueh as d-c motors and slip-ring motors, offer soft load pidcup at 
low speeds and an extended speed range down to threading speeds owing to increased 
slip in the fluid drive (up to 100 per cent) at low motor speeds. Paper slitters, hoists, 
and winches sometime employ this characteristic of fluid drive. 

Hydraulic Bating^. The ratings at yarious speeds are shown in Table 17-7, 
Smee power varies as the cube of the 8i>eed (also the fifth power of the diameter), the 
most economical unit is a high-speed installation. For this reason, this drive is 
almost invariably mounted on the electric-motor shaft. 

t«We 17-7 


Use with a-c motors of theae horsepower ratings* 


Fiuid- 

dnvB 

auo 

1,750 

1,820 

1,450 

1,170 

1,080 


ipm 

rpmt 

rpm 

rpm 

rpmt 

T-240 

20-30 

15-25 

15-20 

7^^-l0 

5-7M 

T-270 

iO-BO 

80-40 

25-30 

15 

10-15 

T-30O 

6(K7B 

BO-60 

40-BO 

20-30 

20-25 

T-330 

lOO 


eO-7fi 

40- 50 

,30-40 

T.380 

IBO 


100 

60-75 

'50-00 

T-390 

T-420 

T-480 

T-640 



ISO 

100 

ISB- IBO 

soo 

7B 


970 

rpm 

870 

rpm 

810 

rpmt 

720 

rpm 

090 

rpm 

5 

a 

2-3 



7H-10 

5-7H 

5 



IS 

10 

7Vi-l0 



20-25 

16-20 

16 



30-40 

25-30 

20-25 


1 

50-00 

40-50 

30-40 



75 

00 

50-60 

30-40 

30 

100-150 

75-125 

75 

50-75 

40-60 

800 

150-200 


100-125 

75-126 


80-73 


* Rapid siart-etap inquire sp(>cial consideration, 

t High-sUp ir^otor full-load speed. 

Where two latings ai e shown for one size of fluid drive, any rating between these two eati be used 
Notes: Ratings shown in lightface tvpe are satisfactorir for rontinuous operation at full load. The 
ratings shown in boldfare type arc foi intermittent duty only Since there is no means of cooling the oil 
except bv radiation, continuous operation at full load for these ratings will cause excessive nil-tempera¬ 
ture rise and may neressitatc use of cooling means. If the motor is only partially loaded or if the full 
load is applied for short periods of time only, the temperature rise will not be excGBsiva. Severe start, 
and-stop cycles require special analysis of heat dissipation. 


Dimensions and Mechanical Ratings, The dimensions of commercially available 
units are shown in Tables 17-8 and 17-9. 

7nf<'rrta^-rombtiSttort-en(7inc Applications of Constant-fUliTig Type. The automobile 
has so thoroughly demonstrated fluid drive that not much in the way of performance in 
connection with internal-combustion engines is unexplained today. 

The value of this drive can be summarized as (1) smooth load pickup, (2) extended 
engine speed range, (3) protection of machinery ageunst overload, (4) the engine cannot 
be stalled, and (5) the engine torsional vibrations are dampened in the oil vortex. 

The industrial applications cover switching locomotives, power shovels, cranes, 
logging machinery, tractors, road rollers, compressors, earth movers, trucks, and 
almost any engine drive. The ratings of commercially available units are given in 
Table 17-M). 


hhcAMPCE 1: 55-hp engine at 1,600 rpm driving a compressor at nearly constant rpm. 
Under the column for 1,600 rpm, the T-300 is rated at 57 hp. Therefore, this ia the correct 
siae 

Exampi^e 2; 275-hp engine at 1,120 rpm for main propulsion of a tugboat (varial^e- 
torque load). 13y interpolation between the 1,100- and ltl50-rpm cdumns, it is seen that 
a T-540 has the^^l-equired capacity. 

Hydraulic Ratings Based on Engine T^que, Another method of selection, most 
commonly used for all but constant-speed drives or marine drives, is on the hsum of 
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Table 17-9. Dimensions, Ratings, Weights, WR'^ 

(See Arraneement 4C in Fig 17-12a) 
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I* Dimel^i^ in Inches Do not use for ecmatruetioa. Belt pull 150 per cent X (torque -r radius of aheave}^ 
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torque and llie uBeful operating range of the engine. The method is shown by 
a typical engine curve (Fig. 17-13). 

The engine torque output vs. speed is relatively constant. The drive should be 
no seleeted that it allows the engine to be pulled down under full load, only to a safe 
TninitnuTn engine rpm. This point determines the selection of the drive. On the 
basis of engine torque and minimum engine rpm, commercial sizes can be selected 
from TaWe 17-11. 




Arrangement 4C 

Fio. 17-124. Arrangements 4A and 4B for Table 17-8 and Arrangement 4C for Table 
17-9. 


It will be noted that the operating slip is in the order of 5 per cent or less through¬ 
out the normal range of engine speeds and that at partial tlirottle the slip deer ceases. 
The square curve labeled "starting torque” is the torque developed at 100 per cent 
slip by this drive. It is this gradually rising torque which gives such excellent 
"feathering” action and which permits the engine to be cranked against the connected 
Icutd. 

AppHeqtiant Based on Engine Torque. Applications usually selected by this method 
are fluctuating loads which require full engine torque at reduced speeds. Examples 
are vehicles^ excavating equipment, and engine-driven hoists and winches. 
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TiiUe 17-10. HydnuUe Bjitiiici Based on Rated Baglas Blip 



AppUctttitjiia uBnally fideotod by Uue nipthod arp (1) ihose wbii'li run at or near conBiaut speed sqiDh 
an aenerator acta, reciprocatmg conipressors, (2) variable-torque loads such as centrifugal pumps, tiiibp 
blowers, ship propulsion, and similar duties where torque falls nlT rapidly at reduced speeds Toaele^ 
a f aid drive, look under the vertical oolumne for the governed spied, and find the horsepower raihic. 
If it falls lietween two aises, wdect the larger siw fluid drive (from the roluinn at left) For loads tfldsg 
full engine torque at low speeds, select on the basis of engine torque from Table 17-11. 
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Fia. 17-14, Mounting airiingeinents—internal-coiiibustion-engine applicaliona of fluid 

drive. 


Tal»le 17-11. Minimum Engine Rpm » Per Cent Speed Factor X Goyomed Rpm 



Per oeut speed factors 

Type of enipne 

Light duty— 
cranes, locomo- 
tivee, trucks, 
winches 

Medium duty— 
tractors, 

scrapers, recipro¬ 
cating pumps 

Heavy duty— 
power ehctvels. 
yarders, bull- 
doaers, mine 
hoislte 

High-’SPeed—wide-range engines which idle well 
at leaa than 20 per cent of governed spped.... 
Medlum-bigli-apeed engines whtoh idle well at 
lees than 30 per cent of governed speed . 

a5-w 

40-50 

3Cb40 

35-45 

35-40 

Slower speed continuons>duty engines which idle 
at a relatively high per cent of governed speed 


40-50 

40^5 


Table IT^ll i^wa the per ^nt of governed speed at irbich rated torque must be developed. Tobla 
I7>12 ahows the torque traiumittuig capacities of the various sise fluid drives at engine rpm. 
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Tl}e seieottoii of a fluid drive Ijy tliie method s biEu^ed im {!) the rated torque to he 
tranmltted and (2) the minimum t|im at this rated tm^e. 'Hie minimum 

engine rpm Is the point at ivhieh the ou^mt ehaft of the fluid drive etfkfls under maxi¬ 
mum mginv tor^. <]F1gure 17-13 illusl^tefl this graphically-) To select a fluid 
drive from the Table 17^11, And the desired minimum engine rpm at maximum torque 
from Ihe per 0ent ape^ Ihctor table*. Entm: the .ratings tqble in 4^jBg>eed oqixim^ 
corresponding to the calculated muiinrupi en^e rpm, and the flhid imve that 
will transmit the engine torque at that ep»eed. 

High minimum engine speeds should be avoided as they increase the fuel consump¬ 
tion of the engine and the working temperature of fluid drive. Some field adjust¬ 
ment is availabk in the initial oil filling of the drive. 

Table 17-lS. Rated Torque at Minimum Engine Rpm 


llatod torque, ft-lb 


Fluid- 


drive 

size 

360 

rpm 

400 

rpm 

460 

rpm 

500 

rpm 

660 

rpm 

600 

rpm 

650 

ipm 

790 

rpm 

750 

rpm 

600 

rpm 

850 

rpm 

900 

rpm 

950 

rpm 

1,080 

rpm 

T-240 







47 

54 

62 

70 

80 

90 

100 

112 

T-270 






72 

86 

98 

113 

128 

146 

164 

1S4 


T-300 





105 

123 

146 

170 

195 

220 

250 

280 



T-aao 




137 

164 

195 

230 

266 

305 

347 

395 




T-3M) 



J77 

220 

265 

315 

370 

430 

496 

560 





T-390 


205 

260 

320 

385 

460 

540 

625 

720 






T-420 

228 

3D0 

380 

465 

565 

075 

790 

910 







T-4B0 

445 

590 

740 

910 

1,100 





I 




! 

T-540 

1 

790 

1 030 

1 300 











1 
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Arrangements. The mounting arrangements are shown in Fig. 17-14. The 
engine can be cranked against the connected load with Jlrnd drive so that a clutch is 
not necessary for starting the engine. However, a clutch is required wherever it is 
necessary to disconnect the engine from the load, as in shifting a transmission or in 
hoisting (crane operations). The friction clutch can be part of the engine power unit, 
as is the case with the unit-mounted transmission, or it can be incorporated in the 
power take-off pulleys or the hoist drum as is often done on oil rigs. 

Reference 

1. Hydraulic Piping, Product Eng,^ Bull. 90010, November, 1941. 



HTORAULIC TRAKSMISSIOir-rPOSITIVE DISPUCEMENT 

type* 

BT Banbom Tylub 

Engineering Department^ The Oilgear Company 

Hydraulic transmissioue of the positive-displacemontr type make use of energy 
carried in a body of fluid under pressure to perform work. The great use made of 
ihifl type of transmission has been brought about by the ease with w’hich this energy 
can be transmitted to points that are otherwise difficult of access and by the precision 
with which control can be accomplished, 

HYDROSTATICS 

Since the energy transmitted is primarily pressure energy, transmissions of this 
type are sometimes known as “hydrostatic transmissions” as contrasted with fluid 
couplings or torque ronverters which make use of the principles of hydrodynamics. 

Pressure, ftessure is the stress witliin a fluid. Since a fluid has no tensile or 
shear strength, pressure is a purely compressive stress. The pressure of a fluid causes 
a force to be exerted on any solid surface with which it is in contact. This force is 
always exerted at right angles to each element of any such stationary surface. 

Pressure can be produced by squeezing a volume of fluid confined in a vessel or, 
since the fluid has a definite density, by the elevation of a portion of a continuous body 
of fluid above another poftion. The character of the pressures produced in either 
manner are identical and, in fact, in hydrostatic transmissions, portions of the fluid 
are under pressure produced by both methods simultaneously. However, in most 
transmissions the pressure produced by elevation is msignificant in comparison to the 
pressure produced by compression, and the net energy from elevation is nil since the 
transmission operates in a closed circuit. 

Atmospheric Pressvre, The atmosphere is a fluid that has density and elevation. 
Thus at any point there exists a definite atmospheric pressure similar in character to 
hydraulic pressure. While this pressure varies from time to time and from point to 
point, atmospheric pressure (except for aircraft) can be considered to be the strmdanl- 
ized value of 14,7 psi, or 760 mxn Hg. This suggests various methods of measuring 
pressure: (1) in units of force per unit of area, F/A; (2) in units of length or height of 
the fluid surface above the point considered; or (3) as a multiple of the pressure of a 
standard atmosphere. 

Absolute Pressure. Absolute pressure is the stress above zero in the fluid. Thus, 
at any free surface the absolute pressure is considered to be equal to atmospheric 
pressure at that point. (This is slightly modified owing to surface tension, but this 
has no significance in the theory of transmissions.) Since hydraulic transmissions 
operate in a closed circuit, all effects of atmospheric pressure are canceled out, and 
gauge pressure, or the pressure above or below atmospheric, is used rather than 
absolute pressure. Thus, except that there is a limit to negative gauge pressures, 
dependent upon the value of atmospheric pressure, the existence of atmospheric pres¬ 
sure can be neglected if all pressures are considered to be gauge pressures. 

Pressure Head. Fluid in a vessel or pipe that is under pressure owing to tlie eleva¬ 
tion of another portion of the fluid is spoken of as haying a head. Pressure head, then, 
follows as the pressure (measured in units of height of the given liquid) produced by 
this head. It is related (see Fig. 17*15) to the pressure as measui'od in units of force 
per unit of area through the density of the fluid thus: 

* Superior number ref era to specific reference Ueted at the end of this subsection. 

1!284 





ffyic* if 


w}iet^ S p density (weijgbli per unit volume) 

H » heitd in unitfl of len|0th or hei^t of free surfaco above pcmt conaul^e4 

dujClioii He^d. The gau^c pretssure ia positive or negative depep^g upon whether 
the equivalent free surface is above or below the point to be considered. Pumps or 
similar apparatus frequently take their supply from bodies of fluid, the free surface of 
which is below the pump. The suction head is the negative pressure expressed in 
feet of head at the pump intake. With no flow through the suction line, this is equal 
to the distance bebw the pump inlet to the free surface. 

The importance of suction head lies in the limit to its value. SiniJe a fluid has no 
tensile strength, the pressure cannot be leSs than absolute zero. Thus the absolute 
limit of suction head ks atmospheric pressure at the place in which the device is to be 
used. Most manufacturers will give a practical limit as to the suction head at which 
their equipment is capable of satisfactory operation^ This is expressed in units of 
height, so if a significant change is made in atmnspheric pressure^ such as operation 
at high elevations above sea level, the limit must he 
modified accordingly. 

Pascal’s Theorem. One of the great functions of 
liydrostatic transmissions is the multiplication of 
forces. Hydrostatic transmissions are unique in pos¬ 
sessing the property of easily converting small forces 
into gieat ones or, conversely, short motions into long 
ones. This property was first rfToginzed by Pascal, 
who enunciated it thus; “If a closed vessel of fluid have 
a hole of unit area closed by a closely fitted plunger, 
and a second hole of one hundred units area also closed 
by a closely fitted plunger, then one man exerting a 
force on the smaller plunger can equilibrate the force 
exerted by one hundred men against the other, and 
can overcome ninety-nine.” While this is the principle 
of the hydraulic press, as well ns many other hydraulic 
applications, uo practical use could be made of it for Fio. 17-15. Relation of pres- 

over a century because, until the invention of the sure to head, 

hydraulic packing by Bramah, no way was knowm to produce the “tightly fitted 
plunger.” 

This, of course, follows naturally from the concepts of pressure as a stress and the 
equality of pressure in all directions at a point within the liquid. 

Energy. The energy in a fluid at rest (excluding thermal energy) consists of the 
sum of the potential energy duo to its elevation above datum, the potential energy 
due to the pressure to which it has been raised, and the potential energy contained in 
the fluid as elastic energy. A fluid transmission is normally a closed-circuit device, 
and the fluid used for power transmission passes around the circuit and eventually 
reaches the point from which it started. Since fluid fills the circuit, each element 
reacts against the next, and the energy of elevation, so far as the transmission is con- 
cfMTied, is canceled out. 

Pressyre Eriergy. The potential energy of pressure was for many years the basis 
of practically all hydraulic applications. Hydraulic energy was stored in w^^hted 
accumulators and used as required. The potential energy thus stored vras equivalent 
to the product of the quantity of fluid which can be discharged by such an accumulator 
and the pressure which is raised by the accumulator. This is itlustratod by Fig. 17*16. 

Elastic Energy. Wliile liquids are frequently defined as inoompreasiHe fluids, «nd 
they are so w^hen c^mtrasted to vapors or gases which are compressible fluids, all 
possess a considerable degree of elasticity. The hydraulic fluids used in fluid traps* 
inissionB have an elasticity which is most conveniently expressed as a percentage 
change in volume as pressure is changed by a given amount. The fluids used have 
an elasticity, under working eonditions, on the order of per oent per 1,000 pei 
pressure change. This percentage decreases idightly when pressures in excess^ l^OCK) 
psi arc used, becoming about K per cent per 1,000 lb pressure change at presssures 
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on tlie order of SOrOOO psi. While the eztet^gjr stored in this form k imt ordinarily a 
largo quantity, it should be noted that this elasticity is roughly lOO times that pf steel, 
ahd the nprmal pressures used are murh less than the stresses applied to Wteel, 
the eni^gy is stored in'the manner of a slightly compressed spring. I^is property is 
important in considering the rigidity of a transmission system or in designing the 


AcamuUtfor 



Tig. 17-16. Potential energy in an accumulator circuit 


valving to release pressures on a quantity of liquid. This is diseiissed in greater 
detail (see Cylinders and V'alvcs), 

HYDRODYNAMICS 

While the basic principles utilized by positive-displacement transmissions are those 
of hydrostatics, it is necessary that motion of the fluid take place in order to obtain 
work from the transmission. The velocity imparted to the fluid produces dynamic 
effects which modify the purely hydrostatic principles. 

Any mass in motion possesses a kinetic energy equivalent to which 

W/ff is the mass and V the velocity. 

Velocity Head. If the moving mass is a fluid, it gains this kinetic energy at the 
expense of the potential energy it possessed while at rest. The potential energy con- 



P, = hh, Vg* ShgsP,-Frictional lossM 

1*10. 17-17. Venturi effect. 


verted to kinetic energy is equivalent to the weight of the fluid element multiplied 
by the pressure head (vertical distance it could fall) required to impart the elocity 
to the fluid. 

Since these quantities must be equal, 

Wh = WVy2g or A - VV2g 

Since V^/2g is equal to the head required to produce the velocity, this quantity is 
named the velocity head. 

Venturi Effect Since the voloetty head in a moving fluid is produced at the 
expense of the pressure head, the static pressure at a point in a moving fluid is less 
ikATi the static pressure in the body of fluid supplying the moving steam. 

This is of considerable importance in analyzing the dynamic effects of fluids at 
high velocities, especially during the critical range of opening or cloring valves, etc. 

It w'iU be noted from Fig. 17-17 that the kinetic energy of velocity head is recon- 
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to the pote&tifile&scgy {O'esBuie head when the meriiig xitBaa ia bxcNtght to 

«,t a<|iao0nt points rni eitto ti4e« ^ 

Fl^ Filcfion. Whenever a particle moves ia 4» an a4}fteent paHiele^ 

there is an energy converbion due in friction. Thie is true vegardlUBB of the physical 
state of the particle—solid, liquid, or gaseous. Therefore, m a moving fluid there is 
a decrease iu pressure equivalent to the amount of energy convened htto heat, This 
subject ia covered quantitatively under Piping, Valves, and Fittings (Section 11). 

Fluid Fiicttoa m Hydraulic Hping. Ihe usual method of sizing hydraulic p^dng 
is the rule-of-thumb method based on the velocity of the fl.uid in the pipe. Tins is 
ordinarily ade^ate for the high-pressure jnping in the majority of hyd^ulic installa¬ 
tions, as the lines are short, and the losses are low compared to tho pressures to be 
used Pipe-line velocities are eonsidcred to be within the limits of best practice if 
held to 12 fps for the smaller pipes (1 in. or smaller) and 15 fpe for larger pipes. These 
limits are exceeded for momentary restrietionB or for portimis of a cycle in which head 
loss is of little importance, but 20 fpa is seldoDi exceeded since the danger of dynamic 
effects in valves, heatmg of the fluid, and hydraulic shock increases rapidly with 
velocity. 

The rule-of-thumb method should be used with great caution, if at all, for airing 
low'-pressiire or suction lines When conditions are good, the lines straight and short, 
and viscosities are not high, veiocities of 5 to 7 fps are sometimes used However, a 
preferable method is to determine the actual head loss. The head loss in a pipe line 
is a proportional function of a fluid-friction factor, the equivalent length of the pipe, 
the density of the fluid, tlie square of the vdority, and is inversely proportional to the 
actual inside diameter of the pipe. The fluid-fnction factor is a function of Eeynolda 
number (diameter times velocity divided by kuieniatk viscosity), and the equivalent 
length takes into account the effect of bends, elbows, vdlvea, etc.* 

The most convenient method of solving this rather complex equation is by means 
of curves or alignment charts. Fig. 17-17a shows a set of curves made up for one 
specific viscosity condition (200 SSU). Fig. 17-175 is an alignment chart showing 
equivalent length of littmgs. 

While the head loss through piping is subject to variation wdth varying viscosities, 
It is charactenstic of a sharp-edged orifice of proper proportions that it is almost 
independent of viscosity variations if the critical velocity is exceeded. Fortunately, 
the critical velocity is withm most normal limits except for very small orificeB, very 
small flow, or very high viscosities. The orifice should be no larger than one-quarter 
the diameter of the pipes on either side, which should be straight and uniform for at 
least 20 diameters on either side. The length of the orifice ^ould be less than 0 4 
its diameter to be considered sharp-edged. When these conditions are met, the 
pressure drop through the orifice can be approximated by 

P 0.015F* 

where P =» pressure drop, psi 

V = velocity through the onfice, fps 

This feature of independence of visiosity through normal working range makes 
the orifice a useful control device where its pressure characteristies permit. 

Water. Clear water is used in certain hydraulic presses and similar apparatus. 
Ill apparatus for which it is designed, it serves its pi^irposc, being easily available «nd 
I Heap. However, it must be used with care in climates in which the temperature 
falls below the fi'eezing point; and the equipment is subject to rusting, especially If idle. 

Water Emulaions. Soluble oils are iroqueiitly used in conjunction with water to 
lessen the danger of rust and corrosion. They also provide a degree of lubrication 
for rubbing surfaces. The dangers of freezing, however, are still present with this 
fluid, and it has not sufficient lubrication for use in high-speed rotary pumps and like 
equipment. 

Oik The properties of oils are discussed under Lubrication. Aside from selecting 
an oilul proper viscosity range, the factors that 01*6 impottaut for transmission seiVioc, 
nre a high viscosity index, good stability for long Hfe, an emidsIbiUty rating that will' 

im 
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1^0. 17-17o. Head loss in pipea for oil at 200 SSU, 

^ure rapid relea^ of entrained ait^: and a neutralization numl}er that indicates that 
it will he f]^ from corrosion elements damaging to the equipment with which it is used. 

Oil Maintenance. Just as the initial selection of the oil has an important bea^g 
on the performance and life of many systems, so the maintenance of the preppies 
of the oil ia of im^rtance if performance is to be maiiii^med and the expected long 
Ufe realised. Ckmtammated oil is the foe of wearing surfaces and a major cau^ of 
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sticking of closely fitted valves and controls. Every effort spent in “good house¬ 
keeping" about a hydraulic system will be repaid by a lo^er, more t^oubWiPee life 
of the equipments Care should be exercised espeeiaUy during the initial setup of the 
equipment or when the units or piping are opfmed for repair Uiat all open l^es >are 
prot^ted against the entrance of dirt or water and that the oil for fflli^ is handled 
in clean containers and protected against contamination during the in’oceas. ^ , 






auc, it] displacembnt type 


lC,h^<drai||^c j^^etoa Hii^ to bet^peraied in dusty atmospheres, the ^uld 

be protected by air filters or equivalent prot^tors. la excessively humid atmos^ 
may^ be accessary to pipe the breathe into a drier, cleaner room to prevent 
emadmWtloti contamination. 

In spite of all precautions, many systems become contaminated from breakdown 
pf the oil and the entrance of external contaminants in spite of the protective devices. 
XM liters are of great value in such cases aiid often save many times their cost in 
preventing shutdown and repairs. The manufacturer’s recommendations as to the 
proper, type of filter and its location in the circuit should be followed. 

Oil oxidizes and breaks down when agitated in contact with the air. This process 
H ^tiatly accelerated with increasing temperatures. Heat exchangers or coolers are 
of great benefit in those systems which operate at high temperatures. The installa¬ 
tion of w-ater coils in an oil reservoir is generally very inefficient and often dangerous 
because of condensation on uncovered portions of the coil. Generally a commercial 
heat exchanger will save enough water to jxwtify its cost over a water coil. 

When cooling water is difficult to obtain, use can be made of oil-to-air heat ex¬ 
changers, a standard unit heater being used for the purpose. 

HYDRAULIC POWER EQUIPMENT 

The elements forming hydraulic-transmission circuits are pumps, motors, control 
devices, auxiliary equipment, and instruments. An understanding of the characteris¬ 
tics and limitations of the elements used is essential to an understanding of the circuit. 

Positive-displacemeat Pumps. Of the several hundred general classifications of 
pumps listed in a meclianical catalogue, only a relatively few are suitable for power- 
transmission purposes. However, these few types are offered in a considerable variety 
of designs- There may, therefore, be individual exceptions to some of the following 
statements conceniing characteristics and limitations of any particular type of unit. 
For power transmissions, pumps are made to be either a constant-displaceineut type 
or a variable-displacement type. All principal types of construction have modifica¬ 
tions which permit their use either as constant- or variable-displacement pumps. 
However, some types are essentially better adapted to be constant than variable. 

In order to achieve a successful system, it is necessary not only to design the suit¬ 
able circuit or connections between units but also to select circuit elements having 
characteristics that most nearly match the requirements of the work to be performed. 
In comparing the applicability of various types of pumps, the following characteristics 
should be W'eighed, and the pump selected that will provide the best over-all perform¬ 
ance at the least cost. Among the most desirable performance characteristics are 

1. Capacity to deliver the required amoimt of fluid 

2. Preraure rating sufficient to perform the work 

3. A high-pressure overload capacity 

4. Low slip, so the output will be maintained over wide ranges of load 

fi. Ruggedness to stand abuse 

6. Minimum size 

7. Input speed to match the prime muaiuiw'" 

8. Dependability to ensure continuity oi service 

fl. Accessibility to facilitate repair 

10. Self-priming ability 

11. Ease of control for those types having controls 

12. Freedom from pulsations in output 

13. Quietness 

14. High efficiency 

Ifi. Cost 

Crank and Piston Pumps. (See Fig. 17-18.) The crank and piston pump is the 
type first developed. It is essentially the hand piston pump modified by the addition 
of a crankshaft and connecting rod topi^rmit the application of po'wer. Pumps of this 
type are adaptable to the use of any fluid that can be pumped, They arcTUgged and 
dependable ahd can be easily und'rstood and serviced by any meclianie. They are 
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reqiti^ a oo^fiidmbk j^edui^toai in spead between priiiie tnp^i^er and crank^i^tV and 
frequently ^nire coiunderabk^ mamtenanee to ke^ 
the packings from leaking, the bearings ti^t, and the 
valves in condition. Most of these pumps impart a 
iioiieeable pulaation in line flow and pressure. 

The principal design modifications are in the num¬ 
ber of plungers—single- or double-acting plungers, 
horizontal or vertical arrangement—and in detaUs of 
valve design. A modification to produce variable dis¬ 
placement IS available which utilizes a variable-ratio 
element between the crankshaft and the cmmecting 
rod. 

When well maintained, the volumetric efficiency of 
these pumps is quite high, but the mechanical efficiency 
is often rather low, bringing the over-all efficiency on 
the average to perhaps fiO Ui 75 per cent. 

Gear Pumps. (See Fig. 17-lfl.) TJie gear pump 
is a simple and inexpensive pump. It depends for 
its action on a pair of gears closely fitted in a housing. 

Fluid enters the tooth spaces on the mlet side as the 
teeth disengage, is carried around to the outlet aide by 
the tooth spaces, the teeth forming a seal against the pump, 

housing, and is forced out of the tooth space by the engagement of the teeth on the 
pressure side. 

Gear pumps are ordinarily limited to medium- or low-pressure service, alihouf^ 
some precision pumps arc made for pressures up to 2,000 psi. 
They can be made to pump many different fluids. They are 
small in relation to their capacity and, when pumpi^ a light 
lubricating oil, ran be made to run at high speeds which permit 
direct coupling to a standard electric motor. Gear pumps are 
usually self-priming up to moderate suction hc/ads. The ordi¬ 
nary gear pump imparts a rather severe high-frequency pulsa¬ 
tion to the output, and this is one of the principal reasons it 
is usually rather noisy. Many variations m tooth design and 
other arrangements have been made to reduce this factor and to 
reduce trapping of the fluid in the gear spaces. This trapping, 
which is quite severe with standard involute gear teeth, results 
in considerable loss in effiriency. 

Many modifications in the design are available, among 
them the use of helical or herringbone teeth; inierntd gears; 
special tooth requiring the use of Uming gears; and 

the use of wide-face gears to form the ** screw 

puitip^ One modification form. together with drilled holes to the 

face and root of Vonnectedwith a ported shaft to obtain freedom* from 

+ra]^ing and variable output. By 

'•otating the shaft, thF^il trapped between the teeth 
can be discharged into either the pressure or the suc¬ 
tion line, thus subtracting from the amount carried 
around by the teeth and providing a means of varying 
the delivery. Figure 17-20 illustrates this prmeiple. 

Sadial-pigtoti Rotary Plunger Pumps. The radial- 
piston rotary plunger pump was designed primarily to 
provide an accurate and easily controlled source 
of variable flow. The pumping action depends upon 
ecoentric action to reciprocate pistons in a rotor as both 
rotate relative to a ported valve element. The degree of eceentiicity emn be 
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iG. 17-19. Simple 
gear pump. 



Fio, 17-20. Noiitrapping 
type of gear pump. 
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vttiied hy snj ti ft Vftrtftty of controk, ftlt|iough pumps of fixed ecceutricity are alaa 

l^tKiuieed; Figure 17-21 Muvtrates the prindples ol this type of design. * 

PuoM ol liiis ^ype are available in capacity ranges from one to several hundred 
gpm ant^ressure ratings from 1,000 to 5,000 psi. Since they were produced primarily 
td provide a controlled output, their slip is low, and they are well and accurately 
made, thus providing long life. The input speed is generally suitable for direct 
coupling tp standard motors, and the size is not excessive for industrial purposes. 
The large number of pistons cuts down the pulsations in the output, and the noise 
lev^ ia tc^erable in most cases. Some of the smaller pumps can be considered prac¬ 
tically noiseless. This type of pump' shares with the axial-piston rotary pump the 
distmerion of having the highest efiieiencics obtainable in pumps. 

Since these pumps arc generally produced in the variable-displacement type, they 
come equipped with stroke control devices. These may be manually operated or 
arranged for automatic or remote control responsive to electric switches, line pressure, 
or the lUotion of pilot valves. 



Flo. 17-51. Radial-puston rotary plungor 
pump. 



Fig. 17-22. Axial-pisfcoii rotary plunger 
pump. 


A design modification makes use of an elliptical cam track to provide two piston 
impulses per revolution, thus obtaining a hydraulically balanced unit. Displacement 
variations are obtained by rotating two adjacent cam tracks relative to each other 
and to the valve ports so that one set of pistoiiB adds to or subtracts from the other. 

Axial-piston Rotary Plunger Pumps. Axial-piston rotary plunger pumps obtain 
their pumping action by the angularity between the axes of a cylinder barrel contain¬ 
ing the pistons grouped about its axis and a reaction member controlling the longi¬ 
tudinal position of these pistons. Figure 17-22 illustrates this principle. 

Characteristics of these pumps and the uses for which they are especially suitable 
are very similar to the radial-piston pumps described above. 

Vane Pumps. Vane pumps obtain their pumping action from vanes which push 
the fluid trapfjed between them across the seal between the suction and pressure ports. 
The ^hape of the housiug containing the rotor and vanes is such that the vanes are 
retracted within the rotor while passing the pressure port, so that very little fluid is 
cairi^ from the pressure to tlie suction port. Figure 17-23 illustrates a type of vane 
pump having a cam-shaped housing, or vane track, and tw'o suction and two pressure 
ports. Rach vane thus performs two pumping functions each revolution, and the 
hydraiflk forces on the rotor ore balanced. Many debigns of vane pumps have been 
produced. However, the ones having the chief diflercuces from the almve arc those 
providing variable displacement. One desiga uses a circular vane track with variabk 
eccentricity. Another has riiding members and articulated guides to vary the shape 
of the vai^ track. 
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Viuxe pumps lmv« been limited hi capacity key the pdmihh 

(dye m the vaibe tips and by the part area EmitaUonB, Bressure has Seen liinitj^by 
the strength of the vane and rotor. The maximum capamty af present mod«^ i» 
limited to about $5 gpm uad 1,000 psi per rotor. These pums» are characterized by 
low slip, small size, and ability to run at standard motor speeds. They aie seH-^prim-^ 
ing and have v^ smooth output charaeteristica. They are quiet in openttion ajpd 
havS a high efficiency. . , 

Wliile they are somewhat senmtive ^ > 


to pressure overloads and are somewhat 
short lived undCT continuous full-load 
cniiditions, they may be rexiaired or 
replaf‘.ed easily and also at a low 
cost. 

Motors. Hydraijdie motors are of 
three general types, depending upon the 
type of work to be done by them. The 
linear motor, or cylmder, is preferred 
for operations requiring motion in a 
straight line or through a small arc, 
such as presses, lifts, machine-tool slides, 
pushers and transfers, etc. Kotary mo¬ 
tors find their greatest use in driving 
the shafts of printing presses, conveyors, 
iesting machines, mixers, or any other 
device in which the speed must be 
changed while keeping the input speed 
constant or where a constant output 
speed is required with a variable-speed 
input. 

Oscillating types of hydraulic mo¬ 
tors have been produced for special 



purposes. However, their use ya not Fig. 17-23. Conatant diaplacement, hal« 


widespread, and no designs of this type anced vane pump. 


have been standardized. 


Ilydravlic Cylinders, Hydraulic cylinders are the oldest, simplest, and the most 
frequently used of the hydraulic-transmission motors. They are available in many 
standard types and sizes, and special sizes and types are easily and quickly made when 
needed. Many cylinders are made integral with the machines they operate. CJylin- 
ders may be single acting (delivering power in one direction only) or double acting 



Fio. 17-24. Double-acting hydraulic cylinder. 


(capable of exerting force in both directions); differential (having unequal m^eas 
exposed to the pressure ffuld in opposite directions) or nondifferential (with equs3^ areas 
on each side of the piston); plain or cushioned; and may be hod in a variety of mount-' 
higs or with practically any type of pipe connection {see Big. 17-24). 

A cylmder Dcmsists essenti^y of a tube, which may he rough for singb-acthtg 
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Tba cylinder tube may be of any suitable materiai and may be open at both ends 
requirk^ a head to close it or closed at one end. It is essential that the tube be 
Uqnid-^ght and have dimensions such that the ram assembly can dide freely. It 
must, of course, have sufficient strength to withstand the greatest pressures to which 
it will be subjected. The tube or the heads attached to it carry the mounting devices. 
These may be lu^, feet^ flanges, eyes, trunnions, or recesses for a saddle. 

The ram must be smooth, straight, and of uniform diameter so that it can eadly 
slide within the tube. In a Bingle-acting cylinder the diameter of the ram and the 
pressure used determine the force which the cylinder will exert. In a double-acting 
cylinder the diffmnee between piston area and the ram area determines the working 
area ip the pulling direction, while the full-bore area may be used for pushing. Valv¬ 
ing can be arranged so that the pushing and pulling areas may be connected, permitting 
selection Of either full-bore area or ram area only to provide two toimages and two rates 
of speed. The operation with the two areas connected is referred to as “differential 
advance/' The ram must have sufficient strength to withstand the forces and be 
of sufficient rigidity so that it remains in alignment at all times so that the packing will 
not be worn. 

The packings are perhaps the most critical items in the cylinder. The usual type 
of ram packing is a material that is impervious to the fluid, can be formed to 
fit the ram closely, and has sufficient pliability to conform to minor imperfec¬ 
tions in the ram surface as it slides through. They are therefore generally made of 
such materials as leather, treated hemp, asbestos, or a moulded composition or rubber. 
A gland is often used to apply a pressure on the packing. The adjustment of the g^and 
is critical, since insufficient pressure will permit leakage, while excessive pressure 
causes excessive friction, heat, and possible packing failure. Several types of self- 
adjusting packings are available. These are formed in the shape of cups, Vs or Us, 
So that pressure against them expands them against the walls of the ram to seal 
the fluid. Vlicn properly installed, these require no adjustment throughout their life. 

Self-adjusting packings are also used as piston packings. Expanding metallic 
piston rings are another frequently used piston packing. While these are subject to 
Borne leakage, they have a longer life and require no adjustment or other attention. 

Cylinders arc easily understood and easily maintained. Their application requires 
only tiie selection of a size that will give the required force and stroke. Their limita- 
timis are few. They must apply their power in a straight line, and they must not 
exceed a length at which the ram will deflect excessively. In actual practice this 
deflection must be kept quite small to avoid excessive packing wear. 

For some applications the elasticity of the oil column limits the practical length of 
the eyknder. Movements requiring rigid coupling, such as machine-tool feeds operat¬ 
ing at slow speeds, should be strictly limited as to length. The difficulty appears as 
jumpf chatter, or gallop of the moving member and is caused primarily by variations 
in the working load. These load variations may be characteristic of the work being 
done or may arise as a result of the difference between static and moving friction 
between the moving parts. The characteristics of this jump are greatly affected 
by Uie character of the load, the type of guiding, the mass of the moving 
parts, lubrieatiim, alignment, adjustment of packing, etc., and by the type 
of circuit used to suppress the jump. A first approximation as to the amplitude and 
frequency of the jump can be obtained by estimating the working pressure and apply¬ 
ing the coxjapressibility factor of P©** ‘^ent per 1,000 psi to the length of the oil 
column. The maximum stroke length can be used as an approximate length for the 
oil column if the connecting pipes are not unusually long or large in comparison to the 
cylinder dimensions. This figure expresses the am];^ude of the jump. This length 
divided by the average speed gives the period, and the frequency is the reciprocal of 
the period. When the load is subject to sudden periodic variations (as it frequently 
is in machine-tool feeds When the cutting tooth leaves the cut) when friction is low 
and the maas large, the length d jump may actually be double the amoimt calculated 
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the he^tk pressi^, it ma^ even be mere tbem double. Wbmi leogtb of juid^ io 
eulSoiimtiy und tbe fretiueEtcy is eu^Okmtly b^lb, the nmmeiituiii HAvam the 
jumpe to ran togetheri end e emooth feed nmilte. This eondition l» leodueed by 
making S low, P low, or V high, ^ce S end V use generelly established by 
requirements of the work^ the only solutimi to e problem of jumpy feed is to iserease 
the cylinder bwe or to replace the cylinder with a screw feed (see Fig. l7'-2d). 

PcmHm-displacement Rotary Motors, Any pump^ except those whieh utilise cheek 
valves as flow-^controlling means, will theoretically Operate as a motor. Thus, the 
ordinary crank and plunger pump cannot be reverb, as the check valves prevmH the 
flow of pressure fluid into it. However, crank and piston motors or hydraulic en^bes 
can and have been built. 

The suitability of a hydraulic device for use as a motor is affected chiefly by its 
slip, or leakage, rate and the relationship of its pow^ losses to the generated pdwor, 
or its mechanical efficiency. ^ 

Since the energy input to a motor to produce one revolution is the product of the 
volume of fluid required to produce one revolution, or the displacement per revolu> 
tion, and the pressure, while the energy output is the product of the distance traveled 


V e speed 



A=id* 1=0005^$ 
P^I^A,nlperiod)sl/V 
f (frequency)" V/1 


Lenqfhof Jump 


Fitt 17-25. Elasticity effeots in rylindoT feeds. 


by a point at a given radius from the shaft and the force exerted at this point, the 
mechanical efficiency is 

e « 27rRF/PV - 2irr/PV 

Thus 

T = PVe/2Tr 

where r =» torque, in -lb « RF 
P * pressure, psi 

V *■ displacement per revolution, cu in, 
c * mechanical efficiency, per cent 

Hydraulic motors are usually applied to drive a machine at a controlled speed or 
at a controlled torque. They arc occasionally used for driving machines in hazardous 
places, to avoid placing electric motors in the danger area, to provide a suitable meaiiB 
for accelerating very heavy inertia loads, or to provide regenerative dynamic leaking 
of such masses over the entire range to zero speed. 

Since hydraulic motors are essentially amilar to their corresponding pumps, they 
can be produced either in the constant-displacement or the variable-displaeement 
typea. Furthermore, the loading characteristics of a hydraulic machine limit 
pressure to a given value regardless of the speed. Therefore, the torque characteristic 
c'f a constant-displacement motor is constant throughout the speed range, and the 
horsepower characteristic is proportional to the speed. In comparing the perfommnee 
of this type of motor with other prime movers, it is essential to determine the compa^ 
live overload characteristic. Since pressures in a hydraulic system can be eai^ty 
and accurately controlled, the spread between working loads and overload, whfch is, 
in other types d equipment, frequently quite wide to allow for unforeseen peakovur*- 
loads, may be reduced^ sinoe damage to the eiiuipment will not be a result of such 
nveiioads. It is therefore essential that the overload and starting characteristics of 
these motors be checked against a carefully determined requirement of the equipmmst 
to be driven. 

l^med control of hydraulic motors is usuaUy obtained by controlling the volnme 
of fluid jpermitted to enter the motor. Thk may be done either by controlling the 
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gfaroko of« va 5 |a?bte-<ii 9 ^ jump siiLipplying tfeo lootor.or by lowia of a flow- 
oontcol vahro jit the supply line. ^ ' 

Skiee ^)eed control ia ^ected by flow eonUol, tho offeefc of slip or internal leakage 
U to oause the speed to decrease with increasing loads. The effect of slip should be 
oooaidefed over the full working range of speeds. Slip is generally but little affected 
by speed, and while a variation of a few rptn may be tolerable at 1^000 rpm, it may 
become a large proportion of the total speed at 50 or 100 rpm and may even cause the 
drive to stall when full load is applied. 

Tctfque control is achieved cither by variation of pressure or by varymg the, motor 
displacement. If a variable-displacement motor is used and a constant input volume 
and pressure maintained, the torque decreases, and the speed increases in approximate 
proportion as the displacement is reduced. Thus the power output of the motor is 
mamtained approximately constant with changing spee^. The approximation lies 
in the change of efficiency with change of displacement. The efficiency is reduced 
quite rapidly as the displacement approaches zero. The rate of change of efficiency 



Variable dlaplocemsnt oiofor Ckmstonl displacement motor 

with constant volume Input 

Fig. 17-26. Hydraulic motor characten&ties. 


is a characteristic of the design of each motor but, in general, the speed range obtain¬ 
able by varying the displacement is strictly limited, probably to lx*-tween 3; 1 and 5; 1 
(see Fig. 17-26). 

Crank- and Piston-type Jl/o^ors. Crank- and piston-type motors are seldom used. 
They are difficult to construct in raulticyliiider designs, and thus their torque fluctuates 
throughout the revolution, and they are large, heavy, and slow-speed machines, thus 
rather limited in speed range. 

Gear-type Motors. Most gear pumps have such low efficiency that they will not 
run as motors. Except for a few S|)ecial designs, this type of machine is not suiteU 
to operate as a motor. One type ia equipped with hydraulic balance ports and is 
designed for use as a motor. Those will operate satisfactorily over a limited range of 
speeds but at slow speeds become mistoady. 

Va^ne-4ype Motors. While vane-type motors are well suited for running as motors, 
most available designs will not start themselves. In most of these units the vanes are 
held in contact with the vane track by pressure. However, no pressure is generated 
unless they are initially in contact with the vane track. Centrifugal force is relied 
upon to cause this initial content. Therefore a stalled vane motor merely by*ps»fls®s 
ail pressure past the ends of its vanes. There are, however, designs of vane motors 
^ich have auxiliary means for obtaining this initial contact, and these motors have 
good characteristics. 

Pis^oTir-type Rotary Motors. At present the prefeiTed type of hydraulic motor is 
the rotary'piston type, both the radial-piston and the axiabpkton types being avail¬ 
able. These have similar characteristics, much like those of the comparable pump, 
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betag enpable oi eatiaf^tory operation over a 'wide $peed range owing to low and 
high effieieticy. 

Hydraulic Control Devicea. In hydraulic circuita it is necessary to control the 
direction of flow to the motors, the pressure in any portion of the circuit, the rate of 
flow to a motor, and to select the portion of the circuit to which pressure is to be 
directed. Controls can be applied direr! ly to variable-displacement puiufis to change 
direction or amount of flow' or to control the pressure. Other controls can be huflt, 
either singly or in combination, in valves to be applied in the pipe lines. 

Pump Controls. Radial- or axial-piston rotary pumps are capable of being con¬ 
trolled by varying their eccentricity or angularity.. Manual or automatic controls 
can be applied to reverse the direction of flow from the pump, to control the volume of 
flow from the pump, or to limit and control the pressure generated by the pump. 
These controls can be furnished to be manually operated, either through screw's, cams, 
levers, etc., or through servomotors powered by hydraulic or other means. They may 
be power driven or automatic through electric motors or solenoids, hydraulic pilot 
valves, or automatic pressure regulators. 

Pressure^control Valves. Pressure-limiting valves should be applied in every posi- 
tive-displaoeraent-pump circuit to prevent damage from overpresBurc. These valves 
may be of the simple spring-loaded ball or plunger type or more elaborate reverse- 
flow or piloted type (see Fig. 17-27). 



Fio. 17-27. Pressure-control (relief) valves. 


The desirable functions to be obtained from a pressure-control valve are (1) 
accuracy, the maintaining of uniform pressures for long periods or repeating the same 
setting uniformly time after time; (2) stability, freedom from w'histles, chatter, or 
other disturbances; (3) freedom from peaks or overshooting under suddenly applied 
loads; (4) close regulation or uniformity of operation under w'idely varying flow condi¬ 
tions; (5) wide range of pressure adjustment; and (6) sensitivity in the pressure¬ 
adjusting means. Of course, all these are not required for every' application. For 
instance, many valves, onee set, are not again adjusted. Also, safety valves which 
are strictly emergency controls need not have a high degree of stability. 

The ball-type relief valve a is accurate and dependable for very small flow or for 
use as a safety valve. However, it is incapable of operation continuously at more 
than a very small flow or low pressure, as it is unstable and will chatter or whistle, 
T.troduciiig destructive oscillation into the line. The plunger type b, having a guided 
plunger, is more stable as the plunger has only one degree rrf freedom. A valve of 
this type is often satisfactory for light or medium duty as a safety valve or for perform¬ 
ing occasional control functions. However, it is also inherently unstable and subject 
to whistle or chatter under unfavorable conditions. The reverse-flow type c is 
stabilized by the addition of a pressure-filled dashpot above the pressure chamber. 
It has proved accurate and sensitive over wide ranges of flow and pressure and has a 
relatively low peak with suddenly applied pressure W'hen the dashpot is properly 
fitted. The pilot-operated type d is also stable, accurate, and sensitive. It may be 
subject to high peaks when the pilot valve is small compared to the flow in the circuit. 
It can be remotely controlled if desired by separation of main valve and pilot valve, 
and since the spring on the main plunger is light and since it is assisted by the pilot 
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ptmsme^ the vahre is ranfllh This type ttf valve can be connected to a ve^titg vMve 
if desired. This drains the control chamber and opens the valve to practically frne 
iow. 

' The valve shown at ^ is a type of pressure-reducing valve. Whesn the dowii- 
stroam pressure is increased above the setting, the plunger restricts the flow to prevent 
the downstream pressure from rising further. If the controlled flow is to be stopped 
completely, an artificial bleed or additional relief must be incorporated, as it is unwise 
to rely upon a single seal to seal tightly under all conditions. 

Channel^electiriff and DireotionairCorUr(d Vulws. Valves that are used to select the 
part of the circuit to \^^hich pressure is to be applied or to reverse the direction of oil 
flow are of two general types. Sc;ated or poppet-type valves, shown by Fig. 17-28, 
are those such as globe valves, check valves, or the more complex three- or four-way 
valves having several plungers operated by a common lever. These valves all make 
use of the heavy pressure available from screws or camsto«eat the disk tightly or iise 
the pressure differential itself to accomplish this seating. These valves seal tightly 
when the seats are in good condition. However, the disks are subject to erosion or 
wire drawing if operated in the partially closed position and are affected by particles 
of foreign matter which may lodge between the seat and disk. 



Globa valv« 



3- itfoy valve 

Fig. 17-28. Seated valves. 


Spool-type valves (Fig. 17-29) rely upon a good fit and finish to limit the leakage 
past the fits when closed. In a well-made valve, this leakage can be held to almost 
negligible amounts for moat purposes. Valves of this type are hydrostatically 
balanced and thus move with little effort. Their movement is small so they can be 
switched rapidly. They can be built to provide innumerable functions, e.g.. 


Two-way normally open 
Tw'o-way normally closed 
Three-way open center 
Three-way closed center 
Four-way open center 


Four-way closed renter 

Four-way open center with one port blocked 

Three- and four-way 

Five-way 

Six-way, etc. 


Spool-type valves can be provided with many operators s\ich as hand levers^ 
return springs, or spring offset, centering springs, hydraulic operation by the main 
pressure or by pilot pressure, solenoid operation, or operation through s^^jrvomotors. 

A special valve of this type may bp called a sequence valve, IL is essentially a 
spool-type two-way valve, spring offset to the closed position and utilizing the fine 
pressure to open it. The operation of a valve of this type is not affected by pressure 
on the downstream side. Thus it will hold a portion of the circuit in isolation from 
the pump until a given amount of work has been done as indicated by a rise in pressure. 
Owing to this pressure rise the plunger opens sufficiently to permit fluid to pass to the 
isolated section without dropping pressure on the upstream side. W'hen the load on 
the downstream side exceeds the pre.ssure setting of the valve, the valve will open wide 
and will have no more effect on the circuit until the pressure agnin drops. 

FfotMWVtrol Vahes. The rate of flow through a pipe can he controlled by restrict¬ 
ing the area through which the pressiuxj can flow (see Fig. 17-30). This dan be aeeom- 
plished by a fixed restriction such as an orifice, by an adjustable restrictioii as provided 
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by a tfeedk valve or a tiimttle, Or by an auitoinatioai^ fieli*ad|af^tii)is^ vOtve pirov^dinii; 
compewtion for load vaiiatioiui. 

A fixed fiharp^edjged orifice, if not over hall the diameter of a^traight pipe in t^hkh 
it IB placed, is telativ^y msenBitive to changes in vificosity of the 'fluid when the rate 
of flow^is above the critical. It does, how^cver, have a varying flow characterise With 
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A valve of this type is placed in the outflow line of tho motor so that the ^ifice will 
discharge into the reservoir. Thus, since the pressure-reducing valve supplies a con¬ 
stant pressure to the oriflce, the flow through the orifice can be regulated and can be 
independent of temperature and load. 

Miacellaneoiis Cfmtroh, A variety of miscelhineous controls such as pressure 
knockouts, pressure switches, unloading valves, etc., can be obtained. However, 
these are, generally speaking, modifications of Ihe basic types described. Many 



Fig. 17-31. Hydraulic arcunmlatnr. 


special-purpose controls ctin be designed by combining several basic valves into suigle 
units. 

Accumulators and Intensifiers. Only a few of ihe hydraulic machines now being 
made use accumulators (see Fig. 17-31). They were originally of great importance 
since a constant-displacement pump delivers fluid at a constant rate, while the con¬ 
ditions of use dictate its consumption at a variable rate. The accumulator was used 
to store excess energy during periods when the load is little and to make up the excess 
requirement when the load is greater than can be obtained from the pump alone. 



Single stroke Inlonsitier 

Fig. 17-32. Hydraulic intensifier. 


Accumulators utilize the energy stored in an elevated mass or in a compressed 
spring or compressed gas to drive a piston or ram which develops pressure on the fluid, 
^me systems utilize the energy of compressed gas directly upon the surface of the 
fluid in a confined vessel or through a diaphragm, bladder, or float to provide a storage 
of fluid under pressure. Accumulators are used chiefly to supply systems that peri¬ 
odically require a great ainoimt of power fm* short time intervals. 

An intensifler is essentially a direct-acting pump delivering high-pressure fluid by 
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the appUeatioa eif low-presmire fluid to coimected rams havmg a diflereniial area 
(see Fig. 17-^2). They ore useful to obtam a nonstandard pressure from stan^rd 
pumps or to provide a stage of high force at slow speed following one uf low foree at 
high speed. An occasional use is made of a multipleintensifler'(or impeller), consist¬ 
ing of a number of small rams cronnected to one large ram, to split a single flow into 
a number of equal, or proportional, flows. 

An intensifier can be either a single-stroke type or a continuous automatic pump. 
If single stroke, it must contain sufficient capacity to perform the required functmn 
in one operation and can usually be cut into the circuit by simple valving. If con¬ 
tinuous, it is controlled by an automatic valve which causes the intensifier stroke to 
repeat itself as long as energy is supplied to it. 

HYDRAULIC CIRCUITS 

While hydraulic principles have been applied to the solutiom of innumerable 
problems, the following illustrations wdll indicate the methods used in the design of 
a hydraulic circuit. In designing or evaluating any hydraulic circuit, a check list 
may be of value. The following, while not necessarily complete, will indicate the 
most important items to consider: 

1. Operation. 

Will the system operate? 

Will it go through a required cycle wdthout stalling or repeating, etc.? 

Is the sequence correct? 

Is it sufficiently interlocked ? 

Is there a provision for return fluid where necessary? 

Is the pump suction adequate? 

Will air be cleared? 

Will the pipes drain out during idle perioils causing a malfunction on starting? 

Is the unit protected against extremes of temperature? 

2. Safety and Emergency Operation. 

Can the unit be stopped instantly at any time? 

How is it started normally? 

Can it be damaged by starting after an emergency stop? 

How is it recycled? 

What "inching” functions arc required? 

Will any element fall unexpectedly from lack of positive support^ 

Will creeping take place when idle? 

What will happen if a fuse blows? 

Will it take care of itself if left unattended ? 

8. Performance, 

Will the equipment do the job? 

Has it .sufficient force., torque, speed, range, etc.? 

Has sufficient allowance been made for lost time? 

Has proper allowance been made for off-standard operation, such as operation on 
50- or 25-cycle current or the use of standard gear ratios or sheave diameters rather 
than theoretical values? 

Has allowance been made for change in characteristics due to wear? 

Has allowance been made for temperature change? 

Are all elements and connections of adequate size? 

4. Maintenance. 

Do the units chosen liave the degree of dependability warranted by the importance 
of their work? 

Is their arrangement such that they are accessible for replacement or repair? 

Is the oil system protected by adequate filters, coolers, cleaners, breathers, or tem¬ 
perature cutouts? 

Is the oil reservoir provided with drainage facilities and a band hole for cleaning? 

Can the oil level be checked conveniently? 

Is the equipment “foolproof”? 
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l9 it nigged «nou^h to Btand the reugb treatment which moat induBtrial equi|mient 
Bometiines gets? 

6. Appearance. 

Doe? the equipment the job? 

Can it be arranged to produce a balanced, harmonious machine? 

Are connections and elements simple, and can they be pleasantly arranged? 

Cast 

Is the over-all cost, including installation, justified? 

PireSBing Circuits. Pressing is the earliest field of hydraulics and one in wliich it 
still excels. It is especially desirable where it is necessary to control the force, length 
of stroke, or speed of application. The simple press, powered by a pump or an aocu^ 
mulator, has been described. One of the most common problems in this type of equip¬ 
ment is to produce a high-speed approach while the press is idle, then to provide a 
large force upon the work at a slow speed, required by tjie nature of the work or to 
keep the power input within reasonable limits. The two generally used methods are 
(1) to use auxiliary low pressure for the idle stroke, obtained from a separate pump, 
a low-pressure accumulator line, or perhaps compressed air, with an automatic switch 
over to a lower volume high-pressure pump; and (2) the use of gravity or small-size 
kicker cylinders to cause the platen to approach rapidly with an automatic valve to 
cut the main cylinder off from connection to the tank to connection to pressure at 
contact with the work. 

Another problem frequently encountered is the obtaining of precision in distance 
traveled, especially under varying loads. The most accurate and dependable method 
of accomplishing this is to bring the moving member solidly against a fixed or adjust¬ 
able positive stop. This generally requires a slowdown before bumping to avoid 
shock. This is accomplished through operation of pump controls, speed-control 
valves, or cushions in the cylinder. Other methods are to approach the point of 
revers^ at a speed that will permit precision by quickly reversing a valve; to apply 
follow-up links or servomotors; or to use cam-operated valves to bring the moving 
member to rest. 

Reciprocating Circuits. Reciprocating circuits comprise the group of planers, 
grinders, honing machines, transfer conveyors, etc. The reciprocation can be 
obtained by valving or by reversing the flow from a variable-displacement pump. 
The main problem is to obtain maximum speed of movement of a heavy mass at 
uniform speed for the longest possible stroke, then to obtain a smooth shocklcss 
reversal in the u^nimum possible stroke and time. When properly designed, a pilot- 
controlled valve will p^o^’^de excellent reversals. However, extreme precision in the 
point of reversal is not obtained consistently. 

Positioning Circuits. Hydraulic cylinders can be equipped with devices to provide 
accurate positioning of heavy masses against large forces. These systems are illus¬ 
trated by such systems as ship steering gears or gun-aiming devices. These circuits 
depend upon differential follow'-up devices of many sorts to obtain precision in position. 
A signal from the controlled element is matched against the signal from the master 
to set the pump control or control valve to the proper position. 

Feed or Speed Controls. Feed control is obtained by adjustment of pump dis¬ 
placement or through flow regulators described under Flow-control Valves. Gen¬ 
erally, rapid traverse (obtained from a separate pump) and direction of feed are 
controlled by auxiliary valving controlled manually, by dogs or cams, or electrically. 

Torque Controls. Torque control is utilized in controlling helper drives and 
sometimes to limit acceleration. Torque control is easily obtained by limiting the 
pressure applied to the motor by any of the means described under Pressure Controls, 

Acceleration Controls. In cases that require a long period of acceleration, it is 
generally preferable to use an electric pilot motor to change the displacement of a 
pump at a predetermined rate or to apply a preset pressure, actually a torque control, 
to limit the rate of acceleration. 

Reference 

1. Hydraulic Piping, Product Eng.j November, 1941, 
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LUBRICATION* 

BY Allen F. Brewer 

Technologist, Enginesring, Technical, and Research Division, The Texas Company 

PETROLEUM CRUDE OIL 

There are two basic types of petroleum crude oil from which lubricants are derived, 
viz., paraffin and naphthene. Formerly, the base was sometimes regarded as a cri¬ 
terion of performance, Today^ however, petroleum technology regards methods of 
refinement as being of more importance than the base or source when it is desired to 
predict the performance in service of any oil refined therefrom. 

Broadly speaking, base terms are those which have been adopted by the chemist 
to indicate the nature of the hydrocarbons which predominate in the make-up of an 
oil. Petroleum research has designated four classifications, viz., 

1, Naphthenes 

2 . Paraffins 

3- Asphaltenes 
4. Aromatics 

All are present in virtually any type of crude petroleum. Usually some one group 
predominates, according to the geological locality from which the oil has been obtained. 
For example, oils produced from Pennsylvania, Now York, and AVest Virginia fields 
contain largely paraffin and naphthenic hydrocarbons. In the mid-continent area, 
the mixed-base or naphthene-paraffin-asphaltic hydrocarbons predominate. Ohio, 
Kentucky, and Indiana fields produce such oils, as do also the Kansas, Oklahoma, and 
North Texas areas. The Gulf coast and California crudes in turn consist of naph¬ 
thene, asphaltene-paraffin combinations, with the former predominating. 

Regardless of these combinations, complex compounds of carbon and hydrogen 
are involved, in percentages ranging from 83 to 87 for carbon and from 11 to 14 for 
hydrogen. Some sulfur, oxygen, and nitrogen may also be present according to the 
source of the crude, but they will usually be considerably below 5 per cent. 

In the make-up of the four cljisaifications the so-called saturated and unsaturated 
hydrocarbons are of primary concern. The former predominate as naphthenes and 
paraffins. The naphthenes correspond to the formula CiiHm, being known as 
closed-ring groups, according to the number of carbon atoms. A typical naphthene 
is cyclohexane. 

CHa 

HsC'^ \:!H, 

Hji in, 

\h/ 

Some of the better known paraffin derivatives of petroleum are 

Methane, CH 4 
Ethane, CiHs 
Propane, CaHa 
Butane, CuHin 
Heptane, 

Octane, CsHu 

* Superior numbore refer to epecifle refereuoes listed ut the end of this subsection. 
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Among the better known fi^omatios are 

Benzene, C^Hb 
T oluene, CbHbCHi 

THE REFINING PROCEDURE 

The segregation of crudes has become a vital part of refinery operation, for subse¬ 
quent refinery processing must be planned according to the type of refined products 
that Can be economically produced, By controlled distillation a variety of light 
products can be fractionated from the naphtha, gasoline, and kerosene stocks through 
the lighter lubricating-oil range to those heavier distilled oils which are so advan¬ 
tageous for diesel-engine lubrication. 

Distillation, how'ever, does not remove all the objectionable unsaturates or readily 
oxidized hydrocarbons \vhich are present in virtually all emdes. They must be 
further treated with acids, alkalies, and solvents. Then, to improve the low-tempera¬ 
ture characteristics where necessary, the lubricating stock is subjected to dewaxing— 
removal of those paraffins which arc solids at temperatures of or higher in the 
pure state. 



The object throughout is to produce a series of refined products, regardless of base, 
which will be free from gum-forming constituents, resistant to oxidation, capable of 
flowing freely at low temperatures, and heat resisting at high temperatures. Very 
often the knowledge of how raw stocks wdll respond to the necessary refining procedure 
is more important than the source or basic hydrocarbon make-up of the crude. The 
finished products will be most stable if composed of the so-callM saturated paraffin 
or naphthene hydrocarbons. 

Gruse* has presented a most enlightening analysis of the arrangement of these 
hydrocarbon components in petroleum oils. Based on the premise that '‘all crude 
oils are mixtures of various types of hydrocarbons,*^ he show's, as indicated in Fig. 18-1, 
that the naphthenes are of chief importanee as they are present in all crude oils and 
rurthermore that the paraffins are almost as widely distributed. To some extent this 
W'ould discount the preference that has developed for oils by base or source in favor of 
a more intelligent consideration of their method of refinement for the purpose involved. 
He further states: 

The four main epnatituanta can be placed on a di^p^m as shown by Fig. 18-1, and 
mixtures of the constituents can be expressed by lines joining the oonstituenta. For 
example, line 1 describes a mixture of paraffins and aromatics; line 2, a mixture of paraffins 
and asphalt; and line 3, a mixture of aromatics and asphalt; no point on these represents 
crude oil. Lines 4, 5, and 6 represent mixtures of naphthenes with aromatics, paraffins, 
and asphalts, respectively; points on these lines will represent real crudes. Xine 7 repre- 
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fiAuts a of naphthenes with afomAiins aiui aephaltic eoinpcmnds, and lines & and 9 

have Htitiilar obvious signifioance. Line 10 represents, as does line 7, a mixture of naph¬ 
thenes with aromatics and asphalt, but a mixture in which the aromatics predominate 
orer the asphaltic constituents; cnnles on line 10 would be more aromatic than those on 
line 7, 

This diagram can be read one step further to learn that line 5 denotes a so-called 
Bsondylvaiiia oil; that line 6 shows a Gulf coast stock; line 8, an oil from the mid- 
eohtment area. Thus, naphthenes occur in all, with the parafhns and aromatic or 
asphaltic compounds included in varying amounts according to their source. 

It is usually most important to control the aromatic and asphaltic content in oils 
refilled for lubricating purposes. This is accomplished by proper choice of the crude 
stock and the use of methods of solvent treatment, especially where the resultant oils 
are to be used for automotive or diesel engines, the steam turbine, or refrigerating 
compressor. ^ 

The paraffin component is not so readUy controlled unless improved methods of 
dewaxing are employed. It was once thought that the paraffin hydrocarbons were 
of more importance than they really are, perhaps owing to the fact that the earlier 
lubricating stocks were obtained from the predominatingly paraffin fields. Today 
selected methods of solvent refining can be applied to control the ultimate tests to a 
remarkable degree, in many cases giving a naphthene-base oil many of the physical 
characteristics of a paraffin. 

In turn, by solvent dewaxing, the pour test of paraffin oil can be made comparable 
with that of a naphthene-base product. For intenial-combustion-cngirie service, the 
method of refinement is highly important. It is especially essential to control the 
carbon-residue content and the unsaturatc content. The former may be the cause of 
objectionable deposits which later may be agglomerated by gummy residues, resulting 
from oxidation of the unsaturates. 

TESTS TO DETERMINE LUBRICATING-OIL CHARACTERISTICS 

Effective lubrication is attainable by considering the controlling factors and by 
coordinating these factors as far as is possible. Lubrication begins with the .nelection 
of lubricants. In the process of coordination the characteristics are studied with due 
consideration of the machinery to be lubricated, the conditions under which the lubri¬ 
cants miist function, and the means by wduch they are circulated or applied. 

To select lubricants most intelligently, it is necessary to be informed on their 
physical characteristics and the significance each characteristic bears to the service 
involved. Laboratory testa are employed to determine these characteristics and also 
to obtain some idea of how an oil may perform in service. 

Gravity. Gravity is of significance as a mefumre of the relative unit weight of 
certain petroleum products. It is normally of no value as an index of lubricating 
ability. In fact, the gravity, as indicated by the Baum6 or API scales, is of use only 
as an indication of the crude base from which such products have been derived. Those 
from paraffin-base crudes will show a lighter gravity than those from naphthene crudj*s. 

Viscosity. Viscosity is that property possessed by all liquids which serves as a 
measure of their ability to flow^ and an indication of the extent to which internal or 
fluid friction must be considered. The heavier an oil, tlie higher will be its vis<! 08 ity, 
owing to the resistance which the particles or molecules will offer to one another when 
in sliding contact at a given temperature. 

The meaning of viscosity and the means by which it is customarily determined 
must be understood in order to conform to the lubrication recommendations of 
machinery builders and attain most effective lubrication with minimum fluid friction. 
Use of an oil of too low a viscosity or one too light in body may lead to metal-to-metal 
contact and wear if the oil film is too thin to carry the prevailing loads. Use of too 
heavy an oil may lead to power losses due to the inherent sluggishness of such an oil. 

Viscosity is measured in terms of time by noting the number of seconds required 
for a certain quantity of oil to flow through an orifice of standardized size at a certain 
definite temperature. The ASTM has adopted the Baybolt Universal viscosimeter for 
commercial puipose, with 60 cc as the usual volume of oil involved. Lubricating 
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* Courtly of The Texas Company. 

Ar difiiculty of obtaining accurate Saylmlt Universal valpce for viBCoeitaee lower thvL 

8BU at 210"F w »o great that the viacoBity-index table ie not extended below that limit, The aeou- 
mry of t^ viHuueity index may be inoreaeed by the use of the Idnematic viscosimeter at 2i<rF forbiki 
paving viSGo^tiea between 40 and 75 SSU at 210®F dnoe the oonveraion of IdnematU! viaeoidty in ibis 
mngB at 2I(PF to Saybolt viscosity is ibG9» reliable than the actual Saybolt defemddatioin To 
viuoh y^ooBitydniiez values are in this critical range, jotted Unes have bei^ used toset it apart hrentlha 
rest of toe tablo. 


1307 








































































fil&c. IB] 


hVBBlCAflON 


tjils for pknt service are geaerally measured at 100 aia^/or 210^. The viscosity of 
lighter oils (turbme grade, for example) is measured at 100®F. Heavier products 
such as steam-cylinder oils or gear lubricants are tested at 210'^F. Accordingly, 
reference to an oil as being of 300 or 500 SSU viscosity at 100®F means that 300 or 
BOO sec, respectively, would be required for the standard volume to flow through the 



all AO 10 20 30 40 50 60 70 80 90 100 

on B lOO 90 60 70 60 40 30 ^0 10 O 

ParcBnlDgi of Compurwnt Oils 


Fig. lS-2. Viscosity blending chart. {Courtesy of Lubrication, The Texas Company.) 

Saybolt Universal viscosimeter at that temperature. A viscosity blending chart :' 
shown by Fig. 18-2 with insLnictions for its use given in Fig. 18-2a. Data for estima¬ 
ting viscosity index is shown in Table 18-1, 

Flash Point The flash point of an oil is that temperature at which inflammable 
vapors will be given off to a sufficient degree to ignite momentarily when exposed to 
a naked flame. Flash point is of importance when an oil may have to be exposed to 
high temperatuxea e.g., when considering whether an adequate lubricating film will be 
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maiiit&med on engu^e oy^linder widk without undiio \pbb by y&porization, Lubrl^atmg 
oils for intemAl^combustitm engiaes will have a flasb-point range of fi^m 325 to 42d^F, 
according to the base of the oil and its viscosity. Naphthwiprbaee oils will ahow a 
somewhat lower dash point than those of psmf^ base of the same viscosityi Fla^ 
point also increases with the viscosity of oils from the same source, Accordingly^ a 
500-viscosity product will in general show a somewhat higher 6ash point than a 200- 
or 30O-visGQsity oil of the same base. 

The flash point always should be sufficiently high to ensure that there will not be 
any hazard under storage due to vaporization of the more highly volatile constituents. 
Giood quality lubricating oils of reputable manufacture will adequately meet this 


HOW TO USB THE VISCOSITY BLENDING 
CHART 

In order to adapt the viafosity-temperature chart 
aa a blendina guide, we have used that portion of the 
chart between 0 and lOO^F, covering a viscosity range 
of 37 to 3,000—the range ordinarily encountered. Let 
the left vertical represent 100 per cent of the lighter 
oil, or Oil B. Lot the right vertical, rej)Tosent 100 per 
cent of the heavier oil, or Oil A. By plotting the 
known viscosities of any two oils at tlie same tempera¬ 
ture on these respective verticals and connecting them 
by a straight line, points along this connecting diago¬ 
nal show the viscosities at the given temperature 
according to the proportion of the respetstive oils in 
the blend. 

Ea^ample 1. How much oil of 50 SSU at lOO^P 
(Oil B) must be blended with a 200 SSU at lOO^F 
(Oil A) to give a 100 second viscosity oil? 

Draw a line between the 60 and 200 viscosity 
points on tlie respective zero lines. Note where this 
lino crosses the 100 viscosity horizontal. The answer 
is 30 per cent of 50 viscosity oil (Oil B) and 64 per cent 
of 200 viscosity oil (Oil A). 

Example 2. What is the viscosity of a blend of 20 
per cent of a 40 SSU at 100®F oil (OH B), and 80 per 
cent of a 150 SSU at 100‘»F oil (Oil A) ? 

Draw a line connecting 40 viscosity on the Oil B 
line, and 150 viscosity on the Oil A line. This line 
crosses the 80 per cent line (Oil A) at 04, indicatiikg 
94 SSU at 100°F, to be the viscosity of the desired 
blend. 


Fio. 18-2a. 

roquiroment sLncp all will range above 325'’F, which in turn is far above any extreme 
temperature that might occur luider storage. 

It is comparatively easy to make the flash test w'itli the proper kind of apparatus. 
However, it may be materially influenced by such factors as the shape and size of the 
receptacle used, the rate of heating, the presence of air currents, the atmospheric pres¬ 
sure, the size of the flame used to make the test, and the distance this flame is held 
above the surface of the oil in the test cup. 

The flash point has no relation to the spontaneous-ignition point; this will be very 
much higher than the flash point. 

Fire Point The fire point is also a temperature measurement. This character¬ 
istic is of interest primarily because of its connection with the flash point. 

"Hie fire point is determined by increasing the temperature of the oil in the flash¬ 
testing apparatus until the resultant vapors ignite and bum continuously when the 
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fiance is inttiiduced. The tmpefature of the oil at which this takea place ia 
t^afded as the point of the lubricant under test. 

Pdor Tati The pmir test is a measure of the lowest temperature at which an oil 
wiil pour or flow under the conditions of the ASTM procedure. This test is of interest 
to |jant operators who must handle oils under relatively cold conditions, especially 
where intelmittent running may be necessary. In an engine operating at low atmos¬ 
pheric temperatures and equipped with mechanical force-feed lubricators, the pour 
test of the oil used would be of much importance. Any tendency towards congeal- 
ment in the lubricator or in the crankcase of an enclosed engine (especially when shut 
dUwn) ndight cause the pumps to become inoperative, with the result that lack of lub¬ 
rication, scored cylinders, and burned-out bearings might readily occur. It is per¬ 
fectly practicable to obtain lubricants of the highest quality which will show a pour 
test of O^’F or slightly above, according to their viscosity. Naphthenic-base oils in 
general show a lower pour test over the Same viscosity rangp than parafBn-base prod¬ 
ucts unless these latter have been subjected to special dewaxing treatment. 

Carhoa Residue. The development of an excess of carbon residue ^ill be detri¬ 
mental to the attainment of maximum eflicienry in internal-combustion engines owing 
to the tendency which this material has to deposit on piston heads, in combustion 
chambers, on valve seats, and around and under the rings. Free carbon is chiefly the 
result of breaking down or decomposition of lubricating oil exposed to the combustion 
process. 

All engine deposits are not always free carbon, however, although this latter 
element may be most obvious when such accumulations have to be cleaned out. 
Dirty air is a prevalent cause of carbonaceous deposits, for finely divided particles of 
dust will combine with carbon residues, particularly if they are of a gummy nature. 

Means should be provided, therefore, to reduce the extent of such deposits before 
they have a chance to form. As far as the lubricant is concerned, this is best done by 
selecting oils that show low carbon-residue tests and then using such oils (m engine 
cylinders especially) in as nearly the right amounts as possible to reduce the volume 
subjected to the possible decomposing effects of the operating temperatures. From a 
mechanical viewpoint the best preventive (in engine and compressor service) is to use 
an air cleaner of proved ability and thereby remove the dust particles before they have 
a chance to combine with any free carbon to cause gummy residual matter. 

Emulsification. Knmlsification is used in connection with Die tendency of an oil 
to go into such intimat-e mixture with water as to form a definite emulsion. It applies 
especially to liquids that are insoluble or only slightly soluble in each other, the 
mixture being so stable and the liquids so mutually held in suspension that natural 
separation takes place at a very slow rate. This rate of separation can be retarded 
by addition of certain fixed or fatt^’’ oils to straight mineral oils, as is customary 
with lubricants for steam cylinders where saturated steam is used. In this way 
emulsification is accelerated and the resultant emulsion rendered more permanent. 

Emulsification is of advantage wherever a lubricating oil must be used in the pres¬ 
ence of moisture, especially if sludge formation need not be seriously regarded. Other¬ 
wise emulsification must be guarded against, for it is normally a prelude to oxidation 
and permanent sludge formation. Sludge must always be seriously considered in con¬ 
nection with oil circulating systems or wherever an accumulation of nonlubricating 
gummy matter may interfere with complete circulation of the oil, 

Demnlsibility. Whereas emulsification is a measure of the tendency of an oil to 
go into more or less permanent mixture with water, dcmulsibility is a measure of the 
readiness with which separation will take place. Demulsibility is important in any 
turbine or diesel operation where the oil must be continuously circulated through 
comparatively small oil piping and through low bearing clearances. Of equal 
importance, however, is the matter of preventing entry of water through leaky cooling- 
water connections or abnormal condensation and providing means for water separa- 
tion and removal from the lubricating S 3 ^stem. The conventional oil purifier or 
filter will normally perform in a satisfactory manner. 

The demulsibility of an oil w-ill depend upon the degree of refinement of the oil. 
The more highly or accurately refined an oil, the better ndll it separate from water- 
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TIub liolds trtie primftni^ for tlie I6wer vifieosity linage of hi1?Hcaa;t:% lew In of 
sam« tiegree dT tefinenaent, as the beniy is moreasedr tbe reihdmm with whiokea i>U 
wiU separate Iromwmt^ will be pzoporihm&telyretiuced. ' f 

Sd^. Sulfur is obiectionable in a diesel-engiiie lubricating oil or fuel only when 
it is in such form as to be eorroaive. In a diesel fuel, sulfur content up to 2.0 per cent 



is allowable in large slow-speed engines. Sulfur becoTnes most serious after oombua* 
tion when there is possibility of contact with water, thus causing sulfurous and «ul- 
furic acids which are corrosive. 

In determining the sulfur content of petroleum products, oxidation and analysiii of 
the oxidised matenak ate customary. Sutfur in diesel fuek is often regarded as more 
serious than it really is. Normally, sulfur compounds in petroleum fuel oik have a 
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bigh Btu value aaad are completely burned. Sulfur dioxide, as the product of such 
oombufitton, is uoncorrosive unless there is possibility of contact with condensed water. 

Saponihcatiim N umber. Saponification is a chemical reaction involving the action 
of an alkali upon a fat or fatty acid, the resultant combination being termed a soap. 
Saponification will not occur in a well-refined petroleum oil except where fatty acids 
may result owing to oxidation. However, the principle of saponification is the basis 
. for the manufacture of greases by which a fatty oil or acid is treated with caustic soda 
or potash or other alkaline metal compounds. 

The tendency an oil may have to saponify is determined by measuring the equiva¬ 
lent amount of caustic potash necessary to react with or saponify 1 gram of the oil 
under test. In terms of milligrams of caustic, the resultant figure is caUed the saponi¬ 
fication number of the oil. 

Any lubricating oil for internal-combustion-engine cylinder or crankcase lubrica¬ 
tion should show as low a saponification number as possible. When dealing with a 
compounded oil, however, the presence of a small amount of fatty oil may affect the 
saponification number proportionally. Some authorities also hold that this increase 
' in the tendency towards saponification will have a like effect upon the tendency 
towards oxidation and gum formation. They urge that the rate of increase in the 
saponification number of the used oil be closely watched. 

Acidity and Neutralization Number. Organic acids may be present in fatty oils 
as well as in petroleum or straight mineral oils. The nature of these acids will differ, 
however, according to their carbon content. In petroleum oils such acids are normally 
weak and noncorrosive. They should be minimum in a well-refined new oil, but even 
the best of such oils will show a slight increase in acidity with usage under oxidizing 
conditions involving heat, moisture, and air. Their noiicorrosive nature eliminates 
one cause for worry. However with increase in acidity, the tendency towards sludge 
formation will be increased. 

Acidity is measured by neutralization; there is, therefore, a direct relationship 
between the two terms. The “neutralization nunilx'r,” as aji index of the acidity, is 
taken as the weight in milligrams of potassium hydroxide which is necessary to neu¬ 
tralize 1 gram of the oil under test. Since mineral acidity may be more serious from 
a corrosive angle than organic acidity, the former must be nil. Fortiiiiiitely, this can 
also be predetermined by neutralization. Usually the determination of mineral acid¬ 
ity is made only on used oils to determine freedom from or extent of contamination. 
Unused oils should always be free from any mineral acidity and are so refined. 

The Value of Color. Color is simply a visual measure of rofincmnit; it is a func¬ 
tion of the refining process; it does not assure the adaptability of any finished petro¬ 
leum product for a specific use. It can be determined in a number of ways (see Fig. 
18-3 for conversion). 

The color of refined petroleum lubricating oils inaj’' vary all the way from a ■virtual 
water white to a deep red or green. Spindle oils are usually of a pale straws hue, 
although this is by no means a measure of the lubricating qualities. The lighter the 
color, the better the possibility of absence of undesirable foreign material. However, 
the color has no bearing upon the ultimate usage. 

The color of a petroleum distillate is also to some extent indicative of the viscosity; 
lighter bodied oils arc more nearly of the yellow-straw tinge; the heavier the body, the 
darker the oil for the same degree of refinement. 

GREASES 

Base. The term base is indicative of the type of soap used in the manufacture of 
a grease. In plant service the chief concern is with products of soda or lime base or 
the mixed-base products d(;signed primarily for ball or roller bearings. There are also 
specialty greases containing other metallic soaps such as aluminum, lithium, barium, 
or lead, which are intended for more specific usage. 

The Dropping Point Heat causes a grease to soften. The temperature at which 
it passes from the semisolid to a so-called liquid state is called the dropping point. It 
can be defined as the temperature at which a.drop of grease dise^rgagee itself from the 
remainder. 
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In the A6XM teat (method tlie temfsemture ttf 4 grease sample con¬ 

tained in a cup is raised at a standard rate. When the grease has become suffieiently 
fluid so that one drop falls through a hole in tlie bottom of the c>ip, the temperature is 
notedf and this temperature is termed the dropping point of the grease. Since semi¬ 
fluid greases extrude from the cup at room temperature, this teat ia not applicable to 
them, nor is there a standard method for determining their dropping point. Drop¬ 
ping point is controlled by the percentage of soap present, the nature.of the fatty oil, 
and the type of alkali. This latter will usually have the most pronounced efiect, 
greaaes of soda base or soda-lime base having a higher dropping point than thc^e of 
straight lime base. 

The dropping point of a grease does not indic^^e the maximum temperature at 
which it can be used. Ordinary cup greats, for example, in which the oil and soap 
are held together or stabilized by means of water, have dropping points around 200 to 
225“F, yet very often they will not stand up at temperatures continuously above about 
since continued .subjection to heat of even this intensity cauSes va^rization of 
the water, and eventually the grease separates, and soap and oil result. Yet, there are 
some greases that can he used for short periods of time even above their dropping points 
provided the bearing housing is sufficiently tight to prevent leakage of the fluid grease. 

The dropping point of a grease should be used primarily as an indication of uni¬ 
formity of manufacture and as a means of identifying greases. The best way to 
determine high-tempcrature performance of a grease is to teat it in the laboratory under 
simulated field conditipiis or by actual service in the units it is designed to lubricate. 

Penetration. Penetration is a measure of the consistency and texture of a grease. 
Numerical measurement of this jiroiierty is made by allowing a cone-shaped weight 
of standardized size to drop into a sample ot the product at a certain definite tempera¬ 
ture. The distance to which this cone penetrates in hundredths of a centimeter is 
termed the penetration of the grease under test. Obviously, the harder the grease, 
the Lower will be the penetration or the harder the consistency, 

PLAIN BEARING DESIGN AND CONSTRUCTION 

Alignment. AJigiiment is a most important factor in the maintenance of efficient 
plain bearing operation. Any inisaJignmcnt will immediately lead to abnormal wear, 
varying in intensity according to what might be termed the angle of error. Under 
such a condition the shaft will not bear uniformly over the bearmg surface but at the 
cmls with abnormal pressure. This may readily lead to excessive wear at these points, 
«>vcrhcatiiig, and even wiping of the bearing metal. 

The longer the bearing with respeid to the diameter, the grejiter may this wear 
boroinc under even very slight cojidition.s of misaliguineiit. In view of this, bearing 
designers endeavor to reduce the length wherever possible and approach a lengtli-to- 
diameti^r (LD) ratio of around 2:1, or even t:l in some coses. This becomes espe¬ 
cially beneficial on power-transmissJon equipment. 

Oil GroDving. Wlien soft metals predominated in bearing design, oil grooving 
was a generally accepted procedure. This still holds true, for proper grooving is a 
definite assistant to lubrication of the tin- or lead-base bearing metals. 

With harder bearing alloys, mirror finishes, increased machine speeds, and per¬ 
fection of flood and pressure oiling systems, oil grooving is regarded as less important. 
In fact, in automotive- and aviation-engine design, rod and pin bearings may cany no 
grooving at all on the theory that development of the oil film under constant pressure 
will maintain this film in conjunction with the natural pumping action which is devel¬ 
oped at high speeds. Furthermore, elimination of grooving increases the effective 
bearing area, permitting reduction of over-all bearing dimensions. 

Oil grooves, where necessary, are cut in the low-pressure surfaces of the bearing to 
aid in developing complete ciiTulation of oil and maintenance of a sufficiently protec¬ 
tive film at the high-pressure arf>a. They constitute a series of depressions in the bear¬ 
ing surface, coxuiccted or so located with respect to each other and the point of 
maximum bearing pressure as to ensure not only complete and ready distribution of 
lubricant throughout the bearing clearance but also a pathway for collection and 
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remotnal of aiiy nonhibricating matcriid vvbieh nxi^ht otherwise interfere 
with free of the oil film (see Fig. IM)- 

Not infrequently, too little importanee is attached to oil grooving in bearings wh^ 
it shoukl be applied, Some engineers have even felt that it was necesSaiy only to 
drill an oil hole or two and that the film would spread by some means. This is literally 
f^ue in the precision bearing designed for circulated flood lubrication, but it is not to 
be d(^)ended upon in rough*^rvice bearings where an oil cup or compression grease 
eup may be the means of lubrication. The rotating shaft always develops some pumi^ 
ing action to draw lubricant into the clearance, but unless wedge formation is facili¬ 
tated by chamfering at the point of oil inlet, this action may be ver>'' slight. Then 
boundary lubrication is approached. Hot-running bearings with increase in power con- 
siunption and ultimate wiping of the bearing metal arc indications of such a condition. 





Fio. 18-4. Typical licaring grooving for niarine engines. 


Bearing oil grooves should not just be cut to a pattern to suit the individual. 
Some definite designs have been applied so successfully in practice ns to render them 
virtually standard. Then they can best serve as a means of distributing lubricant 
lengthwise along the bearing so that the clearance is imiformly filled. The lubricating 
film is maintained by rotation or sliding of the moving element developing tin? neces¬ 
sary pumping action. The groove is merely an inlet receptacle for receiving and dis¬ 
tributing the lubricant. Where properly designed, the groove can also aid in keeping 
lubricant within the clearance, preventing excessive leakage at the ends of the bearing. 
Such a design facilitates circulation of the oil alternately from the center to the outer 
ends of the bearing and back again. How intricate to make the grooving design 
would depend upon the means of lubrication. With periodic lubrication, involving 
iright or drip-feed oil cups, oil grooving and oil retention arc more important than 
where flood lubrication and oil circulation are availalde. 

Planning the Grooves. Oil grooving is most effectual where it is of comparatively 
simple design and devoid of sharp curves. The more usual designs, as shown by 
Fig. 18-4, have been developed through pra<;tical experience a^nd probably many 
thousands of hours in engine, compressor, or shaft service. Any or all might function 
effectively under similar operating conditions prov^ided the lubricating system is 
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de|>en(li^k. 'the all4ni|^«iiftaat irndor ifi to A^vSiop htbrira^loii to sufib o degfeo timt 
frietlob and power conoamptioQ will be iJ^diioed to ibe lni]tuimum. The ineans 
employed is more or less seccmdary, although the ^Eeetive bear|Dg area must not be 
reduc^ by too extensive groovings Grooidns should he applied only to those bearing 
areas which are in the low-pressure sone. In a two-part bearmg this will mean that 
only the top should be ^ooved. In a four-part bearing the segmmts to consider 
would depend upon the Erection of rotation of the journal or sh^t. Normady the 
bottom part should be plain or ungrooved. 

The purpose is to be in acnord with the theory oi lubrieailon which Rotates that 
oil must flow from a low-pressure area to a zone of higher pressure. Grooving of the 
high-pressure zone might result in the grooves becoming runways to lead oil away 
from the clearance. Ultimately starved lubrication and actual metallic contact 
might occur, especially under high load conditions. Oil leakage at bearing ends is 
often an indication of faulty grooving or grooving extending into the high-pressure 
area, especially if bearing temperatures increase at the same time. No bearing should be 
cut away or have the continuit5’^ of its surface altered by grooves within 30 deg cither way 
of the point of maximum pressure; otherwise uniformity in the oil film may be impaired. 

Cutting or Formation. Having derided upon the bearing area which should be 
grooved and the types of grooves to use, it is then advisable to make a rough caieula- 
tion of the dimensions. These will depend upon the diameter of the shaft or journal 
which is to be earned by the bearing. 

The width of a groove is calculated by multiplying the diameter in inches by 0.01 
and adding 0.10 in. as a factor of safety. 

The depth of the groove is taken as one-half the calculated width. 

An oil groove should never be extended too close to the end of a bearing surface, 
(itherwise a channel might be provided which would allow the oil to escape from the 
bearing elearance to be prematurely lost by drip or leakage. The approximate dis¬ 
tance a groove should be from the bearing edge varies according to the diameter, as 
shown in Table 18-2, 


Beaiing-metal Thickness. It is obvious that the bearmg metal should always be 
thick enough to allow for the calculated depth of groove without danger of cutting 
through to the bearing shell. Therefore, it is advisable to note the approximate 
thickness of bearing metal available before the grooves are cut or the edges chamfered, 
It must be realized, when planning a system of oil grooving and calculating the 
dimensions, that the available bearing area is reduced by these grooves. Under nor¬ 


mal conditions, where they are cut in the 
top half or low-pressure area, actual 
metal-to-metal contact may not be as 
likely as in the high-pressure area where 


Table lB-2. 

Ihatance of oil uroote 
BBaring diam, tn. from either mi, tn. 

1^ or leas... .... H znia 


the load is carried. But as .some pressure 
is CftrriE*d over the entire bearing, espe- 
cially under lugher speed conditions, even 


H 

H 

I 


the low-pressure area should not be reduced any more than necessary by excessive 


grooving. 

The actual cutting of an oil groove must be done with the utmost care in order that 
thp flnished groove may conform as closely as possible w'ith the calculated dimensions 
and the intended location with respect to the curvature and length of the bearing. 
1 neveii cutting or irregular edges may lead to dogging if nonlubricating material 
gains entry. More or less nonlubricating solid foreign matter such as dirt or metallic 
particles w^ill be present in almost any oil after service for any length of time. Ji^irther- 
more, if higher operating temperatures prevail, certain types of lubricants may have a 
tendency to form gummj'' or oarbonlike deposits of oxidized oil or separated soap from 
grease. As material of this nature is also more or less inert, it will reduce the cuvtriat- 
iiig ability of an oil and accumulate at high spots in the oil grooves to serve as a dam 
and further impede free and complete circulation of the lubricant. Cnee b^in, 
accumulation of nonlubricating deposits is often cumulative to such an extent that 
ultimately bearing failure Will result through starved lubrication at the pressure area. 

Oil grooves can be cut by hand or by machine. With hand cutting there he 
posmbiUty of some variation from ericulated dimensions, although the fine&esB of 
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tbe work will defend upon tho skill of the ipBchanic and the care in handling the 
eutthig tools. Bough surfaces must be eliminated regardless of the method of cutting, 
for as already indicated, rough spots will not only impede free oil circulation, but they 
may also act as catchalls for nonlubricating foreign matter. 

Houghneas in an oil groove may be indicated by loose particles of bearing metal, 
if adjacent to the main surface of the bearing, the occurrence of metal-to-metal con¬ 
tact might lead to breaking or chipping off of certain of these metallic particles, causing 
contamination of the lubricant and possible scoring of the shaft or bearing surface, 
especially where bearing alloys containing a considerable amount of harder metals arc 
involved. 


CIRCtJLATING OILING SYSTEMS 

Circulation of fluid oils under uniform pressure conditions is helpful in reducing 
operatiiig temperatures through the coolmg cflect of an of fresh cool oil. Heat 

is one of the contributing causes of oil oxidation, especially if the oil is exposed to air 
and metallic particles. Oxidation is evidenced by sludge accumuhitions and increase 
in the neutrahzation number of the oil by the formation of organic acicls. 

Under comparatively low speeds, the peripheral speed, as it affects the ability of 
the oil to free itself from entrained water, is important. This becomes more apparent 
with heavier oils as these (after usage) do not free themselves from water so readily aa 
do light oils. Viscosity is also a factor as it may be related to the pressure developed 
by the circulating system, the pressure exerted upon the bearings, and the facilities 
for reconditioning. One of the premises on which the theory of lubrication is Imsed 
is that oil viscosity can be reduced as the speed of the rotating parts is increased. 
Therefore, from a speed viewpoint only, it would be right to prpKume that lighter 
bodied lubricating oils should be used in high-speed circulating systems. Certainly 
they would serve as more effective bearing coolants in removing surface heat by con¬ 
duction. But the matter of bearing pressure also must be considered on many modern 
machines. This has increased with increase in speed, and heavier loads need greater 
body in the lubricating film. This requires prior coiLsidoration of load-carrying capac¬ 
ity over heat-transfer ability, for the latter can be controlled by increasing the volume 
of oil circulated through the system. 

As a result, a variety of combinations has lieeii developed ranging in simplicity 
from the unit type of gravity-feed system to those rnultiple-i>ower devices whereby an 
entire aeries of 8 lceve-t 3 ’^pe or roller bearings can be served by one oil under the same 
constant pressure. 

The latter has been accepted aa a most effieieiit method of bearing and gear lubri¬ 
cation with the perfection of the sleeve-type roll-neck bearing, the heavy-duty roller 
bearing, and the oillighl gear housing. The principle is to circulate cool, clean oil 
under uniform pressures from a central reservoir to bearings and drive gears to provide 
proper lubrication and to remove heat from the friction siirfaces. This keeps the 
operating temperatures within reasonable limits. 

Pressure Oiling by Gravity, In the operation of a gravity system, the supply 
pump delivers oil from the settling or sump tank to an overhead supply tank which i ^ 
moimted high enough to give ample pressure to the gears and bearings. An oil over¬ 
flow line from the overhead tank to the sump tank returns all surplus oil delivered by 
the pump. From this overhead tank a supply line, through an assembly of lines, 
delivers oil by gravity to the various imiiit.s of lubrication. The oil then returns by 
gravity to the sump tank located below the operating floor. 

Gravity circulation reduces the intricacy in construction nnd the necessity for 
costly automatic controls, but it is limited in regard to available pressure owing to 
plant conditions. Where this pressure is low, it may influence the choice of the via- 
coaity of the oil. 

Full->pres6ure Lubrication. With full-pressure lubrication, a supply pump delivers 
oil at a predetermined pressure from the settling tank to a pressure tank in which an 
air cushion is provided at the top. Usually two pumps are provided, one of which 
may serve as a spare. This latter cuts in automatically by means of electrically 
operated pressure switches when the pressure in the pressure tank drops below a pre¬ 
determine minimum owning to failure of the operating pump or whenever the latter is 

1316 



amcuLAfim oiijm Brsrms 




unabk to roaintaiii the desired pressure. If both pumps fail or are tmaMe to matuiom 
sufficient pressure, a third pressure switch, which is set just below the mudmum 
operatiitg pressure required, sounds an alamn 

The expansive action ^ the air cushion in the pressure tank forces the oil throu^ 
the main supply line and the numerous branch lia eg. These are equi];UI)ed with orihce 
plates or valves to provide each bearing or gear unit with its proper share of hibricant. 
Frequently each of the various points of lubrication is equipped with a pressure switch 
and light signal to warn the operator should the oil dow be interrupted, Ihe return 
oil from the gears or bearings flows back to the settling tank by gravity j here it is sub- 
jected to filtration and piiriflcatlon to fit it for recirculation. 

Pressure Control. Oil pressure in a pressure lubricating system must be carefuUy 
controlled within the limits established by the machine designer. Usually from 5 to 
15 lb will prevail. Excessive increase in the pressure under which oil is delivered to 
bearings may cause seal leakage. Then loss of oil and possible ent^y of water would 
more than oflset the cooling benefits of the increased volume of oil delivered. Most 
effectual lubrication in a circulating system results when the oil is kept as free as pos¬ 
sible from water. 

Essential Equipment.'^ Oil Cooler. An oil cooler of ample size is provided to 
lower the temperature of the oil leaving the pressure tank. For best results an ample 
supply of cooling water must be provided for the cooler, and the latter must be kept 
clean, Thermometers inserted in the oil lines entering and leaving the cooler serve as 
indicators of the efficiency of the cooler. 

OH Filters. Pressure filters installed between the pumps and the pressure tank 
remove any foreign matter that might remain in the oil drawn from the settling tank. 
Filters of the latest design have a self-cleaning feature which requires very infrequent 
dismantling for the removal of the collected foreign matter from the filtering medium. 

Centrifugal Purifiers. Majiy circulating systemB will also inelude one or more cen¬ 
trifuges which are usually operated intermittently for an hour or so each day. Where 
large quantities of water ma}' get into the system, however, the centrifuges are some¬ 
times run continuously until the source of the water is located and the leak corrected. 

BeMling Tanks. With the possible exception of the circulating pumps, the settling 
tanks are the most useful and necessary features of the circulating system. WTiere 
there is any chance of considerable water getting into the system, it is advisable to 
install two settling tanks sg that, when the oil in one tank shows signs of emulsifica¬ 
tion, the contents can be taken out of service for reconditioning. This is done by 
healing the oil, by means of steam coils located in the bottom of the tank, to a tempera¬ 
ture sufficient to reduce the viscosity and enable the entrained water to settle to the 
bottom whence it can be drawn off through the drain valves. 

A well-designed settling tank will have several large cleanout valves located along 
the front and as near the bottom as possible. It is also desirable to slope the bottom 
of the tank toward the front. Then by periodically opening the drain valves, the 
accumulation of w^ater and sludge in the tank can be held to a minimum. Floating 
suctions are also often installed to allow^ the pumps to take the cleanest oil which is 
found near the surface of the oil in the tank. 

Any settling tank should be of ample size to allow the oil to flow through at mini¬ 
mum velocity. Thus the oil entering at one end has an opportunity to drop out a 
considerable amount of its entrained'moisture before it again reaches the pump auction 

the other end. The tank should be kept os nearly full of oil as possible (due eonrid- 
ciation being given to the expansion of the latter 'when heated for reconditioning 
purposes) because a full tank reduces the exposed surface on the inside of the task and 
prevents excessive sweating. It also aids in the cooling of the oil and allows more 
time for the oil to drop out its moisture. 

It is good practice to alternate the service of such tanks, thus allowing a batch of 
oil to be in service 1 week and then rest for a week. This is a safety factor against 
formation of emulsions, 

Protectuig the Oil in Service. Lubricating oils for circulating systems must be 
most carefully protected W assure continued lubricating ability. Shidge is an ever*- 
present possibility if bad w'ater conditions prevail. This is why bearing uid machine 

details vi oonetniotian bob mBaufacturere* oataloeues. 
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inekide micK effective methods of sealing; against entry of water and 
Bcdld foreign matter^ which also is a deterrent to good lubrication. 

RegaiSess of these precautions, however, water will often gain entry. Hie only 
reemiTse, therefore, is to remove it before it can lead to the formation of emulsions and 
certain types of sludge. Here the reconditioning system and oil hltcr play a most 
important part. In a relatively water-free system, however, sludge can be present 
m4he absence of an emulsion, especially in an oil readily susceptible to oxidation. 
Furthermore, sludges can be either water-soluble or oil-soluble. 

Bmulsions are largely prevented by continuous removal of water. Along with 
sludges they can be eliminated by centrifugal purification. Filtration, in turn, will 
remove solid contaminants and oxidisable material. In any filtering element the 
uniformity of the filtering mediums must be maintained. Variation in pressure drop 
across the filter mediums due to plugging is not desirable. 

Water traps and settling tanks in the circulating Bystem. have been found to aid 
materially in removing a considerable amount of water before it has time to affect the 
oil. All points where w'ater may gain entry into such a lubricating system should be 
carefully sealed as added insurance. This can be accomplished sometimes by caulking 
surface joints with oakum and covering with molten lead. 

With bearings, however, attention should be directed to thCir original design in 
order to provide for some recognized method of scaling which will not impair the free 
rotation of the shafts. The roller-bearing designer has achieved outstanding success 
in working with industry. Some of the newer machines are so completely equipped 
with sealed roller bearings and oil filtration that the color of the oil in circulation is 
scarcely changed after months of operation. 

Methods of Sealing. Modern sealing methods have also been carefully studied to 
deticrmine their adaptability to the oil-lubricated sleeve-type bearing. The perfected 
design of this bearing will rarely permit the entry of an excess of actually solid foreign 
matter. Water leakage, however, may occur, or there may be some accumulation 
due to condensation. Seal investigation has, therefore, been directed towards reduc¬ 
ing this water content, brass rings, the expanded leather cup, and the compression 
type of rubber seal have all proved their adaptability and are widely used today for the 
protection of such bearings. 

BALL- AND ROLLER-BEARING LUBRICATION 

Ball and roller bearings, commonly called antifriction bearings, are used on motors, 
line shafting, and other industrial machinery where protected lubrication is necesKsary. 
They can be oiled, prepacked with grease, or provided with fittings for pressure grease 
lubrication. 

ParticulaT makes of ball bearings will differ according to the design of the housing 
and type of lubricant seal used. 

In the roller bearing the design of the rollers will be an added characteristic. 
Rollers generally are either solid or flexible. The latter are always cylindrical in 
shape, the distance between the inner and outer raceways being the same over the entire 
length. Solid rollers, how'cver, may be either cylindrical, tapered, or barrel-shaped. 

In any case the rolling elements of antifriction bearings will be carried or housed 
in much the same manner, t.c., in suitable containers comprising racew'ays and cages. 
Between these latter are located the balls or rollers. They are kept in their proper 
position with respect to the races and to each other b 3 '^ the separator, cage, or retainer. 
In a t 3 rincal design the inner race will fit on the shaft or journal, the outer being held 
by the frame or other rigid part of the bearing housing. Rotation of the shaft sets up 
rotary motion between the rolling elements and the inner and outer surfaces of the 
raceways. 

Bafi and roller bearings involve rolling contact. Rolling contact is assured when 
the balls or rollers are held as nearly as possible in peifect alignment with the shaft. 
Then deflections under load are reduced. Some designers feel that it is impossible to 
eliminate entirely such deflections; they believe some sliding motion will always occur. 
Much of the friction developed is betw'“een the rolling members and the retainer or cage. 

This is not serious since other conditions of operation may vary wddely, as, for 
example, the speed of operation, the loa<I, or the temperature. Any one of these in 
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and ^intor Tangos may Imvo considerable el^t u|»^ the performance of a Itibrioa^ 
within such a bearing. 

For examplei the operating speeds must he carefully ccmiedemi. They infktenco 
the chWB of oil or grease. The higher the S].ioed, the lower should ho the viseofigly or 
body the oil; 80 to 100 sec Saybolt Vnivoraal at the operatiiig teinpemture of the 
l>earmg is the usual minmiuin Urnit. 

The reason for this is that, as speed of operation is increased, the more rapidly will 
the lubricant in such a bearing be churned about, especially if the bearing has b<^ 
overfilled. 

(!yhurniiig causes increase in internal or fluid friction within the lubricant and leads 
to increase in temperature. This is why oils of low to medium viscosity are preferred 
for the lubrication of high-speed antifrirtion bearings oi as a componmit of greases 
designed for similar service. 

Rolling motion in a ball or roller bearing must be maintained as perfectly as pos^ 
sible. If any one of the balls or rollers stops rolling, it will slide. This will be had 
for their contact surfaces as well as for the raceways. This can be prevented by 
designing the bearing seal so that it will work with the lubricant to keep out abrasive 
iliist, lint, water, steam, or acids. 

Function of Lubrication. The general purposes of lubrication in such a bearing are 

1 . To prevent rusting 

2 . To facilitate as easy rolling as possible 

3. To reduce friction w'here balls or rollers contact the cages or retainers 

4. To serve as a seal to prevent entry of foreign matter 

Easj’’ rolling is attained by lubricating the balls or rollers and the retainer. To 
accomplish this, however, all the surfaces (which are of a highly polished nature) must 
be in as perfect condition as practicable. 

Generally, as light a lubricant should bo used as can be successfully retained in 
such a bearing, considering the operatmg temperatures, speeds, and pressures. 

T 3 rpeB of Lubricants, '^'hen and where to use oil or grease for the lubrication of a 
ball or roller beating will depend upon 

1 . The operating icnipcralurc range 

2. The method of sealing 

3 . The range of operating speeds 

4. The load conditions 

5. The means provided for relubriration 

C. The service conditions 

7. The bearing dimensions 

8 . The possibility of contamination w’ith liquids, solids, or vapors 

These conditions naturally will varj' widely, and their combination may be quite 
diveme. Some specific one, however, will usually stand out and suggest the type of 
lubricant that will give best protection of the beating. 

Oil Lubrication. Petroleum lubricating oils suitable for ball or roller bearings will 
vary over a wide range of viscosity—from virtual w'ater fluidity to products as thick 
as syrup at room temperatures- One universal requirement always prevails; they 
must resist oxidation. Provided a petroleum oil meets this requirement, it can be 
relied upon to function dependably for long periods of hard ser^uce w’hen kept free 
from contamination. 

The choice of the most suitable viscosity will depend upon the bearing seals, the 
prevailing speed conditions, and the maximum operatmg temperatures. Generally, 
high speeds and average plant temperatures will require very fluid oils to reduce 
internal or fluid friction as much as possible. In high-temperature service where 
speeds normally are lower, the oil viscosity must be increased. Specially refined 
cylinder oils are often tiaod in such service. 

Desirable Properties of Grease- Crease for ball and roller bearings should be as 
free as possible from acid-forming tendencies in order to ensure best protection qf the^ 
highly polished metallic surfaces. The presence of any material that might lead to 
oxidation and corrosive reaction or to decomposition or settling is also ob)ecliiin!||a3dn- 

A properly designed ball or roller bearing will require relubricatkm only About 
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every 3 w 4 montlis. Often this period can be ei^tended if the )>ousing holds suihcient 
Inbrioant and an elective seal is maintained. Bui never pack the bearing too fvU» 

Whut Is Grease? Lubricating greases arc mixtures of petroleum oil and BOmo 
kind of soap. 

The petroleum oils used in grease making may vary from light pale oils of approx¬ 
imately 100 SSU viacofflty at lOO^F to heavy cylinder stocks. In some special cases 
even extreme-presBure characteristics may be required. The oils used should be of 
the proper viscosity for the service intended and should be well refined so as to resist 
oxidation and gumming. 

The soap components should be just as carefully selected as the petroleum oil and 
should be made from nonoxidizing and noneorrosive fats which also are free from any 
foreign matter which might reduce the lubricating qualities. Antioxidation additives 
are today included to increase the stability of ball- or roller-bearing greases. The 
finished greases should not contain any fillers or abrasives which would affect the 
highly polished metallic surfaces of the bearings. 

Types of Greases. Greases are divided into different classes according to their 
base or type of soap. These include calcium, sodium, mixed-base, lithium, aluminum, 
potassium, and lead-soap greases. Calcium-sodium' (known as mixed base) greases 
predominate in the lubrication of antifriction bearings for industrial machinery. 

Calcium- or lime-soap greases are made with a variety of mineral oils. They 
should be used only for average temperatures, up to, say, a maximum of 150“F; above 
this temperature the water used in their make-up evaporates gradually, then the 
grease may decompose, causing the oil and soap to separate. Recently, however, 
heatrstable lime-soap greases have appeared on the market. Such products do not 
separate when used at temperatures up to their dropping points; conaeqtiently their 
usefulness is greatly extended. They do not require water for stabilization. 

Sodium-soap greases are even more resistant to heat and so can be used under 
higher temperature conditions. 

A mixed-base grease contains a combination of calcium and sodium soap; such 
greases usually have the good features of both except that they do not have the fibrous 
characteristics of moat sodium-soap greases. They are more like butter and require 
but little power on starting and running. 

When carcifully selected materials arti used, mixed-base greases resist deteriorations 
and can be used to pack bearings that arc to be stored for a long time or in service where 
the lubricant is used for long periods without reliibriration. These greases can be used 
at moderately high temperatures, up to, say, 200 to 225®1'\ for their stability is uniform 
over a wide temi>erature range. When a grease is to be used continually at temperatures 
above 200‘*F, a frequent cleaning and relubrieation routine should lie followed. 

Ball-bearing Requirements. The amount of lubricant used is very important as 
it affects internal friction and power consumption. Leading maniifacturf*rs advise 
that where oil is employed the homing should generally he filled to a level just sujficient to 
submerge half the surface of the lowest ball v)hen the bearmg is idle. 

The viscosity or bodj^ of the lubricant becomes a decided factor under high speeds 
owing to excessive churning and development of heat through internal friction. 
Under extremely high speeds wick-feed or sight-feed drip oil lubrication has satis- 
faetorily reduced churning and heat development. 

When grease is used, however, a somewhat greater amount is permissible, the 
housing being charged from one-quarl.er to one-half full. Use of greater quantity 
may lead to drag, temperature rise, and abnormal power consumption. 

Grease, owing to its seal-forming properties, is useful for any type of service where 
there is danger of contamination with dirt and moisture. Grease also can be very 
much more effectively retained in a nonoiltigbt housing. Conversely, dirt or grit 
that finds its way into a grease-lubricated bearing does not settle out but usually 
becomes well mixed with the grease, forming an abrasive. 

Roller-bearing Service. WTien a roller bearing is to be lubricated with oil, much 
the same conditions apply as stated in connection with ball bearings. Where pres¬ 
sures or temperatures may be high, hotter lubrication will often result if somewhat 
heavier oils are used. 
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Hesvier oiln for roUsI^}earillg lnbiiea.1a(m>dioul4 be ehoaen witb tbe ufottofit n^ftre 
after careful etudy of the bearing temperatiireB, for it is very poseilde to ovcrestiiimte 
the eonditions of operation; then excessive drag may develop^ f 

Whmi such bearings may be exposed to oonsist^ly high temperatures, prasiire 
circulation of a comparatively fluid oil has been found to promote lower actual bearing 
temperatures. Where the oil acts directly as a coolant, it may in turn be cooled before 
recirculation. 

In the grease-lubricated bearing, but little cooling effect is developed by the grease 
itself. If, however, grease has been prepared to meet the operating conditions, it wiU 
promote a uniform range of bearing temperatures by its ability to reduce friction, 
especially if it does not develop abnormal internal fiction within itself. 

Protecting Lubrication. A well-designed ball or roller bearing usually contains a 
good seal to prevent leakage of I'lbricant. Grease, in itself, will form a good seal if it 
is heavy enough, but it is best to rely on mechanical seals, for heavy greases may cause 
high power consumption. For this reason greases which are easily worked and which 
can be used under a wide temperature rknge are best suited to motor bearings and 
other bearings. 

It is also important to study sealing devices wherever the bearings must operate 
under high teniperaturps. As indicated, the effect of such temperatures is to reduce 
the viscosity or wjnsisteney of a lubricant. The extent to which this will ocur 
depends upon the original body of the product. 

Seal Design. In the. earlier developments of bearing seals, felt- and leather-washer 
and grease-groove seals were widely used. They -were comparatively inexpensive and 
simple in design. These advantages cause them still to he used by many bearing 
manufacturers for certain types of service. 

Since their development, however, other types of seals have come into usage includ¬ 
ing mt'tallie rings, similar to piston linga, and metallic springs for the purpose of main¬ 
taining the adjustment of felt, leather, rawhide, and eork against the shafting. Com¬ 
position rings have also proved of value as an oil seal or to protect a grease-lubricated 
bearing against entry of water. 

The chief objective in the selection of a suitable seal is to obtain a design that will 
wear least in service; otherwise the purpose may be defeated. Washer-type felt or 
leather seals will have this tendency, although the rate of wear will depend upon the 
quality of the material. Where adjusting springs are used in connection with similar 
material automatically to keep the seal in close contact with the shaft, this will 
counteract Avear; also it will help the seal to keep in the lubricant, although the pres¬ 
sure developed may sometimes promote shaft wear. 

Protecting the Seal. Ck)ntrol of the lubricant in the bearing is most important. 
For each ounce of fresh grease applied, almost an equal amount of used grease disap¬ 
pears—^usually past the bearing seals to accumulate or drip onto some nearby part of 
the machine. 

If the bearing operates at higher temperatures, this may be very serious, especially 
when the greases used may thin down excessively. The result will be the same as 
when grease is applied to the hearing under sufficient pressure to force it past the seal. 

Cleaning and Flushing. Many ball and roller bearings have a plug at the bottom 
for draining. When cleaning is necessarj^ the plug is unscrewed, the bearing flushed, 
the plug replaced, and the whole relubricated. 

In an oil-lubricated bearing it is practicable to provide an arrangement of nipples 
aitd pipe fittings terminating in a sight gauge glass. In this way not only is cleaning 
made easier, but also the oil level in the bearing can be observed. 

Maximum protection of any antifriction bearing is assured only when the lubricat¬ 
ing system is free from foreign matter <. In certain typos of operation, this can be more 
easily maintained than in others. The extent to which dust or dirt may be preaent 
in the air or thrown onto the btiaring will be a factor. 

Bearings should be flushed and cleaned at periodic intervals, say about once or 
twice a year for the average plant motor. A light slushing oil should be used for this 
purpose. Gasoline or other solvents shoxild not be used, for these would tend to dis¬ 
solve the mineral-oil content of any grease used, leaving a residue of insdluble soap, 
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’The Ci<eiiueiiiC 3 ^ will depend upon the design of the bearing, the type of seal, the 
extent to which dust, dirt, or water may be present, and the nature of the lubricant, 
{n some plants it may be necessary to flush certain ball bearings every 3 Or 4 months. 

Prsasiire Grease-gun Operation. The grease gun is one of the most valuable tools 
in plant maintenance. However, if the pressure gun is not carefully handled, too 
much grease can be forced into a bearing housing. Also, dirt can be forced in if the 
operator forgets to wipe each fitting before using the gun. 

Overh^fricatian may cause overheating especially if the grease is too heavy. Such 
overheating is brought about by excessive internal friction within the lubricant itself. 

With certain types of grease abnormal increase in temperature may make the 
grease so fluid or may change its make-up so that oil separates from the soap in the 
grease. This reduces the lubricating value of the grease and causes loss of oil by 
leakage if the bearing is not well scaled. 

INDUSTRIAL GEAR LUBRICATION 

The ideal gear lubricant must possess certain very definite properties such as 

1. Sufficient adhesiveness to ensure that it will remain on the teeth and resist the 
action of centrifugal force 

2. Such a viscosity as to form a suitable film regardless of tooth pressures or 
temperatures 

3. No tendency to harden or become brittle and chip off in event of exposure to 
abnormally low temperatures 

4. Sufficient “oiliness'' or lubricating ability to reduce to a minimum the friction 
that occurs between the teeth 

5- Sufficiently low cost to enable it to be purchased and applied at a rt'asonable 
expenditure in comparison with the value of the service reiidiTcd 

Spur, Bevel, Helical Gears, Etc. In any gear installation the pressures usually 
encountered will Ihj high; the‘y may be especially severe on the bearing surfaces inas¬ 
much as a relatively small area of contact is involved. The pressure developed by 
this contact is constantly shifting as the teeth are subjected to varying direidions of 
load application. If rolling contact alone prevailed, the intensity of such a load 
momentarily on any part of a gear tooth could be disregarded. But sliding motion 
as well is practically always present; this explains the abnormal wear that occurs where 
gears are not properly lubricated or where the tooth surfaces are subjected to a con¬ 
tinual abrasive action. 

There arc numerous gear lubricants on the market which have been designed to 
meet these requirements. They will vary from fluid mineral oils to intricate com¬ 
pounds, some of which may contain "fillers.” Fillers serve but one purpose in a 
lubricant: to increase the viscosity and weight. They imssess no appreciable lubricat¬ 
ing value. Therefore fillers should not be used as they are deceiving and may lead an 
uninformed user to feel that his lubricant is suitable, when in reality, it is affording 
cmnparatively poor prf)tection against wear. The necessary adhesive characteristics 
may also be inadequate. As a result, when used under high-speed conditions or 
wherever the gears may come into contact with water, acids, alkalies, or chemical 
fumes, the gear teeth may lose their protective film of lubricant owing cither to its 
being thrown off by centrifugal force or being washed from the wearing surfaces. 

Worm Gears. Except where the speeds are very low and the loading relatively 
light, worm gears are generally enclosed and bath lubricated. Open worm gears must 
be lubricated according to the speed and size. Normally they require a lubricant that 
will adhere to the teeth and yet be fairly fluid. Enclosed worm gears, particularly 
where a hardened-steel worm operates with a bronze gear, are usually lubricated with 
compounded steam-cylinder oils or noncorrosive lead-soap lubricants. These rather 
heavy^bodied oils are necessary in worm gearing to resist the squeezing-out pressure, 
exerted by the sliding tooth contact and to provide the protective film between the 
teeth which is depended upon to minimize the friction of the sliding motion inlierent 
in worm gearing. At the same time they cushion the impacts between the teeth 
resulting from gear inaccuracies or unevenness of the load being transmitted. 

In the average bath-lubricated worm-gear installation, either the worm or the gear 
is permitted to dip into the lubricant according to the size and arrangement of the 
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fearktg, thus providing a auiScifiiii dmount cif lubn^api on ih^ imih to afford ^ pm* 
tective film but not enpugb to cause ^'drag/’ 

Extreme-prestture Li^ficaiitB in Indugfi^. The advantage the ^xtreme*prei»« 
sure (EP) type of ofl for industrial gears has h&otk definitely proved. Iron, ated, paper, 
and rubber are but some of the leading induatrieH that have benefited. In briefs there 
ifl a definite field for the EP oil of the right viBcosity, as indicated in Table 18 * 3 . 


Table 18-$ 

ViaMHiu 


Service SSV^ of XlOiF 

Fur liigh-apeed hLgh-preasurB aeara...... 50- 73 

For aisallur unite of medium speed where sears and bearings must be luhricated until the 

same lubricant. ... ... .... . 70- 115 

F'or large units of medium speed where gears and bearings must be lubricated with the 

same lubricaAt. . 130- 150 

Fur geam uf large pinion stands where a separate system, using lighter oil, is use^ for ^e 

bearings......'. 230- 275 

For heavy-duty mill pinions and reduction-gear sets.. 400-1,000 * 


Conditions of Operation. Gears may be either encased or exposed according to the 
nature of their service and the extent to which they require guarding or protection 
against abrasive matter or dust. Exposed gears may often present lubrication dif¬ 
ficulties. Normally they will require a lubricant that will adhere tenaciously to the 
teeth and resist the action of centrifugal force, speed, and temperature changes. 

Where tooth pressures are not abnormal and the teeth are not subjected to heavy 
shocks, the lubricant viscosity should be chosen accordingly. If the lubricant is too 
heavy, it will defeat certain of the advantages of lubrication by imposing more drag 
on the gears and increasing their power consumption. As tooth pressures increase, 
however, the viscosity of the lubricant should be somewhat higher in order to ensure 
that the film on the teeth will be able to resist the squeezing action of their surfaces, 
especially when sliding motion takes place. This condition warrants a lubricant of 
increased film strength. 

The presence of considerable dust in the air as a result of materials processed, as in 
the cement or rubber industry, may cause exposed gear lubricants to become veritable 
grinding compounds if they are too adhesive to be regularly displaced by fresh lubri¬ 
cant. Here it may be necessary to compromise and use a much lower viscosity oil 
than would otherwise he desirable. 

The heavy pressures that arc customary on certain types of stee^mill pinions, 
mbber-plant mixers, or cement-mill kilns may squeeze out ordinary lubricants, permits 
ting actual tooth contact and thus calling for the use of a mild EP lubricant. 

The frequency of relubrication of exposed gears depends entirely upon the service 
conditions. They must never run dry, neither should they be overlubricated so that a 
sloppy condition will prevail. Experience will dictate the proper viscosity just as it 
will the best method of application. A grade suited to clean operation may not main¬ 
tain an efficient lubricating film under dirty conditions. 

Where heavy bearing pressures prevail, these, in turn, may be transmitted to the 
gear teeth to some extent. Sometimes adjusting screws are employed to regulate the 
pressure to suit the work. Widely varying duty may, therefore, be demanded ai 
some reduction and driving gears. W'here slower speeds are customary, the possibility 
of overheating or throwing of the lubricant is reduced, yet Wear may be appreciable 
if a proper film does not coat the teeth completely. 

Sliding motion is most likely to occur when the teeth first come into oontact and as 
they become disengaged, the points of the respective elements developing a scraping 
action on the sides of the adjacent teeth. Both wiping action and squeezing may occur 
at these times. Wiping or scraping off of the lubricant is most apt to oecvur 'where the 
teeth are sliding; squeezing out is possible as maximum pressures encountered. 
Wear will occur more rapidly at the points of approach and recess of the teeth owing 
to the sliding friction involved, whereas the intermediate tooth surfaces adjacent to the 
pitch line, being subjected to rolling action, will resist wear more effectively. 

Methods of Gear Lubricatiim. Gear lubricants must be applied according to the 
design of the installation. We are most generally familiar with automotive practice 
where the gears in the transmission and differential are bath lubricated. Contrast this 
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indiis^iai pfodu^.tion^ ^.p., tlie gears that drive the rolls on qertain rubber 
machines which may be either bath or hand lubrinated; the gearing on excavating 
ihaehinm'y whieh is largely hand oiled; and turbine reduction gears which are lubri¬ 
cated by force feed. This latter method of lubrication is also now widely applied to 
eucldsed-type steebmill reduction-gear sets. 

So a wide variety of conditions exists, each of which may require special considera- 
Hon according to the design of the machine, the size and number of the gears, and the 
products being handled, Certain of the latter will be of a perishable nature such as 
foodstuffs, paper, and textiles. Gearing on the attendant iimehiiiery must be so 
lubricated that there will be practically no chance of the gear lubricant splashing, 
dripping, or being thrown onto these products. 

Analysis of industrial machinery presents five distinct conditions p<*rtinent to gear 
lubrication: 

1. Where the gears are enclosed in a suitable casing, out^of contact with the bearing 
lubricant, running either in a bath of oil or being lubricated by force feed 

2. Where gears run in an enclosed case, the gear lubricant at the same time serving 
the bearings, as is true in the majority of industrial gear drives 

3. Where gears are entirely exposed, the lubricant being applied by hand 

4 . Where the gears run exposed but with their lower portions encased so that bath 
lubrication is possible. 

5. Where gears ore open and exposed to such dirty conditions as to render prac¬ 
tically any lubrication ineffectual 

Where and when to use any specific grade of lubricant is, therefore, often quite a 
problem. It is disconcerting to attempt to hoed all the modern arguments in favor of 
industrial-plant efficiency and at the same time have a set of gears that may refuse to 
function properly with ordinary methods of lubrication. Such conditions arc not 
entirely hopeless even though perhaps the air may be filled with dust or the gears 
subjected to hot water or acids, etc. The petroleum industry has solved this problem 
by developing specialty lubricants refined so as to stick and lubricate even when totally 
submerged in practically boiling water. 

There are available similar lubricants for pressure conditions as already mentioned. 
These along with the ^^ide range of straight mineral gear lubricants will serve virtually 
any condition of operation or means of application. It requires only judicious study 
of these conditions along with the physical characteristirs of the lubricants and the 
application of the gearing. 

Clean Conditions Promate Good Luhrivation. Where pans are fiirnislied for bath 
lubrication, they should be cleaned out at regular intervals since any dust that may 
have gained entry may destroy the adhesiveness of the gear lubricant, tending to 
form a pasty mass which the gears cannot pick up. 

Where the gears dip in a bath of lubricant, this bath should be only so deep that 
the lowest teeth are just covered. This will give ample lubrication and keep the con¬ 
sumption at a minimum. 

W^hen the lubricant is applied by hand, it should be heated, if necessary, to reduce 
it to the consistency desired and painted on with a brush or poured on from a dipper as 
the gears are slowly revolved towards each other. Applying it in a fine stream or by 
spraying is most economical and effective. 

Gear lubricants should be applied to open gearing relatively frequently and in small 
quantities rather than in considerable volume and at longer int/crvals. Thus there will 
be ^less wastage and less danger of gobs of lubricant being throum off by centrifugal 
force to contaminate the products passing through the machine. In cjise the lubricant 
becomes laden with foreign material and paeks at the roots of the teeth or between the 
gear and its shield, this cake often can be softened and removed by the use of kerosene 
or some petroleum solvent. When there is trouble, see Table 18-4. 

Cautions —Gear Lubrication. Check alignment of driving- and driven-shaft 
connections. 

Inspect after first half hour after starting. Evidence of improper selection of 
lubricant often shows up during this period, or evidence of misalignment may be 
indicated. 
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Table iS-4 


Condition 

Moat prevalent on 

Cause 

To oOrreoi it 

Abriiflive wear orsoOrliig 

Spur, helical, bevel 
geara 

Mlaaiignment or rough aur- 
faces; improper tooth con¬ 
tact; sliding under heavy 
load; too low oil visBoeity; 
low starting temperatures 

1 Increase oil viscosity; use 
oil with mild noDGOrro- 
sive EP adijfitivei iiae 
means for j>rdieatinfi to 
raise the starting temper¬ 
ature 

Galling,.. 

Spiral-bevel, hypciid 
geara 

Oil-film rupture, high bui^ 
face temperatwres 

' Use oil with mild nonoor- 
rosive EF additive; use 
means for ooeding to re¬ 
duce temperatures 

Pitting. 

Any or all types of 
gears 

Occurs with rolling as well 
as with combinefl rolling 
and sliding with oil too 
'low in vise Deity. More 
prevalent on rough-sur¬ 
face finishes or where local 
tooth overload prevails 

Use an £P oil; increase the 
oil viscosity; try to get 
gears of better suxfaoe 
finish; increase the sur¬ 
face hardness or metal 
toughness. Improve 
tooth alignment and load 
unifunnity by shimming 
under bearings or adding 
outboard bearings to over¬ 
hung pinions 

Burning. 

Any or all ty[>eH of 
gears 

Overload or lack of lubri¬ 
cation 

Run under conditions for 
which gear was designed. 
Lubricate 


Watc*h tho oil IovpI. Tlie nmoniit of oil in an enrloHod gear unit ifl often just as 
critiral aa the kiiul of oil. 

C’hcfik oil level when iiiaRhino is standing still; if checked while running, a false level 
may be iiidirated. 


STEAM-CYLINDER LUBRICATION 

Steam-eylinder oils must be of comparatively heavy body and possessed of high, 
''wettability’* in order to ensure that the lubricating film will cling to the valve seat 
and cylinder walls, withstand washing off by the steam, and resist the wearing or 
scraping effects of valves and pistons. 

Viscosity or body is attainable by suitable refining. 

"Wettability” is obtained by judicious treatment of the cylinder stock and the 
addition of certain fatty oils to obtain an emulsifying effect. 

An oil having a viscosity range of between approximately 100 and 220 SSU at 
210°F is generally required according to 

1. The steam pressure and temperature involved 

2. The type of steam valves 

3. The means of application available 

Cylinder oil may be classifif’d according to viscosity as follows: 

1 . Light-bodied—100 to 120 8SU at 210'‘r 

2. Medium-bodied—120 to 150 SSU at 210‘’F 

3. Heavy-bodied—150 SSU (or above) at 210‘’F 

Lubricant Distribution by Steam. The best way to get cylinder oil to all desired 
points is to use the steam itself as a carrier. The steam reaches all moving elements 
inside the valve ehambers and cylinders with the possible exception of parts of certain 
types of Corliss valves. 

If the oil is divided into minute globules and intimately mixed with the steam, 
only a very small quantity is required. The extent to which the oil is atomized will 
control both the efficiency of lubrication and the quantity necessary. 

The mure complete the atomization and the more thoroughly the oil is dispersed 
through the steam, the better will be the lubrication of the engine and the more eco¬ 
nomical the consumption of oil. Atomization is iniluenced by 
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1 . T]|6 conditicm of the steam 

2 , Tl^ ]>oiiit of introduction of the oil 

2 . The velocity of the steam 

4. The character of the oil 

Factors Affecting Atomization. High steam pressure and temperature will 
gtomize a given oil faster than low steam pressure suice high temperatures thin down 
- the oil to a greater extent. So a comparatively heavy-bodied oil may be atomized by a 
high-pressure steam as quickly as a light-bodied oil will be atomized by a low-pressure 
steam. 

Conversely, low-pressure steam requires a lighter bodied oil in order to obtain 
ofHeient atomization. The point of introduction of the oil into the steam is also a 
factor; the farther this point is from the cylinder, the greater will be the opportunity for 
complete atomization. 

Locating the Point of Introduction. If the oil is introduced directly into the valve 
chest or just above the throttle, a product must be used that will distribute itself 
very rapidly through the steam. Conversely, if the point of introduction can be 
located from 4 to 6 ft from the cylinder, the oil does not have to be able to atomize 
so readily as there is more time for the steam to develop the necessary atomizing 
effect. 

if a heavy-bodied oil is used to meet the cylmder conditions, better lubrication may 
he secured more economically by locating the atomizer farther back from tlie cylinder. 

There is a limit, however. If the oil is injected into the steam too far from the 
cylinder, too much condensation of oil on the aides of the sbeanipipe wdll oeour. This 
"will increase the oil consumption, as the oil will run down into the steam chest with¬ 
out atomizing. Ultimately, it may cause detrimental gummy or carbonaceous 
accumulations. 

How to Judge Effective Cylinder Lubrication. The condition of the cylinder, valve 
scat, and valve surfaces indicates the effect of lubrication. If valves function without 
undue noise and if there is a light film of oil on the piston rod, the engine should be well 
lubricated. Some oil in the condensate is also a good indication. 

Time is nece.s.sary for the lubricating film to form and function properly; a hasty 
decision as to the suitability of such an oil should never be made. Any test should 
oover a period of several w eeks. Then the engine should be shut dowm and the cylin¬ 
der head and valve-ehest cover removed to enable inspect ion of the interiar. If 
there seems to be a film of lubricant sufficient penetrate and leave the tiine-honored 
browmisli stain on three or four ihickucsses of cigarette paper, the surfaces may be 
regarded as being properly lubricated. Further evidence is a high polish and a color 
varying from bright iron white to steel blue. 

Indications of Imperfect Lubrication. Hough, dry, dull, or rusty surfaces indicate 
that lubrication has cither been insufficient or the wrong grade of oil has been used- 
In addition, if the stain on the cigarette papers appears streaked, blackish, or mottled, 
either the oil has been subject to carbonization or abnormal wear has taken place. 

Lack of lubrication will also sometimes be indicated by sticky valves or groaning 
sounds from the cylinder when the engine is running. With Corlis.s-valve systems, 
slowness in action of the dashpots indicates insufficient lubrication. 

Exhaust Steam Is a Guide. If the condensed steam shows considerable quanti¬ 
ties of liquid oil, either too much oil is being fed, or it is not jjropcrly atomized. 

If it shows minute drops of oil and is milky in color, it is probable that atomization is 
complete and the feed is correct. 

If there is a film of oil on the piston rod and no oil has been fed directly thereto, it 
can be taken as an indication that atomization is satisfactory and that the surfaces are 
receiving sufficient oil. 

Pools of oil lying in the bottom of the cylinder or in the coxmterbore indicate 
excessive lubrication. This can be determined, however, only at the time of engine 
ov^haiil. 

A suitable film on the piston rod^ minvie drops of mZ, aryd a milky appearance in the 
condensate, free action, and Utile or no noise in valve operation are indicaiions that the oil is 
suiiahley atomization complete, and the rate of feeding is about rights 
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S«lectiiig ^ OIL P^Bfiure^.tea^^rature^ and ynnisttire must oU be etnu^deised in 
edectii^ the oil, for each 'virill have a decicM mdiienee upon eifeetive lubrication. 
There h mcwe or leea of a relation between these condltifniB, alsQ the ateam velocity and 
the UBS which is to be made of the exhaust. 

Temperaturf. Beperids on Fressurs and Superheat, The operating; temperatiHas in 
the steam cylinder and valve chest are most important. It can be noted from 
standard ateam tables that temperature is directly related to the presmire: 

1. As oil viscosity varies inversely with temperature, it will be decreased as steam 
temperatures are increased. 

2 . Where operating with high-temperature saturated or superheated steam^ a 
heavier bodied oil should be used. 

3. Conversely, where steam pressures are low or where a partial vacuum with 
accompanying low temperatures exists, a lower viscosity, more easily atomized oil is 
necessary. 

The heat of the steam does not noticeably affect the rate at which a w^ell-re^ed 
cylinder oil w^ill be oxidized. For example, consider “the operating temperature'* for 
saturated steam at, say, 600 Ih, which is 486.6^, This is below the open-cup flash 
point of any cylinder oil. Furthermore, it is possible that the flash ]x>mt would be 
raised with increased pressure. As a result, there does not seem to be any reason to 
believe that a very high flash or fire test is necessary. 

Saturated steam always contains moisture, and as there is relatively little oxygen 
present in the steam, it does not seem likely that ignition could be produced in the cylin¬ 
der regardless of the flash point of the oil. There are some, how'ever, who advocate 
using means for deoxidizing the steam and make-up feed water to retard corrosion of 
boiler tubes and steam lines. 

Velocity hnprewes Atomization. Atomization of a cylinder oil is improved ao the 
vdocCty and icinperatiire are increased. The liigher the temperature and velocity, the 
more readily w^ill a heavy-bodied oil be atomized owing to the reduction in viscosity 
which occurs at the temperature of atomization. These conditions must be taken into 
account when dtxadiiig on the initial viscosity of the oil. 

Moisture Requires Compouruling. To secure proper lubrication under wet-steam 
conditions, it is necessary cither to increase the rate of flow of a straight mineral oil 
or substitute an oil that contains a certain percentage of fatty compound such as lard 
oil, degras, or tallow. 

Steam will always contain a certain percentage of moisture unless it is superheated 
to a sufficient extent to counteract any line and cylinder condensation wliich maybe 
caused by the cooling effect of the piping or cylinder walls and the expenditure of heat 
by the expansion stroke. 

Compounding dcA'olops an emulsion through reaction of the compound with the 
moisture in the steam. The lubricntirjg film thus has a greater affinity for the cylmder 
walls and other wearing siirfjicea and becomes more resistant to the washing action of 
the water in the steam. The grefiter the percentage of moisture in the ateam, the 
higher should be the fatty compound content of the lubricant, although 10 to 12 per 
cent is the usual maximum. 

An excessive amount of fatty compound beyond that neneasary to form the requisite 
emulsion will not improve the lubricating value of tbc oil. It may even lx* objcc- 
tlr)nable, as exposure to high temperatures can cause some fatty oils to decompose and 
fonn carbon and corrosive acids. 

It is best to use just enough compound to conform to the moisture conditions of 
the steam and maintain a suitable film of oil on the cylinder walls. It is best, there¬ 
fore, to reduce the quantity of compound and improve the quality. 

Where Compoundinq 7s ri Betrimenf. The property that causes compounded oils 
to unite with water to form emulsions in the cylinders also prevents ready separation 
from water in condensed steam; likewise, the more completely the oil is atomized, the 
more difficulty it will have in sepjirating from water. Obviously this nil] cause 
trouble where the condensate is ust^i for make-up or led to open feod^water heaters. 

Oil emulsions in a boiler rorabine with the boiler compounds to cause foaming or 
trith the boiler impurities to produce a coating over the tubes and fire surfaces. This 
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ooatiiis^.fteemei to foiiii tnoTO readily over clean tubce than over dirty ones. A veiy thin 
layer of oily sludge over a tube or shell surface will so insulate it that there is not only 
a large lose in heat elHcieneyj but the rise in temperature of the metal may be so exces¬ 
sive as to cause burning out or explosion 
of the boiler. 

Even if exhaust steam is used only for 
heating, the heaters may become coated 
with oil and lose in efficiency. This is 
also true if exhaust steam is used in tube 
and shell feed-water heaters. Likewise, 
in condensing engines an unsuitable oil 
will form layers on the condenser tubes 
with consequent loss of vacuum and ther¬ 
mal efficiency* 

Where Straight Mineral Oils Shmild Be 
Vsed. Where the presence of a fatty oil 
in the exhaust steam is objectionable, it 
may then be advisable to use a straight 
mineral type of cylinder oil. However, as an increased amount is necessary to ensure 
proper lubrication, imperfect atomization may result. In consequence, oil accumula¬ 
tions in the cylinder will be prevalent and carbon deposits developed. 

This will be especially true in multiple expansion engines equipped with receivers 
and reheaters, the high temperatures to which the oil is subject being very conducive 
to carbonization. In poppet-valve engines carbon formation of this nature may often 
cause imperfect operation^of the valves. In any case, some carbon accumulations may 
form around the rings. 


Table 18-6. External Lubrication for Reciprocating Engines 


Lubrication Bystem 

Speed 

Rod diam 

Grade of oil 

ViaotiBity of oil 
at lOO'^F, SSU 

Hand-nlled or drip-feed oil nips. 

High 

VA in. 1 


lDO-200 


A'lediimi 

lM-3Kin. } 

Red engine 

Z00-300 


Low 

Over 3}4 bi. i 


300-500 

Bing or r.hain nilors. 

All 

All 

Pale 

180-300 

Splsah lubrication. 

All 

All 

Pale filtered 

150-300 

Circulating syateinB.,.. 

Medium 

Small and niediiiin 

Pale filtered 

150-200 

Circulating systems. 

Low 

Large 

Pale filtered 

200-300 


Note; Reference to in igrnr.ral for reriprocfttiiiK eiiRinee i'h uonaidcrerl to loe in the following 

range: low speed—below 5U rpni; medium speed—oO to 150 rpin; IiikIi HpceJ— 150 rpm and up. 


AIR-COMPRESSOR LUBRICATION 

In compressing air, heat is developed, caused by the rapid increase in the rate 
impact between the molecules of the air involved. Actual friction contributes but 
little to the total amount of heat developed. Normally most of the machine friction 
will be dissipated by radiation or conduction. 

The air compressor, however, is not a heat engine, for the heat developed during 
compression is largely removed from the compressed air by cooling. 

Obviously, the air compressor must be lubricated. Furthermore, this must be 
done at fairly high temperatures, for the heat of compression is not removed until 
after discharge. Thus, the piston, cylinder walls, or vanes, according to the type of 
unit, become heated. 

Air<^mpressor Cylinder Oils. These oils must be capable of withstanding heat 
with minimum teiidenry ifuvanls oxidation. All lubricating oils will be subject to 
more or less partial distillal ion under high temperatiures. As this continues the lighter 
portions evaporate and are carried off with the discharged air, the heavier fractions 
meanwhile remaining in the cylinder or collecting in the heads or on the valves, 
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Table lS-6. Quantity of Steam-cylinder 
Lubricant Required per lO-hr Day 


Drops per min 

1 

Cylin ier 
flizB, ill. 

Nn. of pints 
in ID br 

4 

8X 8 

0.4 

8 

12 X 12 

Q 75 

16 

18 X 18 

1 5 

24 

24 X 24 

2.25 

32 

30 X 30 

3.0 

40 

36 X 36 

3.75 

48 

42 X 42 

4.5 
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llieBo oily deposits gcadually t&cken^ eait^nize, s>tid cc^&ot any dust 
pass in with the air^ finally developing to suidi an ej^ent that they may interfere with 
the operation of the valves. Hence the advMability of using a siiitabie air filter* 

It is usually the dust from the air along with gummy oil deposits (known as 
carbonaceous matter) from improperly refined oils or excessive use of oil which causes 
faulty valve action. 

Cooling. Means of cooling and the availability of adequate ventilatioii or Cooliag 
water (depending on whether compressors are air- or water-cooled) are most important 
considerations with respect to lubrication, especially when dealing with portable 
compressors. 

Most effective lubrication is attainable where the walla can be kept sufficiently cool 
to preclude vaporization of the oil film. Suitable fins around air-cooled cylinders and 
watcr-jacketing those which must be water-cooled take care of this. 

IntercooUng Protects Lubrication. Intcrcooliiig, where two or .more stages are 
involved, a.SBists in reducing the temperatures to which the oil is subjected. Along 
with aftercooling, it also aids in condensing oil \’^apors and any moisture that may have 
been taken up by the compressed air. This helps to increase the amount of air com¬ 
pressed per horsepower. 

Therefure, wherever practicable, air sliould be suitably cooled to nearly the inlet 
temperature of the cooling water or the atmospheric temptirature of the air in an air¬ 
cooled unit. 

In this way oil is protected both in service, as a lubricant, and afterwards against 
blame as a possible cause of explosion. If the oil should be used to excess and not be 
entirely rcninvcd from the discharge air, the temperature of the latter, after suitable 
aftercoolirig, is normally too low to cause combustion or flashing of the oil. 

Aftetrooling Reduces Danger of Explosion. The aftercooler in turn is effective in 
correcting explosive conditions. It reduces the temperature of air discharged to the 
lines and removes excessive oil vapors which may have formed owing to improper 
lubrication. 

Compressor-oil Characteristics. Air-compressor lubrication may present a 
problem due to the nature of the operating conditions to which the oil will be subjected. 
There may be a considerable temperature range; furthermore, as this may approach 
quite a high nsaxiiniim, there may be coiisidcrable possibility of oil oxidation or com¬ 
bustion, witli the accumulation of more or loss carbon residue according to its base and 
rofinemont. 

It ia important to realize that enclosed mech.snisms or interior surfaces are involved 
which do not enable easy inspection. They may be rotating or reciprocating, accord¬ 
ing to design, but all involve sliding friction. 

Jjoad conditions also may influence lubrication especially where high piston-ring 
pressure is involved. In addition, the operating conditions may be contradictory, for 
example, where a large loose-fitting piston might requin? a heavy oil but where the 
speed conditions would indicate that a lower viscosity oil might function best. 

The function of lubriealiun is to prevent metal-to-mctal contact. Theoretically, 
the variety of conditions which effects the performance of the oil might indicate that 
Nclcction of the lubricant would be quite complicated. Actually, however, it simply 
involves the use of an oil of ndeqxiate stability and suitable bod}’^ or viscosity. 

Viscosity, Viscosity or body is related to piston ring or vane seal according to the 
type of macbiiie; consequently, it affect.s the efficiency. If the oil is too light in body 
1 1 too low in viscosity, it may not furni.sh the required seal at the peak temperatures 
of compression. This may result in increased oil consumption or air leakage. 

It is relat(‘d to the ultimate development of carbonaceous residues, for an increase 
ill the rate of oil delivery is oft en the first thought. This only adds to the volume of oil 
that may be subject to deposit formation. 

In turn, if the oil is too heavy or of too high a viscosity, it may be alu^gisb at intake 
temperatures, subji'ct to imperfect atomization, apt to have too much internal frietkin, 
and likely to hold iioiiluliricating foreign matter more tenaciously than a lighter oil. 
It will also not bo so readily subject to partial distillation, but the amount of carbon 
denosit developed will be proportionately higher. 
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ThlrjUBtiAl visOPBity rai^e for recipitK^atmii^pmpressor service will be from 200 to 
$00 I^U nt lOO^F- For rotary (blade- or vane-type) units, somewhat heavier oils are 
preferred to maintain the seals, i.e., from 50 to 125 SBU at 210°F, according to the 
design ^d operating conditions. 

The rotary type of machine will normally require a heavier oil than the reciprocat¬ 
ing unit (for the same compression range) owing to the scraping action of the blades 
against the cylinder wall as they are impelled outward by centrifugal force as the rotor 
turns. 

The oil must not only maintain a suitable film on the cylinder walls to provide a 
running surface for the blades but it must also lubricate the slots that hold the blades. 

Flash PairU, The fact that oil vaporization may occur in air-compressor cylinders 
requires consideration of the dash point or that test which is indicative of the relative 
initial volatility of the oil. 

There should be no dame or spark in an air compressQf, so the dash point is not a 
measure of explosion possibilities. 

Oils that show the highest dash points will usually develop the most carbon residue. 
Furthermore, this may be hard, adhesive, and resistant to removal either v,ith the dis¬ 
charged air or by mechanical means. 

To connect the dash point with the possibility of compressor or air-line explosion is 
unwarranted imless there is some adverse condition of construction or operation. For 
example, the use of dirty air along with an unsuitable (gum-forming) lubricating oil 
may have built up restrictions at fittings or bends in the air lines. 

Whenever such obstructions have become extreme and become incandescent by 
increase in air friction, if the oil content in the air is liigh, failure of materials may occur 
owing to reduced tensile strength through overheating, irrespective of the vaporization 
tendencies of the oil. Otherwise, the oil would have to be subjected to a temperature 
far in excess of the laboratory dash point or even its spontaneous-ignition temperature 
before actual combustion could occur. 

The safest procedure is 

1 . To use sparingly a suitable compressor oil of the lowest possible carbon-forming 
tendency 

2 . To see that the air is cool and clean 

3. To check the discharge valves for leakage periodically 

4. To be sure the oil has a high spontaneous-ignition temperature 

Carbon. Carbon is caused by exposing an oil to direct heat and air. This involves 
a chemical change. If this heat is sufficiently intense, it causes abnormal vaporization 
of the more volatile constituents to result in accumulation of nonlubriciiting (oxidized) 
matter which may be of tarry or gummy nature. Continued exposure of the latter to 
heat causes coking or baking in piston-ring grooves, on valves, or elsewhere in the 
compressor. 

The cleaner an oil will vaporize, the lower will be the amount of objectionable 
residues. Normally carbon residue will vary directly with the viscosity as well as with 
the dash point. A distillate compressor oil such as is customarily used for normal 
eonditionB (within the viscosity ranges mentioned above) should show a carbon-residue 
content well below 0.50 per cent by the Oonradson test. 

Any such residual matter would be of a gummy nature and would tend to hold any 
dirt or dust taken in wdth the air. Therefore, the latter ishould also be as clean as 
posdble; a suitable air filter will assure this. 

Application of Compressor Oils, ITow compressor oils are applied is of considerable 
importance in the ultimate development of effective lubrication. It is as vital as 
selecting oils of the proper physical characteristics, for if the rate of oil delivery camiot 
be properly controlled, the possibility of future difficulties due to carbon formation will 
be increased. 

Point of Delivery. Air-compressor oil will function best when completely dis¬ 
tributed over the cylinder walls. 

On larger units the oil is usually pumped into the cylinders themselves by a mechan¬ 
ical force-feed oiler. On smaller units, splash may he used. Whore controlled 
lubrication is oossible, on account of the small amount of oil involved and the fact that 
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a filtered eH ia more readily atetniaed, the lubricatof ia gciusrahy located fairly rw 
the intake or cylinders as atomization is effected in a relatively short distance. 

In to inanner the jpoesibility of overfeeding oU to any jM^cukr part is rednced; 
oil flow stops and starts with the compressor^ and liie requisite lubricatixi]^ and sealing 
film is more nearly assured. 

Force-feed lubricators are not affected by variations in air pressure, and they wiil 
feed the oil at the desired rate in accord^ce with their adjustment, the speed of the 
compressor, and the viscosity of the oil. 

Oil ControL It is inadvisable to establish any hard and fast rule in i^ard to the 
theoretically proper amoxmt of oil that should be supplied to an air-compreasor cylin¬ 
der. There are too many variables involved such as the size of the compressm', its 
Speed, and the condition of the piston and cylinder walls. 

The main point is to avoid overlubrication since more trouble will be caused by 
the use of too much rather than too little oil. Any excess of oil will probably remain 
in an air-compressor cylinder considerably longer than in the cyliiiders Of either n 
steam or internal-combustion eiiKinp since there is less atomization (owing to lowei* 
temperatures) and little or no wasliing action or dilution of the oil film. 

As a consequence, very much less oil will he required per unit of cylinder surface 
over the same time interval. In theory, about two drops a iniiuite should suffice. As 
this may not provide sufficient oil at the uppermost parts of the pistons and cyUndera 
in horizontal machines to ensure satisfactory lubrication, the oil feed is genei'aUy 
increased above the usual theoretical requirements. This must not be done to excess, 
however, since it may lead to the collection of oil pockets in low parts of the ina<diine. 

During inspection, if the discharge valves have an oily appearance, enough oil is 
being fed to the cylinders; on the other hand, if the parts appear too oily or little pools 
of oil are f oimd in compressor pockets or in any of the air lines, oil is being fed in excess 
of that required, or it has been improperly distributed. 

Another rule states that from one to two drops of oil per 500 to 1,600 sq ft of 
cylinder area covered by the piston per minute (in reciprocating machines) should 
assure adequate prol ection in average service. 

The size of the drops of any oil will vary with the viscosity, the temperature, the 
sendee conditions, the diameter and shape of the lubricator orifice, and the type of 
design of the lubricator, i.e,, whether it is mechanical force feed or sight feed. 

The number of drops per pint will vary. As a result the number of drops secured 
per minute from an oil having a viscosity of 200 SSTJ at lOO^F would differ from 
the number obtained from an oil of 300 SSU viscosity. 

It, therefore, is not considered good practice to make an absolute recommendation 
ail to the number of drops per minute that should be used in air cylinders of various 
sizes on account of the greiit variation in operating conditions that will be met. 

Two compressors of the same design and size and built by the same manufacturer 
may, in fact, be operating in a room under identical conditions, yet it will be practically 
impossible to secure the same fit of piston rings and valves and the same polished 
C5''linder surfaces. Experience has shown that two such compressors may require a 
surprisingly different amount of oil for air-cylinder lubrication, 

If an oil is unsuitable for compressor service, an excessive amount may be required 
to keep the pistons operating freely, but excessive oil will cause carbonization in the air 
passages, particularly on the discharge valves. Sticking of these valves, with the 
passage of hot compressed air back into the compressor cylinder, is generally indication 
of overlubrication. 

HEFHIGERATION-MACHINERY LUBRICATION 

Refrigerator-compressor lubrication must be studied with regard to its relation to 
capacity and effirienc 3 % There must be adequate lubrication hut not a continued 
excess, for immediately this latter occurs, the possibility of oil slugging will develop. 
This holds true r^^ardlcss of the type of lubricating system employed. 

The service involved and the operating conditions are important factors. Lubrica¬ 
tion of such machinery is unique in that the action and effects of the oil upon parts not 
requiring lubrication, as well as upon the actual wearing surfaces, must be oonsidel^. 

mi 
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Dieregaril of $uch factors as the method of hibrlr.ai.ion, the toiiiperature in the 
expansion or cooling coils, the mechanical condition of the unit, and the location, type, 
and efficimey of the oil separator may frequently lead to marked increase in main¬ 
tenance costs and reduction in capacity. 

Oil congealed in any part of a cooling system will tend to reduce refrigerating 
efficiency owing to its becoming so sluggish under the low temperatures involved 
as to form an interior lining in the expansion coils and materially affect the heat 
transfer. 

An oil for refrigerating-marhincry lubrication must, therefore, remain fluid at 
the lowest temperatures to wliich it may lie subjected during operation. These 
temperatures will be encountered in the expansion or cooling side of the system. 

Should congealment occur, oil deposits may accumulate on the inner surfaces of the 
refrigerating piping to form more or loss of an insulating niodhun which will prevent 
proper abstraction of heat from the compartment or materUil which is to be cooled. If 
this is allowed to continue, the capacity of the system will be reduced, and ultimately 
it will be necessary to clean out these congealed oil deposits. 

Consideration must also be given to water. The oil at all times must he practically 
free from water; othfTwiso this will fnH'zi* if carried over to the cooling coils, in which 
case it would probably remain in the system and rc'^uli in a certain decrease in evapora¬ 
tive efficiency. Water may also lead to ice deposits on certain of the valves. 

When Viscosity Must Be Considered. Viscosity is a factor where enclosed- 
crankcase high-speed machines are used in couiieetion with evaporating systems which 
may allow liquid refrigerant to return to the compressor. Oils should be used that will 
stand agitation in the presence of the refrigerant and a certain amount of water if 
present. 

The one oil often lubricates the entire machine. As a result it must be capable of 
serving both the cylinders and the bearings. Tt should not emulsify to any great 
extent, for this might result in stoppage of Ihe lubricating sysUnu nr impainnemt of 
refrigeration should oil work past the piston rings and o\ er to th<> cooling side. 

The condition of the valves, piston rings, and stufling boxes must iilso be considered 
in deciding upon the viscosity of the oil. 

Practically as important as its lubricating jjroperties will l)e its sealing and com¬ 
pression-forming ability. If the cylinder ivalls and moving parts are in first-class 
condition, a straight mineral oil having a visc'osily of from 150 to 200 SSU at 100°F 
should afford adequate lubrication. 

In large machines or in those where the cylinder walls arc scon'd nr ruigs are worn, 
an oil of higher viscosity may he essential to maintain the, requisite seal and degree of 
compression. Under such conditions an oil having a viscosity of approximately 300 
SSU at 100“F should be satisfactory. 

Methods of Lubrication. The type and capacity of the compressor control the 
method of lubrication. The centrifugal machine requires the least complex system 
since there are only the bearings of the rotor to be lubricated, Iting oilers or pressure 
circulation are used for oil distribution. iSirnultaneouHly, the oil performs an addi¬ 
tional function in maintaining on automatic oil seal against loss of vacimin. 

Reciprocating or rotary compressors present more parts to be lubricat(*d, Circula¬ 
tion of oil is accomplished by splash or force feed. Tlie system involved for the 
lubrication of cylinders, stuffing boxes, and enclosed Tieariugs will have a decided 
influence upon the grade of oil that should be used. 

Splash Oiling, Splash lulirication is particularly applicable to fractional-tonnage 
units and also to vertical machines. 

With this type of lubrication there is but little possibility of starved lubrication 
provided the compressor parts are designed for thorough circulation of the oil after this 
is begun by the crank splash elements. All that is nf‘ces.sary is to maintain a suitable 
oil level to enable the splashers to dip to a sufficiejit extent at each throw of the 
crankshaft. 

Continued operation will result in the crankcase being filled with a lubricating 
vapor above the main body of oil which will ensure^ adequate lubrication of main, 
wrist pin, and crank-pin bearings. 
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Carcsful att^tion is ncccsBary, especially when reeharging the case with oil, to see 
that the level is not raised too high. If it is, ehuming by the crank can cause such vio¬ 
lent aKitatioii in ilie main body of oil as to retard effective precipitation of any solid 
impnriiies that may have gained entry, 'fbere would also be possibility of loss of 
lubricant past the inston rings with sul>siH|uent entry of an excess of oil into the con¬ 
densing and evaporating parts of the system. 

PistOTi-ring Fit. When piston rings are not siilRcieutly tight, if the crankcase 
contains too much oil or agitation is too violent, the excess which naturally will reach 
the cylinder walls will tend to work past the rings as so frequently occurs in an auto¬ 
mobile engine. 

This is not only wasteful but also a detriment, fonoil in the refrigerating lines will 
impose an added load on the oil separator. Furthermore, if by chance the oil is not of 
sufficiently low pour test, there will be possibility of its coiigealment within the system 
with reduction in tlie amount of refrigeration developed. 

Even with rings in good condition, oil pumping may occur owing* to faulty design 
of the evaporator or careless operation whereby liquid refrigerant enters the cylinders 
from the evaporator. 

Use of excess oil in a spla&h-oilod system will also involve the possibility of difficulty 
when draining and cleaning, especially where sludging has occurred. 

Continued churning of improperly refined oils will cause sludge formation. In 
part this is due to oxidation. It will be most probable wffiere water is present or the oil 
is laden with foreign luaticr sneh as dirt, metallic particles, or carbon. 

Periodic cleaning must therefore be done with study of the condition of the used oil, 
for this will very often indicate both the appioximatc suitability of the latter and the 
extent to w'hich effective lubrication is altaincd. 

Pressure Systems, Pressure labricatinii is widely used on larger types of vertical 
or horizontal machines. It assures accurate control of the amount of oil delivered to 
cylinder walls and CDmpreH.sor bearings. It is also possible to filter or purify the oil 
>\here there is provision for circulation. 

Pressure lubrication is designed to function either alone or in conjunction with the 
splash system. The objective is to obtain jmsitivo circulation of oil throughout the 
coiiipiessor and to eliminate foaming as far as possible. The extent to which foaming 
may be objectionable will depend upon the oil level and to the location of the suction 
valA'es. With <^nnpressors tliat take suction through the crankcase, if the foam level 
rises to a sufficient degree, foam may be carried over to the high side with the refriger¬ 
ant scTioiisly to retard heat transfer. Vltimately, if allowed to continue, cleaning of 
the sysieni may be necessary at considerable expense. To elimiiiate this, some build¬ 
ers have ai ranged their design so that all refrigerant gases and vapor are excluded from 
the crankease. 

lifechfiniral Forre-fecd Oilers. External lubricators of the mechanical force-feed 
type are extensively used where cylinders only are to he pressure oiled. Excellent 
economy will be attained by regulating such lubricators so tJiat just enough oil is 
delivered to maintain the requisite lubricating films with the least amount of excess. 

It is frequently good practice to lubricate internal and external parts individually. 
The mechanical oiler should be used with perhaps three outlets for cylinder and stuff¬ 
ing-box service and an independent circulating system for the bearings. 

Mechanical foree-fced oilers are especially adapted to cylinder and rod lubrication 
I ^ luse of an oil lantern or oil recess wdthin the piston-rod stuffing box. 

By properly constructing a stuffing box with a lead to come from the lubricator it 
is possible to operate the piston rod continually through a ring of oil. In this way 
i'fr(‘ctive rod lubrication and seaHng are maintained. 

In some designs the oyliiideis can be oiled by feeding an excess of oil to the stuffing- 
box lantern and providing an overflow'^ pipe to carry this to the refrigerant suction line. 

This is similar to the principles of steam-cylinder lubrication, the refrigerating gas 
being impregnated with vaporized lubricant prior to its passage through the compressor. 

Hand-pump oilers can also be used for this purpose, but mechanical force-feed units 
are more positive and require leas attention. 

Vertical compressors of the endosod-crankcasc marine type are "beat auited for 
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sutoiiifitic coatmUed syfitems. Th^y are ustiaily of coiriparatiycly small capacity sAkd 
Inquire but little attention beyond periodic Insi^ctioii. 

Pttpip Design. A variety of pumping devices is used for positive handling of 
hibiicaiing oil throughout the compressor mechanism. The objective is to maintain 
oontrolied lubrication especially where dealing with refrigerants that are miscible 
^th mineral lubricating oils. This necessitates consideration of strainers and oil 
separators in conjunction with pump design. 

All are more or less related to compressor efficiency and capacity, i.c., a continued 
excess of oil will lead to slugging and reduction in efficiency, yet there must be a slight 
excess on starting to ensure positive lubrication of piston and cylinder walls, especially 
in the reciprocating machine. This can be accomplished by proper pump adjustment. 

The Gear Pump, The gear pump, based upon automotive practice, has been proved 
to be as equally dependable in refrigerator-compressor service. The gear pump as 
designed for positive delivery of oil is a comparatively simple device consisting of a pair 
of gears motmted in a suitable housing. The normal location of such a pump is in the 
base of the crankcase of the compressor. Some designers prefer to place it at the low¬ 
est part of the case; others are of the opinion that it should be set just above a depres¬ 
sion or catch basin in the case to provide means for trapping foreign matter and pre¬ 
venting it from being circulated through the lubricating system. However, there will 
be a negligible amount of foreign matter in a well-designed system using properly 
refined oil. 

Cylinder Wear. In the vertical machine the side thrust is taken directly by the 
cylinder wall which tends to make the cylinder wear to oval shape. This thrust varies 
at different points of the stroke so that the wear on the cylinder wall is not even over 
the entire stroke. 

Horizontal compressors have connecting rods considerably longer than vertical 
machines, and the component ef thrust at right angles to the travel of the piston is 
much less. This thrust is taken up by the crosshead guides whirh are readily accessi¬ 
ble for adjustment. The only wear in the cylinder, therefore, is caused by that part of 
the piston weight which is unbalanced by the pressure of the guide and long stuffing 
box. 

The Oil Separator. Wherever an excess of oil finds its way to the evaporating 
or coaling side, certain detriments will be involved. This is normally prevented by 
use of an oil separator. 

This unit serves to remove any particles of oil from the refrigerant while it is in 
gaseous form after it has left the compressor. The larger the oil particles, the more 
effective will be the separator. 

The capacity of any separator should be ample so that the velocity of the gas 
passing through will not be too high. But should an excessive amount of oil be fed to 
the compressor, a heavy load will be imposed upon the oil separator. 

Location and InstaUatian. The separator should be placed between the discharge 
of the compressor and the point of entry of the gas into the condenser. In certain 
machines a drain valve can be installed below the condenser to enable removal of any 
oil that may have passed the separator. 

Where the oil separator fails to function properly, the reason is that it is set too near 
the compressor, the rush of hot gas preventing proper condensation and collection of 
the oil. 

Oil will always vaporize to some extent owing to the heat which exists. This oil 
vapor will naturally tend to pass into the system with the refrigerant, to condense, 
and remain in the colder parts unless it is effectively removed before it enters the 
condenser. 

This can be avoided by locating the separator as close to the condenser and as far 
away from the compressor as pussible. It should always be of sufficient size to allow 
ample reduction in the velocity of the gas in order to permit effective separation. 

A smaller separator located some distance from the compressor may often prove 
more effective than a large separator located nearby. 

Where the main oil separator must be located adjacent to the compressor, an oil of 
as low an atomizing tendency as possible should be used. This i^operty will usually 
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acoomj^y high Th« i^ioe of a heavier di would, Aeretee, fee adyMble. 

In genoml, a viscosity of from 200 to 300 SStJ at 100”F is satisfactory. 

The e^^iency of an qil separator can be checked by comparing the amount ^ qd 
removed from it with the amount fed to the compressor. Arty ext^uuvu d^eiimee 
would indicate that the Oil is not being entirely removed or trapped. 

Allowance should be made for oil leakage around the stufSng box. To just what 
extent this may occur will depend on the installation, the care given to lubricationi and 
the viscosity of the oU. 

Sealing the Stuffing Box. Suitable stuffing-box seals and properly lubricated 
piston rods are very important. Ammonia has a certain corrosive action upon brass, 
copper, and bronze. Stuffing boxes for such service are therefore built of cast iron or 
steel, using metallic, asbestos, or rubber packing. 

The '‘Oil Lantern.” In some types of machines a hollow space or ”oil lantern” is 
located between two separate sets of packing. 

This space surrounds the rod and is filled with oil. It not only serves as a seal to 
prevemt loss or leakage of ammonia but also serves as an effective means of piston>-rod 
lubrication. Lubricant is usually fed to the ‘'oil lantern” by means of a hand or 
automatic oil pump. 

Where the piston rod is efficiently lubricated, its surface will have a snooth gloss 
and will show a light film of oil. Tliere will be no indication of overheating, and a 
relatively perfect seal will be maintained with a minimum of leakage. 

In some types of double-acting machines, the “oil lantern” serves also as an 
auxiliary means of introducing the lubricant to the compressor cylinder by allowing oil 
to work past the piston-rod parking. 

There is an added advantage to this method in that certain grades of packing which 
might be reacted upon by ammonia gas w'iJI l)o protected by the lubricant. This 
'lantern” can also be connected to the suction so that the outer set of packing is 
under low pressure. 

Significant Physical CharacteristicB of Refrigerator Oil. Pour-point Te^t Refrig¬ 
erator oils are manufactured to pour points* ranging from —15 to —45"r, varying 
with the viscosity and type of oil. With the trend toward temperatures approaching 
— 100®r in deep-freeze work, metals assembly, and medirine, very low wax-separation 
point has also become a factor. The pour point is associated with the wax content and 
viscosity of the oil. Thus, as either of these increases, the pour point will tend to rise. 
With some oils the recorded pour point may be due to both wax content and the 
viscosity or to the viscosity alone; in the case of the latter, the term “viscosity pour ” is 
used. Oils derived from naphthenir-base crudes w'ill ordinarily show a “viscosity 
pour,” as these, by their nature, contain very little if any wax. 

*‘Wax*' Floe. “Wax” floe is variously interpreted as the temperature at which a 
10 iier cent oil —90 per cent refrigerant mixture, when chilled, changes from clear to 
hazy, or the temperature at which the mixture develops a definite floe. 

The manufacture of wax-free oils has become increasingly important with the 
adaptation of refrigeration machinery to temperatures considerably below the con¬ 
ventional 0 to —25"F usage range. When a compressor, its lubricating oil, the expan¬ 
sion valve, and other parts must function at temperatures around —80 to — 100®F or 
lower, it is important to consider the presence of any material in the oil that would 
congeal to intcjirupt the refrigeration cycle. 

The petroleum chemist has spent much time studying hydrocarbons that would 
tend to congeal and solidify in the oil when exposed to very low temperatures. There 
seems to be no direct relation between the usual physical tests of these hydrocarbons 
and the pour test. Tw'O refrigeration-grade oils may have practically the same 
physical characteristics including pour point, yet one may show a “wax” floe from 20 
to 30® lower than the other. Obviously it is desirable to remove objectionable waxlike 
hydrocarbons in the course of refimng the oils. This is the objective in modem refinery 
practice. When more positive information ia available as to their true identity, the 
economics of the refining procedure may well be affected. 

R. J. Thompson and W. W. Rhodes, of Kinetic Chemicals, Inc., in diBcossu^ 
Freon 22, have suggested some pertinent thoughts. Should oil separation, wax 
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and accumulation of wax at the low temperatures reqxiired be experi^ced, 

they state: 

1. tJee an nil as low in viscosity as is practical for satisfactory compressor operation. 

2. Use an oil which has been dewaxed or dofmnimed at a suHicently low temperature 
so that any remaining wax will not be precipitated out of the oil at the lowest operating 
temperature when the oil is in solution with liquid Freon 22. 

3. Install an oil separator between the compressor and the condenser and as close to the 
cylinder head as possible, so as to prevent the oil containing w'ax passing through the con- 
donsert receiver, liquid line, expansion valve, and into the low-temperature evaporator. 

Water, Water in a refrigerator oil can exert several bad efforts: 

1 . It can throw off the accuracy of the fioc tost by creating a false cloud. 

2. It can contribute to chemical reaction with some refrigt^ranta. 

3 . It can become a potential cause of stoppage owing to formation of ice particles 
at the expansion or regulating valve. 

Water can be removed from the oil before the latter is charged to the refrigerating 
unit by blotter pressing which assures complete removal of suspended moisture from a 
new oil. For extreme low-temperature service, wiiere it may he desired to remove 
even dissolved moisture at the time of charging tJie system with oil, this can be done by 
vacuum dehydration at elevated temperatures assisted by dry air or nitrogen. Where 
a refinm'y-dehydrated oil has been purchased, the storage must be so planned that the 
oil will not be exposed to air containing moisture. Petroleum oils readily absorb 
moisture from the air. A refrigerator oil, therefore, must be most carefully handled. 

The Chemical Effect of Water. In an SO 2 system, water will reart with the refrig¬ 
erant to form a corrosive arid which ran attack certain metallic parts of the system. 

Water is serious in a methyl chloride system as it may produce corrosion products 
owing to slow reaction of the methyl chloride with water to form hydrochloric acid. 


Table 18-7. Refrigeration-lubrication Chart 
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Water also can promote '^sludgo*’ formation and copper "plating.” It is regarded by 
authorities as the chief offender in regard to copper "plating.” 

In systems using any of the Freon refrigerants, water heyemd the point of saturation 
may promote reaction to corrosion products. Over long periods of time these refrig¬ 
erants may slowly react with water and develop acid products to a sufficient extent to 
present a corrosion problem. 

Significance of the Dielectric Strength.^ A high dielectric strength is today used as 
an indication that a refrigerator oil will not contain moisture to sueJi an extent as to 
cause trouble. While the dielectric strength docs not indicate moisture content in 
terms of percentage by weight, there is some correlation between the two^ an oil of 
some 30,000 volts dielectric strength may contain as muiih as 0.01 per cent moisture by 
weight; a 25,000-voJt oil may contain as much as 0 03 per cent moisture by weight.* 
Separation of any of this dissolved water by a slight drop in temperature will immedi¬ 
ately lower the dielectric strength to 10,000 volts or lower. These quantil:ies in ultra- 
low-tcmperature refrigeration can be considered harmful. 

Relation to Moisture Solubility. Solubility of water in the oil is regarded as signif¬ 
icant. Water in solution becomes water iu suspension as the temperature of the oil is 
reduced owing to temperature-solubility effect. Research has indicated that moisture 
present in an oil up to its saturation point has little if any effect on the dielectric 
strength. Presence of moisture above the saturation point, however, imnnxliately 
causes considerable loss in dielectric strength. The temperature is a factor. If an oil 
is saturated ^vith moisture at a higher temperature and the dielectric strength is run 
at a lower tcmpcratiirn, a low value will be obtamed at the latter temperature in con¬ 
trast with a much higher value which may be observed at the higher temptirature. 
This indicates the need for dehydration below any moisture content indicated by the 
dielectric-strength test if the oils are to be used in ultra-low-temperature service. 
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SmCONES AS SPECIAL LUBRICANTS* 

BY Mauhicb C. Hommel 

Dm Coming Corporationi Midland^ Mudiigan 

Editor’s Note, There is increased activity in the development of synthetic lubricants 
and the improvement of mineral-oil lubricants through the use of various additives and 
inhibitors. Since the Second World War the synthetic field has been developing rapidly. 
The armed forces and industry require low pour point (—40 to —80“F), low viscosity, non- 
eoiTosive fluids for use in instruments such as gun sights, recorders, compasses, fuse mecha^ 
nisms, fire controlB, and depth bombs. Ordnance and aviation equipment requires chem¬ 
ically staMe and low-pour-point lubricants having nonvolatile characteristics. Lubri¬ 
cants possessing these qualities are the lang-chain esters commonly referred to as “diesters." 
These synthetics have been employed successfully as lubricants in the liquid state, blended 
with mineral oils, or dispersed in various metallic soaps to form low-temperature greases. 
The latter have been successfully employed in aircraft and ordnance fire-control equip¬ 
ment, Lithium-soap greases made from diesters have shown excellent oxidation stability, 
low torque, and good lubricating properties. 

Through various processes such as polymerisation, chlorination, hydrogenation, and 
alkylation, a large number of important synthetic lubricants have been developed. Their 
use in industry is growing, although in general, the high cost of these materials is influential 
in preventing rapid industrial adoption as long as mineral oils are available at attractive 
prices. The polyalkylene glycols are being produced commercially and have been used 
successfully in many applications including high-temperature service, lubricants for rubl>er, 
heat-transfer systems, as hydraulic fluids, and in cutting nnd drawing operations. They 
are available a.^ water-soluble or water-insoluble products in a wide range of viscosities. 
Like many of the other synthetics, the polyalkylene glycols have low pour points and high 
viscosity indexes. 

Because of the rapidly changing synthetic picture, no effort is being made to cover the 
multitude of products that are available for specific services. The following subsection on 
fiilicones describes the unusual characteristics of one particular family of synthetics. 

INTRODUCTION 

Silicone oils and greases are perhaps the newest and roost interesting contribution 
of high-polymer chemistry to the field of lubrication. The fluid silicones and the 
greaselike compounds made from them extend the temperature range of effective 
lubrication for certain applications beyond that now covered by pcitroleuro oils and 
greases. This is a result of the heat stability of the silicone polymers combined with 
other desirable properties such as oxidation resistance, low volatility, inertness, high 
flash point, and water insolubility. 

A variety of silicone products is now commercially available for specialized 
lubrication uses. All of them have as their basic structure a chain of silicon atoms, 
joined to each other through an oxygen atom with one or more organic groups attached 
directly to each silicon atom. 

The inherent stability of silicoue products is due to their chemical structure. 
Their skeleton of silicon-oxygen-silicou atoms is highly resistant to oxidation and to 
thermal decomposition. A wide variety of organic groups can be attached to the sili¬ 
con atoms to alter such physical properties as viscosity index, lubricity, and pour 
point. The size of the silicone molecules can also be varied to affect such properties as 
intrinsic viscosity, flash point, and volatility. 

* Supeiiior numbers refer to specific references listed at the end of this subsection. 
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SHiDoae £kddB -are mi^6 in a wide variety of ty^es and vfseodities. In aB lih^ 
various forms these liquid silieones are crystal clear, stable to heat and oxidal^Dn, 
incompatible with water and most organic materials, and inert toward metals, ^hoy 
vary considerably in lubricity depending upon thrir molecular size and ch^ical 
structure. The fluid types now available and of most general interest to luhricati<m 
engineers are listed in Table 18-8. A detailed description of each type will be givmi to 
aid in selecting the proper silicone lubricant. 


Table lB-8. Physical Properties of Representsrive SiUcone Fluids Useful 
as Lubricants 




Viflootity grade 

ViseoBity^tem- 
perature coeffi¬ 
cient 

V at 210"r 

Pour 

point 

VolatUity 

after 

Flaeh 

point. 

min 

deg, 

Lb 

per 

gal 

at 

Spe¬ 

cific 

Principal use 

Fluid 



(ASTM) 

46 hr 

typ« 

Centi- 


Deg 

C 

Deg 

F 

At 

deg 

C 

Per 

cent 

grav¬ 

ity, 



BhOILOB 

at 26*0 


^ V at 1IK)"F 

F 

25®C 

25^0 

Hish-temperature 
lubrication. 

A 

500 

1,060 

0.S9 

-12 

10 

250 

< 16 

600 

9.25 

1.11 

Lubrication at 
both hiKh and 
low tempera- 
turea. 

B 

100-150 


0.75 

-46 

-54 

250 

< 16 

600 

8.90 

l.OB 

Hydraulic fluid 
(apecial metalH) 

C 


355 

0.60 

-55 

-67 


< 2 

BOO 

8 06 

0 969 

Antifoam additive 

C 


3,.500 

0 52 

-50 

-68 


< 2 


S 12 

0 973 


Type A SiUcone Fluid. The Type A silicone fluid was developed for general 
lubrication at temperatures above the range of most organic lubricants. It remains 
liquid down to lO^F (—12'‘C) and useful up to 500“F (260®C). This silicone fluid is 
comparable in lubricity to petroleum oils of the same viscosity at normal temperatures 


Pressure 



under light to moderate loads. At elevated temperatures, it is generally superior 
Ixicause of its high flash point, relatively low volatility, and freedom from gumxniag. 

To evaluate the lubricity of this fluid at room temperature under various loads and 
between variouB metal oombmations, a hardened‘*steel ball ui a chuck, was made to 
slide over metal strips covered with the t^t oil. Wear of the metal strip measured in 
terms of weight lost is plotted agadnst time in Fig. 18-6 and against load in Fig. 18^7* 

















Wear in 



Ftq. 18<7. results showing vrear vuider various loads when using a steel bail and 

a brass strip. 
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Oomj^able yalnes for an SAE 20 oil are also sIlowti^ The deviee used In this 0^ti&s of 
tests is shown in Figure 18*5. 

Silicone oils of this type are used for hibricating xacchanical devices such as clocks^ 
instruments^ conveyor bearings, and oven machinery exposed to hi^ temperatures. 
Where high humidities are also involved, this silicone oil is available with a rust 
inhibitor added. An mdication of serviceability as a lubricant for conveyor chains is 
given by a simple test device in which bicycle chains are cycled ^owly through an oven 
at 350“F for 80 min, then through room temperature for 40 min, then through a humid¬ 
ity chamber for 80 min, and then hack through room temperature to the oven. 
Conveyor chains lubricated once with this type of silicone oil remain operable for more 
than 500 days of such cycling, while an organic oil^ designed as a lubricant for oven 
conveyors oxidized and allowed the roller bearings to rust and freeze in 35 days. 

Type A silicone fluid is normally supplied in a viscosity grade of 500 centistokes at 
room temperature, but higher viscosities can be made if the use requires them. It 
has the steepest viscosity-temperature slope of the silicone fluid listed in Table 18-8, 
but it has the same order of heat stability and oxidation resistance. 

Colloidal graphite suspended in this type of silicone fluid is usisd for Very-high-tem- 
peraturc lubrication because the silicone fluid completely wets bearing surfaces and 
carries vdth it the finely divided graphite to form a smooth and tightly bonded finish 
which has very good lubricity and permanence. 

Type B Silicone Fluid. Type B silirone fluid is designed for use as a lubricat¬ 
ing oil at temperatures ranging from — 54‘'F (—48®C) to over 300“F (149“C). Its 
stability to heat is demonstrated by the fact that it does not gel or decompose to form 
gums after 1,000 hr of exposure to 482“F (250“C). Type B silicono oil has good lubric¬ 
ity under medium to liglvt loads between hardened-steel surfares and bronze, babbitt 
metal, or hardened atc'el, but it is not suitable for moderate to hea'vy loads or for bear¬ 
ing surfaces of cast iron or soft steel. This silicone fluid is also inert to metals but will 
prevent atinospheric c*orro.sion only of nonferrous metals and alloys. 

Typo B fluid is available with a rust inhibitor to prevent rusting of iron or steel sur¬ 
faces. Thi.s type of silicone oil with rust inhibitor added is used as a relatively perma¬ 
nent lubricant at both high and low temperatures for instruments, clocks, and conveyor 
chains. 

Type C Silicone Fluid. Type C silicone fluids are available in viscosity grades rang¬ 
ing from 100 to upward of 30,000 centistokes. These silicone fluids have properties 
unlike those of any other liquids, and they ha\e therefore found a variety of applica¬ 
tions including use as damping and hydraulic fluids, liquid dielectrics, mold release 
agents, waterproofing materials, and special-purpose lubricants. Only two viscosity 
grades of the Type C fluids that are of interest to lubrication engineers are shown in 
Table 18-8. 

Type C silicone fluids are water wliitc and inlierently stable liquids which have 
flash points of 600°F or higher and pour points in the range of —(—SO^C). 
They show exceptionally little change in viscosity with temperature os shown by the 
data given in Table 18-8 and in Fig, 18-8. 

Type C silicone fluid in the lOO-centistoke viscosity grade is a useful hydraulic 
fluid. Comparative testing of silieonn fluids of this type tuid a petroleum oil, meeting 
the specifications of AN-VV- 0- 366b, was done by the Naval Research Laboratory.' 
These experiments showed that there w'as no significant change (less than 2 per cent) 
in the viscosity of the silieoiie fluid after circulating at 1,500 psi continuously for 500hr 
or 105,000 ejvlcB. The petroleum oil used as a control retained leas than 50 per cent of 
its original viscosity after 18,000 cycles at the same pressure. This silicone fluid has 
been operated sueeessfully in an aircraft hydraulic system at pressures as high as 3,000 
psi ami at temperatures up to 200®C. 

In thi‘se tests, howevei', it was found that the silicone fluid had very limited load- 
carrying capacity where boi.h hjaded sliding surfaces v ere ferrous. Where one or both 
of the bearing surfaces arc nmifcrrous or can be replaced by suitable nonferrous metals, 
the silicono fluid gives excelleii t performance. For example, a steel thrust knuckle in a 
Vickers piston pump showed wear, but performance was entirely satisfactory when a 
bronze knuckle was used. In a Pesco gear pump, there was no wear on the hard^nod- 
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flibedi':£peftxs but iMuisid^rable wear o^tbecafttr«4K>n€iIldblIfihulg8 Replacement with 
bronae bildiings gave satiefactory performance. 

The pcEfonnanoe characteristics of this silicoiie fluid in unilaterally loaded journal 
bearings wafl also studied intensively by tlie Naval Research Laboratory.* It was 
found that this fluid was a good lubricant between certain metal combinations ^ch as 
bronse on steel but poor between steel on steel. It was also found that heating the 
bsaringa in thia silicone fluid at ISO^C causes the formation of a silicone lacquer 



Type C Viscosity Grades^ 


Centistokes 

Petroleum Oils 

1. 

1,000 

8. Hydraulic oil A 

2. 

500 

9 Hydraulic oil B 

3. 

350 

10. Hydraulic oil C 

4. 

200 

11. Transformer oil 

5. 

100 


G. 

60 


7. 

20 



film on the steel surfacoa which minimizes wear. The same kind of film was formed 
when bearings were run in carefully under bght loads at elevated temperatures. After 
the silicone ''lacquer” film was formed, loads as high as 5,5U0 psi could be applied to 
the journal bearings. 

This same silicone fluid in the 1,000-centistoke grade is used as an anUfoam additive 
for petroleum oils. It is effective in cjoncentrationa a« low as I part to 100,000 parts of 
oil.^ 

High-viscosity Type C silicone fluids are being used in a torsional-vibration damp¬ 
ing device on automotive and diesel-engine crankshafts.^ Torsional vibrations of the 
shaft are damped out by the shear resistance of the siliconei-oil film which separates 
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SSUCOm GREASBS 

Silicone greases are compounded from certain silicone oils and thickening agents 
that have a high order of heat stability. At the present time there are three types of 
silicone greases made to conform to the value given in Table 18-9. 

Table 18-9. Test Data for Representative Silicone Greases 


* Types II and III silicone Rrease can be supplied in different consistencies. 

t Method AN-G-3n 24-hr test. 

Volatility of Silicone Greases. Even though performance is the ultimate teat of a 
lubricating grease, volatility can be measured and service life tentatively predicted 
from the measurements. In Table 18-10 the volatility of three silicone greases is com¬ 
pared to the volatility of high-tcmperature hydrocarbon greases. 

After 40 hr exposure at 175“C, a crust had formed over the surface of the petroleum 
greases. The silicone greases were still 

soft and serviceable. Table IB-IO. Percentage of Wei^t 

Type 1 Silicone Grease. Type I Lost after 40 hr at 347“F (ITB^C) 

silicone grease, compounded of very finely 
divided carbon black and a silicone fluid 
of good lubricity, does not melt at tem¬ 
peratures above 500®F. It gradually 
thickens, however, at temperatures above 
dOO^F, and more frequent lubrication is 
required at operating temperatures in 
excess of 300®F. Tj^ie I sdicone grease 
is serviceable in antifriction bearings 
operating at speeds up to 4,000 rpm and at temperatures between —40 and 4D0®F. 

In one test device, No, 212 ball bearings with bronae retainer rings were mounted on 
a shaft and spring loaded w'ith 150 lb radial load. Both the shaft and bearings wore 
pnebsed in a housing that could be heated to any desired temperature. At a speed of 
1,750 rpm, the average bearing life after one application of Type I silicone grease was 
6,000 hr at 257^F (125“C) and 1,300 houra at 302“F (150“C). 

Despite its more limited lubricity between steel bearing surfaces, Type I silicone 
grease has berni used successfully in the bearings of the rotating spreader of an Eco¬ 
nomic stoker. The bearings in this spreader have steel retainers but are still service¬ 
able after 2 years of nearly continuous operation at 300 to 350“F and at a speed of 
900 rpm. 

This silicone grease has proved to be especially useful for lubricating pumps hw- 
dling hot fluids and for lubricating oven maclunery and conveyor systems operating 
at high temperatures and in corrosive atmospheres. It is not satisfactory for lubricat¬ 
ing high-spcied bearings operating at speeds of more than 4,000 rpm. 

Type II Silicone Grease. Type II silicone grease, compoimded of a silicona fluid 
and a heat-stabb metallic soap, is designed for the lubricatbn of antifriction beaii^s 
operating at speeds up to 20,000 rpm and at temperatures ranging from —4B ^ ^3^ F. 
Over tliis temperature range, it is practically nonvolatile and higldy remstaiit tq 
hardening. It will separatcj however, at temperaturos above 400'*F. Test re$ulta 

1343 




Worked penetration (ASTM D217-44T)..... 200-300 

Flaah point—determined on oil—(ASTM D02-46). B00'’F 


Dropping point (ASTM D506-42) not lees than... 415^F 

Maximum per cent bleed at 300®Ft . 4 0 

Maximum per cent evaporation at 300*rt. 1.0 


Type II 

Type III* 

310-330 

310-330 

eoo^'F 

fi25«F 

415"F 

415‘’F 

2.0 

8.0 

1.5 

8,0 
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SUWONES AS SPECIAL hUBUlCANTS 


summarized in Tabln 18-11 indicate that this silicone grease is an almost crnipletcly 
Stable lubricant suitable for the permanent lubrication of ball bearings. 


Table 18-11. Life Test on Type 11 Silicone Grease 


Bearinff temperature 

1,750-rpii), tester 
life, hr 

lOjOOO-rpni, tester 
life, hr 

l,7RO-rpin, elertric-mutor 
life, hr 

DegC 

Dey F 

115 

23? 



5,600 

125 

2.57 



3,800 

150 

302 

2,1,00 

2 600 


200 

302 

450 




SingU Bearing, 1,750-rpm Tester. Tested in a Ko. 212 bearing with a bronze 
retainer ring mounted on a shaft spring loaded with 150 lb radial load in a heated 
enclosure, Type II silicone grease had a life of 2,600 hr at 302°F (ISO^C) and 450 hr at 
392“r (200“C). 

10,000-rpm Tester. The 10,000-rpm tester, shown in Fig. 18-9, consists of two 
standard No- 204 bearings in electrically heated housings and a belt-driven shaft. 
The shaft is driven at a speed of 10,000 rpm. Bt^aring failures are indicated by 
changes in torque, as measured by temperature rise in the bearings, and by changes in 
the hot and cold coasting time. 



Fig. 18-9. Grease tester, 10,000 rpm usin No. 204 beiinngs diousiriK'^ ai e electrically 
heated). 

Type II silicone pease failed after 2,600 hr at 302“F (150°C)) and after 0,500 hr at 
257'’F (126“C) in this device. Iluring these tests, however, bearing temperature 
were inadvertently allowed to go above 200®C on two separate oceasinns. Once the 
temperature went up to 437°F (225°C) for 1 hr, and another time the tempera¬ 
ture went up to 464®F (240“C) for 15 min. It is likely that the grease life was con¬ 
siderably shortened and probably the bearing metals were harmed by tliesc runaway 
temperatures. 

1,750-rpw. Siliceme-insuloled Motor. To check these laboratory test results, this 
silicone grease was also tested in the bearings of rilicoiiG-msulated electric motors. 
The bearing temperatures are controlled by loading 7^^-hp 1,750-rpm, 440-volt motors 
through belt-driven generators. The motors were insulated with inorganic materials 
boUded and impregnated with silicone resins and varnishes. They could therefore 
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be operated at temperatures up to 590*^ (310°G) by resistance to brine bearing tem¬ 
peratures up to 302“F (150®C). 

A bearing lubricated with Typ^^ II silicone grease and operated at 239°F (115%-) 
failed after 5,600 hr in this test. A second bearing failed after 3,800 hr at 257''F 
(125“C). 

From the data given in Table 18-11 it appears that Type II silicone grease gives 
long life to bearings operating at 239“F (115) to 257“F (125%), At normal operating 
temperatures for electric motors, Type II silicone grease may be expected to give rela¬ 
tively permanent lubrication in scaled bearings. Such bearings are now being made 
for some of the leading manufacturers of electric moiors. 

Type m Silicone Grease. Type III grease is made of another silicone fluid 
thickened with a metallic soap. It is especially designed for low-temperature lubrica¬ 
tion and is serviceable over a temperature range of —95 to 300“F and at speeds up to 
20,000 rpm. Even though it is designed primarily for low-temperature applications, 
Type III has superior lubricating life at temperatures up to SOO^F. 

This grease is suitable for use as a permanent lubricant in sealed bearings subjected 
to extreme temperature variations and to outdoor weathering. For example, Type III 
is being used to lubricate the annular ball be.arings in a wind-direction and velocity 
indicator which is exposed to the full range of ground temperatures and to the rain and 
weather. These bearings are relatively inaccessible so that relubrication is difficult. 
Type III was specified to meet these adverse operating conditions. It is also being 
used to lubricate certain aircraft beajiiigs. 

Other Silicone Greases. None of the following silicone greases is designed for 
lubricating bearings. They form heat-stable films whicjh have good resistance to a 
variety of chemicals and Bufficieiit lubricity to facilitate the turning of stopcocks, 
valvi*s, and flowmeter bearings. 

Stopcock Greast. The first silicone greases were designed for general laboratory 
use. One of these siJieone greases effectively lubrirate glass and ceramic stopcocks 
hfmdling laboratory reagents including alkaline materials. Besides being nonvolatile, 
it does not harden or melt over a temperature nuige of —40 to over 200®C. This 
grease also facilitates the assembly and disassembly of rubber Imsing and glass tubing 
and protects the lubbcT from oxidation and deteiioration due to ozonti. 

fiigh-vacuiim Grease, lligh-vacuum grease is a special-purpose silicone lubricant 
which has properties similar to tlie silicone stopcock grease except that it is more cohe¬ 
sive and better suited to high-viicuum uses. It seals without channeling and effec¬ 
tively lubricates stopcocks and other ground-glass joints in vacuum systems operating 
at pressures of less than 10~® mm Hg. 

SILICONE LUBRICANT FOR PRESSURE-LUBRICATED VALVES AND 
FLOWMETERS 

Another special-purpose silicone lubricant is used to lubricate and seal pressure- 
lubricated valves, autoriiatic-coutrol valves, and flowmeter bearings. It is resistant 
to a wide variety ol chemicals and to relatively high tempcjatures. It is useful from 
—40 to 400“F and is resisttint to steam. 

This silicone valve lubricant is insoluble in water and uiiaffectod by aqueous 
chemicals. It is noncorrosive to metals and useful against steam and many corrosive 
choinieals. It forms an effective seal in systems operating at high pressure or under 
Vacuum. 

SUMMARY 

Silicone lubricants were developed to give effective lubrication under adverse 
conditions, including abnormally high- or low-temperature operation. Their function 
is to supplement rather than to displace petroleum oils and grease. 

Silicone lubricants are especially useful in applications where l>oth high and low 
temperatures are involved or where more nearly permanent lubrication is required. 
In general, the silicone oils and greases would seem to justify consideration in most 
applications to which petroleum oils and greases are not well suited. 
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MECHANICAL PACKINGS 

BY F. C. Thorn 

Rmarck Diredoar^ The Gwrloch Pojcking Company 
AND J. R. Boyer 

Consultant^ E. I. du Pont de Nemours it' Company 

DEFINITIONS 

The terminology of mechanical packings ha,s never been accurately defined. The 
folbwing definitions are believed to conform to accepted usage, 

A packing is a nonrigid element designed for inclusion in the wall of a fluid con¬ 
tainer and designed to prevent or minimize leakage between the rigid parts of such a 
container.* 

PoMng (collective) is material in sheet, strip, or bulk form from which packings 
may be prepared.* 

A gasket is a packing designed for inclusion between rigid parts of a fluid pontainer 
in essentially stationary relationship.* 

Gasketing (collective) is material in sheet, strip, or bulk form from which gaskets 
may be prepared.* 

A valve disk is a specialized gasket composing the Avorking face of a rigid valve and 
designed to improve its tightness when closed.* 

(Note: In certain applications, as in the check valves of rcniprocating pumps, the valve 
disk may compose the entire valve. More generally it is contained in a rigid disk holder.) 

A valve scat is identical with a valve disk, except that it composes the stationary 
face of the valve. When a valve sent is employed, the disk itself may be wholly of 
rigid material. 

A sliding-contact packing is designed for inclusion between rigid parts of a fluid 
container which are capable of relative motion. The packing is in stationary cxmtact 
with one part and in sliding contact with the other part. 

A packing ring is a slidiJig-coiitact packing designed for insertion into the aimular 
space betw'een two concentric cylinders in relative motion. 

A packing sd is a plurality of packing rings designed to fill such annular space wiiich 
is generally adjustable for depth in order to bring pressure U) bear on the packing set. 
The movable end wall is known as a “glandand the annular space as a “stuffing box.” 

An inner cylindrical member to wiiich a packmg ring or set is affixed is a piston^ 
and the packing ring or set used with it is a piston ring or piston packing; the annular 
space in which the packing is held i.s known as a piston groove. 

An inner cylindrical member which has no packing affixed to it but which moves 
through a packing is knoAvn variously as a rod, plunger, ram, valve-stern, or shaft, 
according to size, function, and type of motion. Packings used with these are desig¬ 
nated accordingly as rod packings, plunger packings, etc. 

Cup packings, hat or flange packings, U packings, V packings, 0 packings, and 
cones are variants on the usual rectangular cross section of packing rings and, in the 
main, are self-descriptive terms. Although usually employed in sliding contact, any 
of these may be used as a gasket. 

The term “seal” in the loose sense is applicable to anything that stops a leak and i- 
therefore synonymous with “parking.” In the restricted sense, the term is employed 
to designate one of two types of rotary shaft packing. A radial seal (sometimes, 
because of its frequent use in conjunction with bearings, known simply as oil seal) 
is a hat or flange packing which is forced to contract against the shaft by the action 

* Those definitions were aecepteHl by A8TM Cmnniittee D^ll, Suboomuiittee VI on Packing, and 
were published in the ASTM Bull., May, 1940. 
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PACKING MATSmALS AND TMSJS FAMBICATiON IS 

of an jntetiml flpring. An axial or sh(yiddef seal is a flexibly suspended panki&jg tiiaig 
making sliding (jontact on one of its flat faoes with a similar ring which may be either 
rigidly or flexibly supported; one of the pair is affixed to the shaft and the other to the 
stationary port of the fluid container. Shafts packed with one or the other type of 
seal are frequently called “packleas^* but erroneously, since these are specialized 
packings. 

A diaphragm (in the packing sense) is a packing intended for inclusion between 
parts of a fluid contauiorin limited relative motion and designed to absorb such motion 
by its own deformation. *t 

The common forms of packing diaphragm are the^./Ja< diaphragm and the cylindrical 
diaphragm^ or hdlows. Either can function as a valve stem or piston packing. 

Diaphragm sheet is sheet from which flat diapliragms may be cut.* 

PACKING MATERIALS AND THEIR FABRICATION 

The number of materials and fabricating methods employed by the packing 
industry is legion; space will permit only a brief reference. 

Metals. Under certain conditions metals become sufficiently “nonrigid” to 
qualify as packings. Solid iron, copper, lead, etc., in the form of sheet, strip, wire, 
etc., are made into gaskets. Thin metal sheet is employed with asbestos paper, etc., 
ill the manufacture of corrugated, jackot.cd, and spiral-wound gaskets and also for 
metal diaphragms. Braided wire or twisted foil arc employed as rod packings. Wire 
is also used to strengthen asbestos yarns and, in the form of wire cloth, to reinforce 
rubber gasketing. The harder metals, such as cast iron, bronze, and babbitt, are 
used to construct axial-seal rings and segmental rod and piston packings; they are 
also used for such packing adjuncts as end rings and lantern rings. Steel is used for 
cases and springs. Oemminuted metal is useil in ‘Aplastic” packing. 

The methods of manufacture are equidly varied and include casting, rolling, forg¬ 
ing, extnision, wire drawing, cutting, stamping, spinning, twisting, wrapping, braiding, 
Avoiding, brajsirig, machining, and pulverizing, none of which nen^ds to be described here. 

Carbon. Carbon in solid form ramorphmis or graphitic) is machined into axial 
seals and segmental rod packings. 

Natural Rubber. The firfet step in the conversion of natural rubber to packings 
is masticiilion followed by the incorporation of compoxmding ingredients. The most 
important com{Kuinding ingredient is sulfur, since this material combines with the 
rubber under the influence of heat and time to form the nonplastic “vulcanized’' or 
“cured" rubber. ^\'ith sulfur are added small quantities of organic accelerators to 
speed up vulcanization, zinc oxide to “activate" the accelerators, plasticizers to 
render the eornpound workable, and tillers to stiffen it to the desired extent. Pro¬ 
longed vulc.anization, in the presence of sufficient sulfur, also increases the fititfiiesa 
of the compound, the end product being “lim'd rubber," or “ebonite.” 

Since vulcanizalioii renders tJic compound non workable, it is postponed until late 
in the manufacturing operation. In the manufacture of packings, the unvulcanized 
rubber compound is treated in one of the folloAiing ways: 

1. It is calendered into single-or rniiUiplc-piy sliects, wliich may be (a) vulcanized 
on drums with a fabric liner, which, after removal, leaves a fabric impression on the 
rubber sheet (this is the method employed in preparing common “red shoot"); (6) 
vulcanized in long hydraulic presses, giving a smooth surface; (c) rolled on a mandrel 
and vulcanized in steam in the iMiurse of Avhieh it l■oalescea to form a sleeve from w‘hich 
gaskets may be cut; (ri) cut into blanks for molding. 

Molding involves the simultaneous application of pre^ssure and heat to rubber 
cxunjKnimi contained in a confined space, in the course of which the compound assumes 
the sluipc of the spare and is simultiuieously vulcanized. The space, of the desired 
shape and size, is ejirvod into a block of steel, which is usually separable into two or 
more parks at the conclusion of tlio inohling operation to facilitate discharge of the 

* TLioae dofirviliouN wetv arccijieil by ASTM Coiunuttce D-ll, Subcominittoe VI on Packinga, and 
were uiiblwhed in the nw/.. May, 1^40. ^ . r n -j , 

t In the broad aenaB, ho»c, autn tir^, and cvpu banoona are flexible of flmd cemtauxtrra and 

henoD “diaphragma.” Perhaps a packinfi^ diaphragm ia beet defined as a ‘^dmpbragtn that fAmetients 
like a packing.'' 
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molded lutiqio. The pad^ei; lines between these parts provide channels through which 
63^0608 compound escudes in the form of a thin fin; this fin is afterwards removed, but 
enough of it generally remains to identify the product as a molded article. Four 
systetEffl of molding are generally recognized: 

a, '^Closed'* molds (Fig. 19-lo), in which no particular provision has been made 
for the escape of that portion of the volume of the blank in excess of the mold volume 
when the mold parts are fenced together by a hot hydraulic press. Since the use of a 
dosed mold with a pure-rubber compound or other pure plastic requires that the 
blank be accurately weighed, the method is used more generally with fabric packings 
(see 2 below) in which internal voids are present to compensate for inaccuracies in 

blank preparation. 

b. "Open’' or "flash" molds (Fig. 
19-lb), in which a flash groove has been 
provided to receive the excess material. 
These are generally employed with rub¬ 
ber compounds. Although a flash mold 
is also closed by a hot hydraulic press, 
the real pressure develops later when 
the compound heats up and tries to force 
the mold apart by virtue of its high rate 
of thermal expansion. Blanks for flash 

(bjopenorfiashmoid molding nccd coijform only roughly to 

the shape and size of the mold. 

c. "Transfer” molds, in which a 
cylindrical slug of rubber compound is 
forced into the surrounding mold cavi¬ 
ties through tiny gate openings (Fig. 
19-lc). 

d. "Injection” molds (Fig. 19-ld), 
in which the mold cavities arc recharged 
on each cycle by an independent stirew 



(C)Traflirirfnolfl 




(a) Closid mold 



(d) Ifijeciionmold 

Fig. 19-1. Types of rubl>er compound 
molds. 


extrusion machine. Injection molding 
is adapted only to small rubber or plas¬ 
tic parts in mass production, for which 
reason it has not found much application 
in the packing industry. 

Molding is regularly employed for 
the preparation of packings of odd 
shapes not readily produced by other 
means; it may, however, be employed 
for the production of simple rings and 
disks where good finish or accuracy ia 


wanted and where the number of pieces to be produced justifies 


the initial cost of the 


mold. 

2. The unvulcanized rublicr compound is applied to fabric by a calender, the opera¬ 
tion being knowm as "frictioning” when the compound is driven into the mtcratices 
or as "skimniing” when it is merely laid on the surface. Cloth-inserted gsaketing 
or diaphragm sheet is built up by successive frictioning and skimming operations and 
vulcanized by method la or lb above. Frictioned cloth may also be used in the 
preparation of slab and rolled packings or incoriKirated into molded pacikings. 

3. The rubber compound may also bo extruded by a worm extrusion machine as 
atrip of any cross section which may he (a) cured in steam for the pniduction of strip 
gasketing, (b) in the case of hollow cross sections, mounted on mandrels and cured as 
sleeves, or (c) cut into blanks for molding. 

4. T?hc rubber comijound may also he made into solution in gasoline, which may 
be (o) applied to fabric by painting or dipping, the resultant coated cloth being used 
in exactly the same manner as frictioned cloth imder 2; (b) applied to braid, metal 
foil, paper, etc,, to fill the interstices; (c) used for joining the component parts of 
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molding blanks; (d) used for the preparaiicm of eoi^pounds of highat filledooMent 
than is possible by diy muting alotie. In this eais^ry com^ eompressed-asb^ste# 
sheet and rubber-bonded plastic packings whose manufacture pecidiiu* to the ink¬ 
ing industry and deserves special description. 

In the manufacture o! compressed asbestos sheet, a small amoimt of rubber Solu- 
tion is placed in a dough mixer, and a large volume of asbestos fiber is kneaded into 
this, the operation requiring several hours. The resultant dough is fed to a spedal 
two-roll calender, known as a “shecter’* (Fig. 19-2), in wliich the larger roll is stfeam- 
heated while the smaller roll is water-cooled. The dough adheres to the hot tUU in 
the form of a thin film and dries in the course of a single revolution, the sedvent 
fumes being exhausted by appropriate ducts. At each revolution, the roHs are sepa¬ 
rated a little farther by worm gearing, thereby permitting ei continuous build-up of 
dried sheet on the hot roll. When the correct thickness has been attained, the 
machine is stopped, and the finished sheet is removed as a large sqfUare, usually 10 ft 
on a side. This is press-cured or is calendered and then oven-cured. 

The manufacture of rubber-bonded '‘plastic” rod packing is similar except that, 

in addition to fiber, it is customary to ^_ 

incorporate a variety of other materials 
such as flake graphite and particles of 
metal. The product is discharged from 
the mixer as a wet crumb and is either 
dried and sold as such or is fed to a worm 
extrusion machine from which it issues 
as a more or less coherent coil, which is 
sometimes further strengthened by the 
application of a braid of cotton or 
asbestos yam. Other binders can be 
substituted for the rubber solution. 

Gutta Percha and Balata. Gutta 
percha and balata are vegetable gums 
similar to natural rubber but, being 
incapable of vulcanization, have found 
little application in packings. 

Synthetic Rubber—Styrene Type. 

Synthetic rubber'—styrene type, known 
in Europe as buna S and in this country 



Fia. 19-2, 
“sheeter”). 


Two-roll calender (known m 


as GR-S, was the rubber available in the greatest quantities during the Second World 
War. It is a copolymer of two light hydrocarbons, butadiene and styrene, and 
resembles natural rubber closely. It employs the same compounding ingredients and 
fabrication methods and vulcanizes in about the same maimer. 

In general, GU-S compounds are physically weaker than natural-rubber equiva¬ 
lents but more resistant to the di^grading effect of heat. For the latter reason, GR-S 
will probably continue to find important packing applications even if crude rubber is 
available in quantity. 

Synthetic Rubber—AcrylonitrUe Type. Synthetic rubber—acrylonitrile type, 
known in Europe as buna N and in this country under various proprietary names such 
as Perbunan, Hycar, Butaprene, and Chemigum, is similax to GR-S, substituting 
acrylonitrile for styrene in the molecule. It also is compounded, fabricated, and 
vulcanized like natural rubber but, being somewhat intractable, does not lend itself 
to all operations. The vulcanizates have fair physical and heat-resistant properties 
and are characterized by extraordinary resistance to the swelling action of ordinary 
petroleum oils. Toward benzol, carbon tetrachloride, etc., their superioTity over 
natural rubber is not so pronounced and toward acetone is inferior. 

Synthetic Rubber—^hloroprene Type. Synthetic rubber—chloroprene-type, 
known as neoprene, is a polymer of chlor-butadiene. It likewise can be compounded, 
fabricated, and vulcanized like natural rubber but, unlike it, requires no sulfur to 
effect vulcanization. It is easier to handle than the acrylo-rubbers, and the products 
are stronger, although not quite so good in respect to oil or heat resistaiice. 
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Synthetic Rubber—Thio Types. Synthetic rubbers—thio typos, marketed under 
the generic name “Thiokol,” are believed to be organic ptilyeulfidca. They also can 
be compounded, fabricated, and vulcanized, although with more or loss difficulty. 
Only metal oxides are needed to effect vulcanization. They arc physirally inferior 
to the other synthetics, more thermoplastic, less heat resistant, and characterized to 
varying degrees by strong onionlike odors. In resistance to the swelling action of 
benzol, chlorinated solvents, etc., they outrank the other synthetics. 

Synthetic Rubber—^Isobutylene Type. SjTithetic riibbor—^isolnitylene type, sold 
as butyl rubber, is a copolymer of isobutylene wnth isoprene, both hydrocarbons. 
Butyl is compounded, fabricated, and vulcanized like natural rubber; the vulcanizates 
are physically inferior and lacking in any appreciable solvent resistance but are char¬ 
acterized by appreciable resistance to many troublesome chemicals, such as nitric 
acid. Principal developed parking use is for acid gaskets. 

Reclaimed Rubber. Reclaimed rubber, or more properly, reclaimed rubber 
compound, is vulcanized rubber or GR-S compound, mostly from used tires, which 
has been rendered plastic by drastic treatment with heat and plastii’izers. Is^either 
the combined sulfur nor th(‘ fillers are removed by this treatmenl, but the compound 
is rendered capable of processing and of rcvuleanizing with added sulfur. Reclaim 
is inferior to compounds made from new rubber or GR-S but is eiriployod in certain 
types of packing, replacing new rubber wliollj^ or in part. 

Hydrocarbon Plastics. The hydrocarbon plasties include hydrocarbon polymers 
incapable of vulcanizxition. In this group are polystyrene (including higli-st 5 ’'rene 
copolymers with butadiene), jKilj'^ethylene (Polythene), and polyisobutyleiie (Vis- 
tanex). The last is processed like nihber, the first two by powder-molding or injec¬ 
tion-molding. Ovdng to their thermoplasticity, tho members of this group have only 
limited packing application in spite of their extraordinary resistEuiee to corrosive 
chemicals such as nitric acid. Polyisobutylone confers high viscosity on mineral 
waxes, and such mixtures (Tervans) are used as binders in braids for high-temperaturo 
service, especially braided blue asbestos used for acid-pump packing. 

Closely related to polyethylene is polj^merized tetrafluoretliyleiie, know'n as 
'^Teflon.” Although thermoplastic, the softening point of this matcrifll is high enough 
t6 permit its use as packing on all but the highest temperature, ami its complete 
chemical inertness and resistance to all known soKciits recommend it for chemical 
gasketing. Its principal drawbacks have been cost and manufacturing difficulties, 
since the only fabricating metJiods developed to date arc sintering from powder, 
machining from the solid sheet or block, or in corpora ting, in granulated foirn, in a 
plastic. 

Cellulose Plastics. The cellulose plastics, cellulose acetate, cellulose: nitrate, 
ethyl cellulose (ethyl rubber), arc thermoplastic, whhli has limited their packing 
application. 

Vinyl Plastics. Vinyl plastics include polyvinyl chlorifle (ICoroseal, Tygon), 
polyvinyl chloroacetate (Vinylitc), polyviiijl butyrul, iwlyvinybdiuir* chloride (Saran), 
and polyvinyl alcohol (Rcsistoflex). Mo.yi of tlipse can be plasticized to a rubber 
consistency and fxilnicated like niliber except for vulcanization. Although limited 
by thermo plasticity, they have found certain packing applications for cold service 
in the form of sheet, cut and extruded gaskets, and molded rod packings. The closely 
relateti acrylic plastics, familiar as Plexiglas, Lucitu, etc., have, as far as is known, not 
been employed in packings. 

Polyesters. The polyesters, which include the well-known ^‘alkyd’^ vamishes, 
etc., include also a few rubberlike types (Agripol, Nortipol, Paraplex, etc.) 
which have been employed in packings alone or in combination with synthetic 
rubbers. 

Thermosetting Plastics. The thermosetting iilaslics include the phenolic, urea, 
melamine, etc., types. These become completely infusible and insoluble with heat 
and are acquiring increasing importance in packings, subject to the limitation that 
they are exceedingly hard. Principal forms are plastic masses containing large ratios 
of asbestos fiber which, after molding, are used for high-temperature valve disks, etc., 
and laminated slab built up from resin-coated paper or cloth. From the latter are 

1352 



PAOKING MATmiA^LS JicND TBMtU FABRICATiOM t&c. 

cut hig^-temiJefatuTe valve disks, piston rings for nil pumps, ajid axial-seal rin gn . 
Mixtures of phenolie resins with synthetic rubbers are known iso. 

Polysilicones, The polysilicones are the most recent and, ifi some respects, the 
most interestini^ of the plastics. They are available in forms ranging from thin liquids 
through rubberlike materials to hard resins. All are characterized by resistance to 
atmospheric oxidation and slow change of consistency with temperature. Up to 
date the high cost and physical weakness of the silicone rubber has somewhat limited 
its packing application, but these disadvantages will probably be overcome. Dur¬ 
ing the Second World War silicone-rubber gaskets wore used in searchlights and 
turbosuperchargers. 

Polyamides. The polyamides include nylon which may have interesting pack¬ 
ing possibilities. It has been available for too short a period to permit a proper 
evaluation. 

Proteins are represented in the packing industry by gelatin which, in combination 
w'ith glycerine, forms the binder in most paper gasketing. 

Petroleum Derivatives. Petroleum derivativf’.s such as mineral oils, waxes, and 
asphalts are used as plasticizers in rubber compounds and aa binders in braided, plastic, 
and leather packings. 

Coal Derivatives. Coal derivatives such as coal-tar oils, pitch, and cumarone 
resins are employed as rubber plasticizers. 

Wood Derivatives, Wood derivath'^es such as rosin, pine tar, pine oil, and shellac 
are used as plasticizers in rubber compounds. Shellac is a binder in some metal-foil 
packings. 

Simple Esters. Simple esters such as dibutyl phthalate, etc., arc used as plasti¬ 
cizers for synthetic rubber and other synthetic polymers. 

Fatty Oils and Waxes. Fatty oils and W’axes and their derivatives are extensively 
used in the packing industry, Palm oil, cottonseed oil, stearic acid, and combinations 
of fatty oils with sulfur (facticcs) arc usihI as rubber plasticizers. Tallow, raw, 
hydrogenated, and blown castor, soybean and fish oils, Japan wvax, and carnauba w»ax 
are used in braided, plastic, and leather packings. Oxidized hnscod oil applied to 
cloth (oilcloth) has been us(k 1 for pump diaphragms, (llycerine is employed with 
gelatin in paper gasketing, with soap in certain braided packings, and alone as a surface 
treatment for rubber-asbestos rod packings. 

Graphite. Graphite in pow'dered form is a common surface treatment for rod 
packings wliore it functions as a ''surface Icvcler/^ Because of reputed corrosive 
effects, it has been partially replaced by talc and mica, which, howwer, are not so 
satisfactory as graphite in other respects. 

Flax. Flax, in the form of braid, is the oldest and .still perhaps the most widely 
used packing for ^yate^-pump rods. The property which flax has of swelling in water 
is important in this eoimectinn. Flax consists of, of course, the bast fibers of the flax 
plant from Avhich tlu* softer tis.sues have been removed by retting in water. It is 
received in this country in the form of tangled hanks which are combed in a special 
machine to separate the long fibers from the short, fiber, or "tow." The long fibers 
are fed, end to end, into a drawing frame, and the resultant sliver is transferred to a 
spuming frame from which it issues as "loi^-lijie” flax ro\’ing. The tow, in turn, is 
put through a carding machine and spinning frame to form a second grade of flax 
raving. Both grades are used in the production of braided packings. 

Although the braiding op(‘ration is employed in other industries, its use in the 
packing industry is sufficiently important to warrant a digression. Braiders ate of 
three general types: (1) eight carrier, (2) multiple carrier, and (3) interlocking. The 
ri\s\iltant braids arc shown in Figs. 10-28a, 6, and c. In the first two types, the spools 
carrying the yarns arc in tw^o groups, one group pursuing a clockwise orbit and the 
other a counterclockwise orhit, the orbits intersecting in the manner of a Maypole 
dan[*c. In the eight-carrier braider, it is cUBtomajy to produce the finished cross Sec¬ 
tion in a single pass through the machine; the spools aro wound with multiple-twisted 
yarns of sufficient diameLer to accomplish this purpos(\ The product is square in 
cross section, but the squareni'ss is usually accentuated by introducing straight yams 
at four points in the circumference; these yarns are known as "comers^’ or "warps.” 
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Othef straight yams are isometimes introdixced into the center to control the finished 
diameter. These are known as centers,” The eight^cariier braider is usually 
umpbyed in braiding flax yarn. Wherefore, this type of braid ia sometunes known as 
a braid." 

Multiple-carrier braiders are available in 12, 16, 20, 24, or higher number of 
carriers. The product is normally polygonal in cross section, ins., 5-sLded for a 
12<carrief braid^, Raided for a 16-carrier braider, etc., but can be made to approxi¬ 
mate a square cross section by the introduction of corner yarns at appropriate points. 
Centers are commonly used in multiple-carrier braids and may be large in relation to 
the cross section; also they are frequently of a dissimilar material, such as rubber or 
metal* Except where a center of large diameter is used, it ia customary to build up 
the diameter of multiple braids by successive passes through the machine, the product 
being sometimes described as ”braid-ovcr-braid.” 

Interlocking braiders are basically similar to multiple-carrier braiders but have 
extia carriers which crisscross back and forth in the cross section, locking the structure 
into a solid mass. The advantage of interlocking braid is that the structure does not 
fall apart when the outer layer of yams is worn through. 

A braid is described by the number of braids, the number of carriers in each, yams 
per carrier, size of yam, presence or abstmee of comers and centers, and the “pitch," 
which is the axial length of braid for one complete revolution of any one carrier. The 
latter is controlled by gearing on the take-off capstan and is usually adjusted to equal 
the braid circumference, thereby giving all yams except the comers and centers a 
uniform 45-deg angle to the braid axis; this gives a satisfactory balance between 
flexibility and stretch. 

To he useful as a packing, a braid must generally be filled with some sort of binder. 
This binder is sometimes incorrectly described as a “lubricant," but its real function 
is to stop leakage through the body of the braid and to minimize leakage along the 
faces by acting as a surface leveler. In the case of square-braided flax, the binder is 
usually tallow or similar animal fat, or a mixtui-e of same with paraffin, and is applied 
by soaking the finished braid in the molten binder, the excess being removed by drain¬ 
ing or by passing the braid through a wiper or close-fitting die. Graphite is sometimes 
applied to the surface to assist the surface leveling. 

Cotton Yam. Cotton yarn, in the form of braid or woven cloth, is a common 
ingredient of packings for low-temperature service. The principal fabrics used in 
fabric-mbber packings are sheetings, drills, Osnaburgs, hose, belting, and tire and tent 
ducks. Raw cotton also is necessary in commercial asbestos yarn to carry the fiber 
through the carding process. Braided cotton is competitive with braided flax and 
braided asbestos. 

Other Vegetable Fibers. Jute yam ia used to replace flax wholly or in part in 
braided packings; service life is believed to be somewhat lowered, but there is some 
saving in cost. As fai’ as is known, no packing use is made of either domestic hemp, 
Manila hemp, or sisal, although flax or jute packings are sometimes erroneously 
referred to as “hemp." Ramie fiber makes a very durable packing which has been 
used as a stem-gland packing on vessels. 

Rayon. Both the filament and staple types of viscose rayon have been used 
recently in braids with excellent results. Staple rayon also replaces cotton in asbestos- 
yam mixes. 

Other Synthetic Fibers. Both nylon and vinyl acetale (Vinyon) yams are being 
employed experimentally in braided and fabric packings. 

Asbestos. Two forms of asbestos are employed in packings. Chrysotile is a 
hydrated magnesium silicate found extensively in Canada, Russia, Rhodesia, and 
elsewhere. It appears to have been deposited from solution in cracks in the rock in 
the presence of considerable lu'essure and tempt^rature, under which conditions it 
formed elongated crystals at right angles to the crack. The width of the crack there¬ 
fore determines the fiber length. Originally, only the widest veins were saved, and 
the rock was carefully chipped away from these with hammers, the product being sold 
as “No. 1 crude" or “No, 2 crude," according to fiber length, 'this expensive process 
has been largely superseded by milling, wherein the entire product of the mine is 

1354 



packing mapbujals Am rarifli FAmtcAriCN 0k; a 

crutihod by p^fisaRes tluY)agh ttM ihillv, each passage bemg followed ^ 

treatment on a vibrating screen equipped vdth a miction hood at the lower endy the 
liberated fiber being collected in cydones. Milled fiber is ra4d, ss diown in Titble 
19-1, according to the pereentagoa remainiiig on standaid ahakiiig screens which, were 
developed at the Canadian minea. 

Gr^ea such as 3F and 3K are only Table 19-1. Standard dassificaiiiHi 
slightly inferior to the hand-picked Canadian Milled Asbestos Fibm 
crudes,* they, however, are becoming in¬ 
creasingly scarce as the highest grade ore 
becomes exhausted and hence are reserved 
for the finest yams. Grades 3H, 3T, and 
3Z are employed for ordinary yams. The 
No. 4 grades are designated as shingle” 
grades. Various No. 4 grades are used 
in the manufacture of compressed-asbes¬ 
tos sheet and other fiber-containing rub¬ 
ber formulas, alone or in conjunction 
with No. 3 grades. The No. 5 grades are 
designated as ”paper” stock and are em¬ 
ployed in the manufacture of asbestos 
paper which is used as a packing itself 
and as a component of the various cor¬ 
rugated, jacketed, and spiral-wound metal 
gaskets. 

The manufacture of asbestos yam 
begins with a hammer mill demgnated 
variously as a “willow” or “opener.” 

This breaks up the clots and eliminates 
sand cither by air separation or screening. 

If crude fiber is used, it is first crushed on 
a Chile mill before being fed to the opener. The cleaned and opened fiber is then 
blended with a certain percentage of cotton in a device known as a “mixing picker.” 
The purpose of the cotton is to carry the fiber through the subsequent carding operation, 
the longer fibc/rs requiring the least cotton. A 100 per cent asbestos yarn can be made 
from selected crudes but is very expensive and is reserved for use in oxygen packings 
where the presence of vegetable fiber would be hazardous. Grade A AAA yam con¬ 
tains less than 10 per cent cotton and is specified in special packings. Grade AAA 
(15 per cent cotton maximum) and Grade A A, or “underwriters” grade (20 per cent 
maximum), are used in packings; Grade A or 'V^mmercial” (25 per cent maximum) 
was used during the Second World W^ar but is inferior. 

Carding is common to most textile operations and consists in passage of the fiber 
over a drum lined with “card clothing,” which resmnbles Turkish toweling but is 
made of wire. Tlie action of the dmm and adjacent rolls is to spread the fiber out 
into a film, or “lap,” of almost gossamer fineness. This is broken up into bands, 
eSich of which passes between rubbing leathers to issue as a continuous but wc^ak 
“roving.” The rovings are fed to a spinning frame which imparts a twist. The 
resultant “single” yam is plied up on a similar but larger machine, and at the same 
time one or more fine wires (copper or brass) may be twisted into it to give added 
strength. Yam is identified by some such designation as “1021” which unpUes 
that the single yarn is “10 cut,” i.e,, ten 100-yard lengths to the pound. There are 
two plies and one wire. 

The preparation of cloth from yam is a simple weaving operation, common to all 
branches of textile manufacture. Braiding follows the methods described under 
flax. Asbestos braids are quite genei-ally saturated with a soft binder sucjti as petiu- 
laium, and inasmuch as this results in a binder content too great for certain ^rviees, 
alternative metJiods are employed wherein the yam is pretreated before braiding with 
contruUed amounts of binder, or treated and untreated yams are mixed m the mss 
section. Graphite is quite generally applied as a surface leveler and may, in addition, 
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incorporated throughout the cross section^ giving what is known as a ^'graphiicd- 
throughout” construction which is believed to have advantages for certain services. 

or Crocidolite Asbestos. Blue or Ri'ocidolite asbestos is found prineipally in 
the Union of South Africa. Cheinieally it is an amphibole, with a high iron content 
to which it owes its blue color anil much less water of hydration than chry.sotile. It 
appears on the market as fiberized crude, as twisted rovings for calking joints, and as 
Spun yarns and cloth, generally made without cotton. The fiber is harslior than 
ehrysotile and the yam somewhat uneven and bulky. However, it is much more 
resistant than crysotile to the action of strong minerals acids iuul alkalies and, lienee, 
preferred for chemical applications. 

Glass Fiber. Glass fiber is a modem product which has been employed in pack¬ 
ings in the form of felt, yam, cloth, and braid. Since it is chemically resistant, it has 
competed somewhat with blue asbestos. Although very strong in tension, glass fiber 
is somewhat inelastic and tends to crumble under tighteniitjg loads. Also, in the form 
of braid, it is somewhat lacking in power to retain binder. As the art of fiber making 
improves, glass fiber will become increasingly important in packings. 

Wool in the Form of Felt. Wool in the form of felt has been witlely used as dust 
seals and also in the manufacture of oil seals, using a synthetic-rubber binder, or as a 
gasket with a surface coating of synthetic rubber. 

Paper. Paper from waste rope or kraft pulp, and purposely made porous, is a 
widely used gasket material. It is saturated with glycerin-gelatin or with a natural- 
or synthetic-rubber solution. By the incorporation of granulated cork in the beater, 
the porosity and compressibility arc further increased. Asbestos paper has been 
mentioned. 

Cork. Cork, in the form of the cork stopper, constitutes one of the most widely 
used “ga-skets.” In the form of coikboard, made from cork granules with a binder 
of glue, synthetic rubber, or plastic, it is used in bottle caps and for many other gasket¬ 
ing applicaliona. 

Leather, I^eather is one of the oldest packing materials and is still widely used, 
especially for heavy-duty hydraulic rams ami plungei’s. Small, cheap cup packings, 
such as those used in Flit guns, are oftiMi made from leather shoi' triinrnirige. 

For hydraulic leathers all tannages are used, but the favorite', iierliaps, is a com¬ 
bination of vegetatilo and chrome tannage. Blanks are cooked in wu.v ami afterwards 
hot pressed to eup or V form along the lines of rubber molding, except tliat there is no 
vulcanization, but the mold is cooleil before disoliarging the product to set the wax 
and fix the shape of the article. Binders other than Avax arc also employed. Thin 
sheepskin leather is employed as a diaphragm, esperdally fur gas mclt'rs. 

Wood. Wood in solid form has been employed as a gasket maU'rial, this in addi¬ 
tion to its use as a source of wood pulp for paper and of ground wood as a filler for 
rubber or plastics. 


GASKETS 

A gasket will stop leakage if it is exerting against the eonfuiing members a unit 
compressive force greater than that of the fluid pressure. Merc loutact is not enough, 
and adhesion cannot normally be depended upon. It follows that any gasketed 
joint should embody means for putting the gasket under this sljite of compression 
and keeping it there for the expiccted life of the gasket between retigbieiiings. 

The most widely used type of joint is the flange joint, shown in various modifica¬ 
tions in Fig. 19-3, In this joint, the bolts or other tightening means liavt* tlie follow¬ 
ing functions to perform: 

1. Support stresses in the container walls caused by the fluid load acting across an 
area equal to the inside area of the gasket. 

2. Support any additional stresses in the container walls causijd by gravity, mis¬ 
alignment, or thermal expansion and contraction. These, however, should l#e elim¬ 
inated as far as possible by suitable design. 

3. Develop a unit gasket load over all portions of the gasket area equal to the 
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fluid pr^sdure times a safetjr factar* sufficient to take care of natural n^as^tlqn of 
the gasket during the intonral between tightenings, f 

4. Develop additional load over those portions of the gasket area first cohtaotod 
to depress these sufficiently to permit development of the safe unit ga^et load over 
the rest of the area. The necessity for tins arises from irregularities in the gasket or 
in the flange faces. Irregularities in the fhinge faces may be present originally or 
induced by flajige deflection under bolting load.J 

Under Materials were mentioned a large number of gasket types suitable for the 
bolted flange joint. Some of the more important ones are summarized in Table 19-2. 
Although the number is large, they are by no means equally important. It seems 
probable that plain-rubber or GR-S gaskets pack *9(1 per cent of all flange joints 



Kiq. 19-3. Types of flange joints. 

operating ag.iinst gases, water, or aqueous solutions below 220'’F. Vegetable-fiber 
paper and oil-resistant s>mthelJ(5s occupy a similar role against oils and solvents 
below 220°F, and compressed-asbestos sheet a similar role for all services between 
220 and SOOT. 

* Thifl {^afetv factor is known as tlio "contact-presaure ratio" and was dcsiraatod by thp British 
liiRtitiitiuii of MncUaiiiKal Eii|!;iiioeru m their First lleport of the Pipe Flange Reaeareh Committee, 
UKIB, as A somewhat similar fad or m appears in the ASME formulas for Bolted Flanges (ASME 
Cofle for Uiifired Preewure Vessels, 104.'i, Section UA-20) except tliat m is O.fi lower than ei owing to the 
assmiuption in the American formulas that fluid load is effective to the middle of the gasket area instead 
of to its inoide edge. 

1 'Pbe amritijit of this relaxation is usually underestimated. For instance, a h^-erade synthetic- 
ruht'bT gasket in thickness will lose 60 per cent of an initial 3,000-pai gasket load between smooth 

flai.;i^-s after 30 hr at 212°F. It follows that gs must be at least ,2.5 (m «t least 2.0) if the gasket ia to 
BurMv-e even this mild service exposure. Thitk gaskets poorly confined, and higher tamperaturea fiir- 
tln r increase the rate of relaxation and the consequent need for a high safety factor unless frequent 
retighteniiLg is resorted to. Bubstitvition. of other types, such as CDmpressed’asbestos sheet, reduoea 
but by no means elirainutes relaxaticn. On the other hand, thinner gaskats (where flange accuracy 
permits), roughened flange surfaces, and long stretchy bolts capable of exeiting a “foliow-up” e^ect 
reducB rdaxation and reduce the need for high safety factors or frequent rottghtening. 

t The ASAIE formulas recognize the need for a minim uni gasket load y which is defined aa the 
“gasket or joint contact-surface unit seating load.” Unfortunately, this is treated as a property of 
the gasket, whamas, at least for soft gasketing, it is almost wholly a measure of the inaccuracy of the 
joint and wfll yary with each joint. , , , , , , , 

The need for flange accuracy will become apparent when it is realized that the total compressibility 
of a. H-in. oompressod-aBbestoB gasket is about 0.020 in., i.e,. if the cumulative deviation of the tVo 


«1 f extent to^oveiTthe more comprewible gasket types. 

ml 
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Am^biig the fabric-ineM^ed gaskets, the eotton-mserted type is preferred to plain 
rubh^ by some users because the material holds its shape better while being eut-—the 
insertion has no other hmetion. Metal^wire insertion, however, has some merit in 




a b 

Fio. 19-4. Self-tightening flange joints. 

restraixuiig lateral flow on gaskets subjected to heavy bolting loads as in hydrauJie. 
lines. Flat asbestos-fabric gaskets have been largely .superseded by compressed- 
asbestos sheet, but folded asbestos-fabric gaskets arc still widely used where a gasket 
more compressible than compressed-asbestos sheet and involving less waste in manu- 



Fiq. ld-5. Concentric joints. 

faoture is needed. Such applications include boiler handholes and manholes^ large 
reaction vessels, column stills, etc^ 

Leather ffoek^ are tough and are often used where surfaces rotate at the time of 
closing, imder which conditions a rubber gasket would be injured. Braided-asbestns 
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g^eta.are uM ths same ser^ces a$ specially in 

Horn mich as furnace 4 oot^ where dastnietiim nl the rubber binder hy oxidatiaa 
cau^ a fabric gaeket to open at the eeams. ^ilioone rubber in eoinliiwtion with 
toe braid makes an mteresting product for eueh applkations* Braided flax haa been 
used for hatch gaskets on merchant vessels but la probably inleiioT to rubber. 

Metal gaaketaj because of thdr cost, liave largely been limited to severe tempera¬ 
ture and pressure applications. Polyvinyl chloride and Tefkm are employed 
principally whore their chemical inertness is of value. 

Flange jmnts can be made so that they are self-tightening under fluid pressure, as 
in the case of the boiler handhole (Fig. 19-4a) and valve-bonnet ioints (Hg. 19^-45). 
Since any danger of failure through relaxation is avoided with these designs^ It is 
rather surprising that they are not more widely used. 

In another class of gasketed joint, the surfaces to be packed are concentric and 
parallel. These joints, except for absence of relative motion, correspond exactly to 
sliding-contact joints and have the Rreat 
advantage that the axial spacing of the 
parts to be joined need not be determined 
in advance, Examples are the cast-iron 
pipe joint (Fig. 19-5a), the condenser tube¬ 
sheet ferrule (Fig. 19-55), the gauge-glass 
gasket (Fig. l?t-5c), and the '^O-ring'* 
gasket (Fig. 19-5d). Except for the last 
type, which is self-tightening at all loads 
provided the ring has been given an initial 
squeeze, concentric gaskets require the ap¬ 
plication of bolt load equal to the fluid load 
times an appropriate safety factor to take 
care of gadcct relaxation. Bolts, however, 
are not required to support stresses in the 
container walls, for which independent 
provision must bo made. Oiiicentric 
gaskets are usually either plain rubber or 
rolled fabric, 

In still another type of gasketed joint, 
the gaskets are made cup-shaped to admit 
the fluid pressure to the interior and there¬ 
by render the gasket self-tightening. Such 
joints can be of either the flange or con¬ 
centric types. The vulcaiiizcr joint (Fig. 

19-6a), hollow metal gasket joint (Fig. 19-65), and pipe joint (Fig. 19-6c) belong to the 
former category^ Jt has been noted above that the O-ring design, although not cup- 
shaped, Is also Self-tightening. All self-tightening gaskets, to be effective, must be 
carefully desigiwjd and molded to extreme accuracy. 

Since a gasket, except a cup gasket, is exposed only on the edge to the fluid being 
packed, its problems are primarily mechanical rather than chemical. It is possible, 
however, for a gasket to fail by chemical attack. In prescribing gaskets for various 
fluids, therefore, it is necessary to take both mechanical and chemical conditions into 
acfx>»mt, A list of recommendations for flange gasketing for various services is pvMi 
in Tables 19-3 and 19-4, Similar recommendations for the various Specialty 
joints (Figs. 19-5 and 19-6) can, in some instances, be secured from the pack^ 
manufacturer. 

VAtVE DISKS AND VALVE SEATS 

Pump Valves. The standard check valve of a reciprocating pump (Hg- 19-7a) 
consists of a bronze grid which screws into the valve deck, a center post, and a rabbet* 
disk which rides up and down on the post under the influence of the i^apiqg water 
and a Mical spring. The design is not very good,, since the rubber valve tenda to 
take the imprint of the grid, and when the valve later rotates slightly, it cannnh seat 
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ajaji must be refacea. Better remilta are securfd by recessed ribs or an overhead 
S0jq>ension—^if the soft valve cannot support itself over the larger opening, it can be 
contain^ in a metal disk holder (Fig. 19-76). 

O^ier common faults of the grid arrangement are (1) that the valve tends occasion¬ 
ally to be dragged sideways by the escaping water and wears the center hole elliptical. 
In the absence of a metal disk holder, as in Fig. 19-76, this can be partially corn*(!ted 
by purchasing valve disks with a molded-in bushing of metal or other material; (2) 
that the edges of the ribs are frequently ground with a razorlike edge which cuts the 
disk—these should be filed off before use. 

Rubber pump valves range in hardness from pure gum (used fnr condenser vacuum 
pumps) to ebonite (used for boiler-feed and other hot-W'ater pumps). Other materials 



a 6 c 

Fia. 19-7. Pump valves. 

used are leather, laminated phenolic resin, and oven metal, in the form of superimposed 
thin stampings (Fig, 19-7c). Similar valves used in reciprocating air compressors are 
almost invariably of polished sheet steel, although seme small compressors such as 
those used in garages have rubber check valves. 

Valve Seats. Valve scats take the place of valves in some of the pot-valve designs 
used on heavy-duty pumps such as those which pump drilling mud (Fig. 19-8). Ball 
valves are also used in pumps; in some cases the ball is rubber; in other cases it is 
metal engaging a rubber valve seat. 

Line Check Valves. Line check valves arc similar in general to pump valves but 
are usually contained in a disk holder. Ball checks are also used. 



Fig. 19-8. ValvB seats. Fio. 19-9. Disk holder. Fig. 19-10. Hydrant 

valve. 

Disks for Globe and Angle Valves. Disks for globe and angle valves are contained 
in disk holders (Fig. 19-9) which have either round or oval center pins and are swiveled 
to prevent rotation of tho disk when closed. Disks are usually hard rubber with 
asbestos fiber present as reinforcement to the extent of from 10 to 70 per cent. They 
are employed on steam service up to 150 psi, but at the higher pressure range tend tcj 
undergo too much indentation by the valve seat, with consequent crarking and scouring 
out by escaping steam. Laminated or solid phenolic resins are longer lived but require 
a more accurate finish in the vEilve seat. Metal-clad disks are also used. 

Faucet Bib Washers. Faucet bib washers are similar to globe-valve disks but 
softer, i.e., in the semiehonite range, A good faucet, like a good globe valve, will have 
its disk holder swiveled so that thO disk does not rotate as it makes contact. Hydrant 
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valves (Kg. 19-10) are modified i^be valvssj they employ beveled rfl id ^ a of leaftsher^ 
semihard rubber, or duck-^mserted rubber. 

Flap Valves (Fig, 19-11). Flap valves cut from leather or rubber are also used as 
check valves, ^me soft pump valves of conventional design are employed as flap 
valves by holding them down in the center and forcing the edges 
to lift. A disadvantage of flap valves is that they fail by fa¬ 
tigue cracking. 

SLIDING-CONTACT PACKINGS—GENFRAL 

Sliding-contact packings differ in several important respects 
from gaskets. 

1. They do not make intimate contact with the sliding mem¬ 

ber, since such contact would lead to destruction of one or both 
surfaces. A badly fitting packing makes dry contact over a 19-11. Flap 

portion of its area, leading initially to high friction and wear, 

but this condition tends to correct itself as the high spots wear away. 

2. Over all that portion of the interface which is not in dry contact there is a 
clearance W'hich Is filled with tho fluid being packed. This fluid is constantly being 
lost on the low-pressure aide and replenished on the high-pressure side. There is no 
such thing as a ^Meaklcss” sliding-contact packing, although the leakage under certain 
conditions may be so low that it is not detected.* 

3. In an ideal packing, no portion of which is in dry contact, leakage conforms to 
the laws of fluid flow, which means that it is proportional to pressure differential and 
to the width of the escape path (i.e., circumference in the case of a shaft or rod pac*k- 
iiig), inversely proportional to fluid viscosity and to the hmgth of escape path (t.€., 
packing depth), and proportional to the third power of the clearance- In a badly 
fitting packing the clearance is reduced to a series of channels, but leakage is relatively 
high owing to tlie thickness of these channels. 

4. Relative motion has little influence on leakage provided it does not cause a 
change in clearance. However, if a rotary shaft at high speed is subject to gyration 
(generally known as “runout'’), it will batter an opening through the packing, which 
is larger than itsidf, and the fluid leakage may under sucli conditions become uncon¬ 
trollable. Similar effects result from a reciprocating shaft subject to lateral thrust 
(generally known as “weav'e’’) or, in the case of axial seals, a tipping of the plane of 
oTie ring with reference to that t)f the other ring, provided these movements occur at a 
rate too rapid for the packing to respond. 

5. Ill an ideal packing friction conforms to the laws of fluid shear, viz.j proportion¬ 
ate to both packing width (i.e., circumference) and depth, to viscosity, to speed of 
rclntive motion (in feet per rairiute), and inversely proportional to nlcArance. The 
materials of which tho packing and sliding members are composed are without 
influence. It will be noted that three of the factors that make for high friction, i«>., 
packing depth, viscosity, and low olearaiiec, are also included in those which make for 
low leakage. As long, therefore, a,s circumference and speed are fixed, there is an 
inverse relatiousliip between leakage and friction. 

In the badly fitting packing, the laws of solid friction apply over a portion of the 
area, wz,, proportionate to the area that is in dry contact, to unit load over this area, 
and to the coefficient of friction between the material of the packing and the sliding 
member. Speed and fluid viscosity are without influence on this portion of the total 
friction. In general, the friction of a badly fitting packing is much higher than that 
of an ideal packing owing to the high unit loads employed in an effort to depress the 
high spots and reduce the leakage channels. 

6. In the case of an ideal packing, the pressure of packing against the sliding 
member need bo enough only to overcome the pressure of the fluid in the clearance, 
which averages midway between the high-side and low-side pressures. Thus, in an 
ideal packing that is leaking to the atmosphere, a unit load equal to half the fluid 

* It has been reefintly brouzht out that certain combinatmnB of fluid viacMitioBj clearanoea, and 
surfaoe apeede givo rise to vortusea in the contained fluid which are "lealdeisa asaittat lov-preaeutv 
differentials Thia dues not detract from the Reneral statement 
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pKmaaee^ ia su^dent to keep the psddiig Irom blowins awq,y. This, it wjU be noted, 
is juat half the minimum required to prevent leakage, i.e., to make the pacldug^ func¬ 
tion aa a gasket. In practice, it is not poanble to avoid the application ii somemcess 
pansaure, which leads to development of dry contact over a portion of the area, and 
the paclung is no longer *'ideal.^’ The closer it is possible to maintain the packing 
load at the theoretical 50 per cent value, the more nearly do ideal conditions obtain. 

In the case of a badly fitting packing, high unit loads are necessary initially to 
reduce leakage channels. The amount of such necessary excess pressure is governed 
by the initial roughness and by the ability of the packing material to smooth up under 
applied pressure. As the packing wears in to a condition approaching ideal, such 
excess loads can be dispensed with. 

7. The heat developed within a packing is proportional to the product of friction 
and surface speed. The temperature of the packing rises until the rate of heat dissipa¬ 
tion equals the rate of heat generation. Temperature can be held down by improved 
means of heat dissipation, such as water-cooled shafts, water-jacketed stuffing boxes, 
etc., but the most effective way to reduce temperature is to adjust for a higher leakage 
rate and a correspondingly lower friction. 

High temperature in a packing may lead to excessive thermal expansion with 
further increase in load and ultimate seizure. If the packing is so constructed that 
this thermal expansion does not occur or does no harm, temperature will eventually 
reach a ceiling owing to lowered viscosity of the escaping fluid and consequently lower 
friction. 

From the foregoing, it is clear that the two major requirements of a successful 
sliding-contact packing are (1) that its working face should conform as accurately as 
possible to that of the sliding member or should acquire this condition within a 
reasonable time after starting and (2) that means should exist for developing the unit 
load normal to the sliding surface which is necessary to control clearance. Other 
requirements are (3) that it should be composed of material that will not damage the 
sliding member during the process of wearing in to a fit, (4) that it should be capable 
of withstanding without injury the heat resulting from packing friction, and (5) that 
it should not be attacked by or contaminate the fluid being packed. A summary of 
the most widely used sliding-contact packings is shown in Tables 19-5 and 19-8. 

The stuffing box is the oldest known means of controlling packing load and has 
heretofore, until very recently, controlled the development of sliding-contact packings, 
III the stuffing box, the load is applied axially by advancing the gland; the packing 
must, therefore, be of a type that will transmit the load at right angles, f.e., must be 
capable of spreading radially. Originally this limited stuffing-box packings to soft 
materials such as braided yarns and rubber compounds, and these were supplied 
generally in square cross section and in the form of coils, helices (incorrectly ^own 
as "spiraT’), and cut rings. However, the development of molded conical (Fig. 
l9-26d) and V-ring (Fig. 19-26c) cross sections has made it possible to employ a 
number of more rigid materials in stuffing boxes. In the conical design, lateral spread¬ 
ing is effected by the principle of the inclined plane, in the V ring by that of the 
toggle joint. 

Contrary to jxipular impression, the gland does not exert a following load on the 
packing unless it is driven by springs. More usually, the packing load is maintained 
by the escaping fluid acting in two ways: (1) along the rod or shaft, trying to drive 

packing radially outward, or (2) along the front wall of the stuffing l)ox, trying to 
drive the packing axially backward, f.s., against the gland. Since the latter is the 
higher pressure and is transmitted radially by the packing, it overpowers the former, 
especially as the gland is approached. Removal of a worn stuflmg-box packing will 
almost always reveal that the ring next to the gland has been forced against the ro(^ 
□r shaft most strongly, has been w'om the most, and has done most of the work. 

A weakness of all stuffing boxes is that the packing, being wholly confined, is sub¬ 
ject to unstable thermal expansion and seizure if overtightened. This can be mini¬ 
mized by effective cooling, by the employment of materials of low coefficieni-of-volume 
expansion, by providing voids within the sot into which expansion can take place 
harmlessly, or by providing a fusible binder which escapes harmlessly from the box 
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if overexpanaioii ^curs, Tke opphsite type of weakaesa is ideo e&ocmateredi wa-, 
<^oarBe clearances at back oad front of the box^ thremgh which paekhi^ tends to ^ctrade 
unleas prevented by end rings of strong contraction bat of no packing valne, kndwn 
as ^^antiea^rusiott rings/' 

Since the gland has no function other than to dovelop an initial load normal to 
the rod or shaft, it can frequenUy be dispensed with. In the O-ring packing (Big, 
19-26fr or 19-34c), the initial load is effected by crowding the ring into a groove^ thereby 
deforming it into an ellipse] thereafter the packing is tight against all fluid pressures. 
In the flange, or <'hat,” packing (Pig, ia-26e) and in the “cup” packing (Fig, l9-34e), 
initial normal load is developed by molding the lip to a slight flare] fluid pressure 
invading the interior of the packing supplies the continuing load. Maid load can bo 
supplemented by a spring as in the radial seal (Fig. 19-32a,6), U packings (Fig. 
19-2^) are similar but pack against both the rod and outside circumference of the 
groove. Packings that are capable of contracting radially can be installed in overrize 
grooves; fluid pressure acting on the outer perimeter develops the necessary packing 
load, as in the case of the metal packing (Fig. 19-31). In the case of piston packings, 
fluid pressure admitted to the inside circumference forces the packing outward, as 
in the rectangular piston ring (Fig. l9-34a). In these designs the packings are not 
closely confined. The effect of thermal seizure is therefore minimized. 


Fio. 19-12, Lantern ring. Pig, 19-13, Tandem gland. 

Not ail sliding-contact packings used to pack rotating shafts operate on cylindrical 
surfaces, llie axial seals (Table 19-5) operate on flat faces. They are subject to 
the same laws of packing operation as stuffing-box packings but can generally be 
made to give better performance by careful attention to design and finish. 

Although leakage is a necessary characteristic of all sliding-rxintact pac.kings, 
there is a way by which any leakage of the fluid bring handled can be avoided for the 
full life of the packing. This consists in injecting into the packing a liquid, known as a 
"sealing liquid,” at a pressure higher than that of the fluid. Under these conditions 
the flow is reversed, the sealing liquid flowing into the apparatus in addition to escap- 
uig to the atmosphere. The means employed to inject sealing liquid (sometunes 
erroneously referred to as “lubricant”) into a stuffing box are generally some modifica¬ 
tion of the “lantern ring” (Fig. 19-12) or “tandem gland” (Fig. 19-13). In a similar 
manner, sealing fluid can be introduced into the space between two radial or axial 
seals or groove packings. 

Sometimes one of the above devices is equipped with two connections, one to 
introduce sealing liquid and the other to bleed away part of it, with incidental removal 
of some of the generated heat within the packing set. Such an airangement is calM 
a “ rirculation fitting.” A lantern ring located at the liottom of a packing set is known 
as a flushing connection and is sometimes employed when there are no objections to the 
introduction of large volumes of sealing fluid into the apparatus. 

Sealing-liquid injection, is indicated in examples such as the foUowing: 

1. All packings against gases, wliich, because of low viscosity, leak excessively. 
This includes all vacuum applications, the steam en^ne, steam tuiimo, gas oomyres^ 
sor, and all high-pressure auto claves in which the agitator enters the gas f^aoe at tim 
top. It is of interest to note than an original Watt patent for the steam engine called 
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for seal'll! injection into the piston rings, a rational arrangement which unfortunately 
has been forgotten by most of his successors. 

2. All packings for liquids of very low viscosity or high volatility, such as gasoline, 
water, etc., under conditions of high speed, high pressure, or both. Instances are 
the injection of lube oil into the stuffing boxes of oil refinery pumps handling propane, 
etc., the injection of grease into ram packings operating against high-pressure water, 
the injection of oil between double axial seals on water pumps. 

3. All packings for liquids containing large amounts of dissolved or suspended 
matter, which tends to crystallize or filter out in their passage through the packing. 
Instances are the water sealing of centrifugal-pump boxes handling caustic soda, etc., 
and the w'atcr sealing of boxes of hydraulic turbines operating on muddy water. 



Atofor 

Fig. 19-14. Independent seal-oil system. 


4. All packings for fluids of any kind that are pciisonous, corrosive, or too valuable 
to lose. Instances are pure-gasoline injection into the boxes of pumps honilling 
anhydrous hydrogen fluoride in the “alkylation^’ process, oil injection into ammonia- 
compressor rod packings, etc. 

The sealing medium can be injected continuously or periodically, as by a pulsating 
lubricator or grease gun, but the latter generally is ineffective as the fluid starts to 
invade the stuffing box as soon as the original injection pressure lias died down. The 
ideal arrangement introduces the sealing liquid eontinuously at a pressure only slightly 
higher than that of the fluid, whereby minimum contamination of the fluid by the 
scaling hquid is obtained. Means to effect this arc the independent seal-oil system 



Fig. 19-15. Differential regulator. 


(Pig. 19-14), connected directly or through a differential regulator (Fig. 19-15), 
spring-loaded grease cup {Fig. 19-16), oil bottle (Hg. 19-17), and differential cylinder 
(Fig. 19-18). 

Another disagreeable but unavoidable characterLstie of sliding-contact packings 
is that, at the conclusion of operations, fluid is always left trapped in tiie clearances 
and in an abnormally favorable condition to cause corrosion of the moving member 
assuming that this is metal and that the fluid is one, such as water, in which the metal 
has a measurable solution pressure. In fact, many fluids that are quite incapable of 
corroding metals in open vessels will corrode them quite freely when trapped in the 
clearance between jpacking and the metal. This phenomenon, known as “crevice 
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wjrrosion/' is not fully understood but is bplievod to bo assooiatod with the formation 
of concentration cells within the fluid bt^causc of variable iioiitent of dissolved oxygen. 
The packing is usually blamed for such corrosion, but quite crronwiusly, unless it 
happens to contain some ingredient that dissolves in and promotes the acidity of the 
fluid (such as glycerine or free sulfur), or unless it happens to contain a substance 
which is a conductor and which has a solution pressure differing from that of the metal, 
under which conditions galvanic corrosion can result. Packing materials that are 
Suspect in the latter connection are copper and brass reinforcements and graphite, 
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ftltlumgh it xaudt be admitted that the whole problem k complex and little Tindcrstood. 
Oily packing or packings that have been supplied with oil during operation are much 
less likdy to give rise to corrosion tban other types. A good rule, however, in con¬ 
nection with all sliding-contact packings, and especially with those which are used to 
pack water or aqueous solutions, is to install them just prior to use and to pull them 
out if the equipment is to be idle for any extended period. 

ROB, PLUNGER, OR RAM PACKINGS 

Steam Engine. To a considerable extent, the extension of the reciprocating steam 
engine to progressively higher pressures and temperatures has kept pace with the 
development of the necessary rod packings. The first engines were packed with 
braided flax whose life was necessarily short. The in|;roduction of the duck-and- 
rubber ring (Fig. 19-29fl) in the late nineteenth century was a great step forward. 
It is still used for low-pressure steam-driven pumps and steam hammers, With the 
advent of steam pressures higher than 100 psi, it became necessary to develop better 
packings; the answer was found in asbestos. A conventional design in rolled rubber¬ 
ized-asbestos fabric is shown in Fig. 19-29b. These are made with either a hollow 
core or some sort of rubber core and usually present a bare asbestos surface to the rod, 
which is coated with glycerine and graphite. The function of the latter is to level up 
the surface, cut down abrasion, and, to some extent, shield the rubber layer from the 
action of hot cylinder oil emulsified inside the engine and caiTied out on the rod. For 
services where there is plenty of oil present, as in the case of vertical marine engines, 
a channel packing with a metallic lead core (Fig. 19-29c) is favored. 

The principal weakness of these solid packings is that they must be put initially 
under a gland pressure greater than that of the steam since they become self-tightening 
only with difficulty. With the added heat caused by rod friction, they become over- 
tight, and if the gland pressure is not reduced promptly, damage results. On a fast- 
moving rod, therefore, they tend to be somewhat unstable. Also, they, in spite of 
the use of rubber cores, etc., are not too well adapted to absorb shaft weave. These 
difficulties have been to some extent overcome by the molded V packings of a.sbcstos- 
fabric-rubber which, being completely self-tightening, requires little or no initial 
gland load. Being, in efiTect, floating packings, they are capable of absorbing expan¬ 
sion derived from frictional heat and also shaft weave. They are, therefore, rapidly 
becoming the standard type of packing for reciprocating steam-engine piston rods 
and valve rods for temperatures up to 400”F. 

For the higher temperatures, such as those encountered on uniflow engines, seg¬ 
mental metal packings of the type shown in Figs. 19-316,c, are used exclusively, with 
provision for mechanical lubrication. Steam ends of pumps and steam hammers, 
are, in general, packed like steam engines. 

The internal-combustion engine is usually single acting and ihorofore employs no 
rod packing. Exceptions are the large gas engines used for powering blowers in blast¬ 
furnace plants and compressors on natural-gas lino.s. Hod packings on these are of 
the segmental metal type with a lube-oil seal. 

The reciprocating compressor is packed with the same types of packing as the 
steam engine. Service requirements for compressors used to recompress steam are 
obviously identical with those of a steam engine. The direct-driven air c.omprcssor is 
a particularly difficult rod-packing application because the air is hot and has a strong 
oxidizing effect on niblier. For this reason, it is customary to omit rubber cores when 
packing air compressors with the type of packing shown in Fig. 19-29b. Another 
difficulty is oil lubrication of the rod, which is generally Itjss effective in an air com¬ 
pressor than in a steam ejigine. The larger air compreasors, such as those used as 
blowing engines for blast furnaces, are always packed with segmental metal packing, 
as are the large gas compressors employed on natural-gas pipe lines; these are suppli^ 
with oil by a mechanical lubricator. 

Direct^iven ammonia compressors represent a less severe service and are gener¬ 
ally packed with duck-rubber rings with a lube-oil seal to prevent escape of gas. 
Most refrigerant compressors today, including those used for domestic refrigeration, 
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are of the sinigle-aEtiJig type and therefoi^e employe bo rod paekings* Their 
problems are diseussed uiider Piston Packings and Itotary Shaft Packings. 

CJompressors for hydrogen, as employed in the prodnctiot of synthetic 
represent a difiicult application both because of the high pressures and the mobility 
of the gas. Compressors for oxygen and cUorine involve a complication due to the 
chemical reaction of these gases with packing materials and lubricants. 

Air Motors. Pneumatic cylindera are emidoyed widely as a means for transmiti^ 
power. The largest single use is the railroad air brake, but the cylinders employed 
on this are of the single-acting type and do not employ rod packing. Rod packings 
are employed on double-acting pneumatic cylindera and, since the air is cold, present 
no particular difficulties provided an ample supply of lubricating oil or condensed 
water is present for scaling purposes. Double-acting pneumatic cylinders are used 
for raising and lowering the locomotive reverse gear and for the pneumatic rock drfll, 
air hoists, and air-operated valves and machinery. The most widely used packing is 
perhaps the duck-rubber V ring or one of its modifications. Braided asbestos is used 
for the smaller rod-packing applications. 

The reciprocating pump represents the original, and still the largest, use for recipro¬ 
cating rod and plunger packings. Types employed include square or V rings of {dam 



rubber or other nonreinforced polymer,‘plastic’’ packings, leather, braids, metal-foil 
packings, nibher-fabric constructions, and combinations of these. For water, square- 
braided flax IS the oldest and still one of the most widely used; it owes some of its 
effectiveness to the tendeiiry of Ahx to swell in water. A similar product saturated 
with hard wax is used for high-prcssurc water in hydraulic systems. Rubber backs 
(Fig. 19-30tt) and cores are employed to absorb shaft weave. Rubber or duck-rubber 
rings are used in conjunction with braided flax to exclude suspended matter and to 
prevent extrusion through clearances. Similar effects are secured by “channel'” 
(Fig. 19-306) and “braided diagonal” (Fig. 19-30c) combinations, Duck-rubber V 
rings have to some extent superseded these older t^q)e^ for water service. Metal-foil 
rings and fabric V rings bonded by oil-resistant rubbers are used for oil. 

Fluid scaling to exclude the product from the stuffing box is not so successful with 
reciprocating as with rotary pumps owing to the motion of the rod. When employed, 
a? on heavy-duty water pumps, the “fluid” is generally a heavy grease whinh will 
make a permanent film on the rod and not be washed off on each instroke. Damage 
to packing caused by dissolved salts drying on the rod can be avoided by causing the 
rod to pass through a “water ghuid” (Fig, 19-RJ). A similar arrangement employing 
a suitable solvent can be used in connection with dissolved organic materials. 

Water Motors. The most widely used reciprocating water motor is the hydiauHc 
ram. Developed originally for baling cotton, it has acquired increasing importance 
in related fields such as oilseed extraction, plastic molding, and various metallurgical 
operations such as shearing, piercing, forging, and extrusion, Most hydraulic rams 
are single acting, vertical, and designed to return by gravity. Thia necessitates a 
packing that is almost completely self-tightening, so that friction on the return stroke 
may be minimized. U packings originally used for this service have been largely 
displaced by V rings of fabric-rubber or leather treated with hard wax. 

TIm> dead-weight type of hydraulic accumulator, used with hydraulic systems, 
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fmictions alternately as a motor and a pump. The hydraulic intenaifier, used to 
boost hydraulic pressures, is essentially a water motor, direct-connected to a pump of 
HTTiftlW plunger diameter. Packings for these are generally V rings. 

Oil Motors. Oil hydraulic cylinders, also known as “oildraulic,” deserve almost a 
section by themselves because of the tremendous expansion in their usage in the years 
prior to and during the Second World War. The advantages of oildraulic systems 
over hydraulic lie in freedom from scoring and corrosion of the piston rods and cylmder 
walls and in the possibility of using simple rotary pumps, such as gear pumps, for 
generating the necessary pressure. One of the earliest oildraulic power applications 
was the steering engine for ships. Later came the automobile and aircraft shock 
absorbers and the somewhat similar devices employed for absorbing gun recoil. 
These function altematoly as pumps and as motors. More recent are oil jacks and 
lubricating lifts for autos, oildraulic presses, and oildraulic actuating cylhiders for 
aircraft, dump trucks, tractors, tanks, and machine temfe. 

Packings employed on the large rams used for plastic-molding presses, etc., are 
usually duck-neoprene V rings. For the smaller double-acting piston motors, two 
types of rod packing are widely employed. One is a V ring of pure buna-N compound 
without fabric reinforcement; the other is a buna-N 0 ring. Single-acting piston 
motors of the type used for automobile brakes do not, of course, employ any rod pack¬ 
ing, and their packing requirements are dealt with under Piston Packings. A rather 
complete list of reciprocating-pump, compressor and fluid-motor packing recommen¬ 
dations for various services is given in Tables 19-5 and 19-6. 

Sleeve valves arc used as boiler blowoff valves and as selector valves for use with 
pneumatic, hydraulic, and oildraulic motors. Packings are required to be of rigid 
design to permit crossing open ports. Eoctangular hard-rubber rings are used for the 
former, V rings and II packings for the latter. 

Reciprocating expansion joints and valve stems are dealt with later. 

PISTON PACKINGS 

A piston packing differs from a rod or plunger packing in that it packs on its outer 
circumference, thereby inercasing the width of the leakage path and the difficulty of 
securing low leakage. Also it is generally not readily accessible for tightening. As a 
partial compensation, the leakage requirements of a piston packing are less exacting, 
since, at least in the case of double-acting pistons, leakage is not lost to the system but 
merely lessens the efficienoy of the equipment. 

Steam engines, internal-combustion engines, and gas compressors invariably use 
metal piston rings in gnjoves. In the smaller cylinders, these are merely cast-iron 
rings with a bevel cut (Fig, 19-34ci). They are made larger than the eylinder diameter 
to give an initial pressure but in action derive their effective pressures frt)m steam or gas 
getting intx) the gn>ove beneath the ring and forcing it out against the lesser pressure 
of escaping steam or gas along the working face. To pack effectively, they require a 
liquid seal which is derived from condensed steam or from lube oil, the latter being 
either atomizE;d into the cylinder or fed through appmpriatD ports in the piston. 
Larger units of those types have segmental piston sets (Fig. 19-34/). 

Air-motor pistons are sometimes packed with metal rings, as in the pneumatic 
rock drill, but more generally are packed with one or two cups, according tc whether 
the cylinder is single or double acting (Fig. 19-34e). The cups are of leather or of oil- 
resistant rubber, with or without reinforcement of cotton fabric. A cup used on the 
single-acting operating cylinders of railroad air brakes is shown in Fig. 19-20; similar 
cups are used on the double-acting cylinders employed to operate the locomotive 
reverse gear. All cups are self-tightening in that the full fluid pressure within the 
cup opposes the reduced pressure of the escaping fluid along the working face. To 
make this effective, it is necessary that contact with the cylinder wall be principally 
at the lip and that the heel be held slightly away. Also, air cups are effective only 
when supplied with an oil film, which must be renewed at intervals* 

Reciprocating-pump pistons for water or aqiieoua solutions are usually packed with 
a hard variety of duck-mbber packing known as “hydraulic.” Hardness is secured, 
in part, by substituting fine fabrics (sheetings or drills) for duck. It is supplied in the 
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form af rings cut fttirn bias strip with a step joint <Fig-19-346) or prepared from such 
strip in the field. Rings are used singly in grooves (Fig. 19-^) or in sets with the 
joints staggered. Rings of hard rubber (ebonite) are used for the same service. 
Many water pumps, including the familiar farmhouse well pump, are packed with 
leather or duck-rubber cups. Mud pumps used in rotary drilling represent a severe 
piston-packing service—they are packed with massive rubber cups reinforced with 
fabric or metal or with V rings (I'ig. 19-34d). Oil- and solvent-pump pistons are also 
packed with cups m with rings cut from laminated phenolic resin. 

Liquid piston motors are generally of 
the oil-operated type. The pistons arc 
packed with V rings or O rings. Rubbdr 
cups are employed, however, on the auto¬ 
mobile hydraulic brake, the fluid in this 
instance being an alcohol mixture which has 
no appreciable swelling action on rubber’. 

^ston valves are packed in the same 
manner as the pistons of engines, air motors, 
or liquid motors, with the added complica¬ 
tion that the packing is required to pass 
ports and must therefore be of fairly rigid 
construction. 

Commonly used piston packings are 
classified in Tabic 19^. A list of recom¬ 
mendations for utilities and general services 
is given in Table ' 19-9 and for chemical 
services in Tables 19-7 and 19-10. Fio. 19-20. Railroad air-brake cup. 

ROTARY SHAFT PACKINGS 

Rotary shaft sendee is generally more severe than reciprocating in that surface 
speeds are high, and facilities for dissipating frictional heat are poor. Solid duck- 
rubber packings, V packings, etc., such as arc commonly used on reciprocating service, 
are not suitable on rotary service for any but the slowest speeds, suice they will heat 
up and seize. Service is limited to types which are either inherently low in friction 
or which contain voids or a fusible binder ivhich will act as a safety valve against 

thermal expaiision. 

Steam-turbine packings are of three types, 
none of which is employed to any extent for 
other rotary applications. The carbon-ring 
packing is simikr to the segmental metal type 
except that it is made of graphite; it is installed 
in an oversize groove. It depends for its efliec- 
tivencss on the seal formed by condensate. The 
water seal (Fig. 19-21) is scarcely a packing at 
all; it employs coarse clearances and depends on 
the principle of the U tube; the normal gravita¬ 
tion head of the wrater in the seal is intensified 
by the high rotational speed. Means must be 
provided to replenish the W'^aterin the seal if con¬ 
densation is not sufficient. Similar liquid seals 
employing mercury are used on vertical centrifueal pumps. TIjc labyrinth packing 
(Fig. 19-22) is employed on the larger turbines. It likew'ise employs coarse clearances, 
but the escape of steam is retarded by the length of escape path, which includes a 
miniature vortex within each annular pocket. Condensate is not necessary for the 
effectiveness of a labyrinth packing. 

The centrifugal pump represents probably the largest single use for rotary pack¬ 
ings. Speeds are liigh, but pressures opposite the packmg are usually low^, approxi¬ 
mating that of the pump inlet. Nevertheless, to get an 3 ^ length of life from conven¬ 
tional packing necessitates a leakage tolerance on the order of 1 cc per min per 
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oiretunferential iii«h of ^aft when handling water. Pumps operating under higher 
preasures, such as those used os booster pumps on closed systems or multistage pumps, 
necessitate even higher leakage tolerances unless the pressure can be partly bled away 
by a lantern ring at the bottom of the box connected to a point of lower pressure. 
Some pumps are equipped with internal "pump-out'^ arrangements which make it 
possible to dispense entirely with packing except when the pump is idle. With more 
viscous liquids such as od, somewhat lower leakage rates can be maintained, and the 
necessity for special arrangement is correspondingly lessened. 

Since a centrifugal packing makes no pretense of being fluid-tight, sealing is 

indicated for all vacuum applications and for all 
positive pressure applications involving suspen¬ 
sions, concentrated solutions, or fluids that are 
extremely volatile, noxious, or valuable. For 
concentrated aqueous solutions with conventional 
packings, the usual scaling fluid is cold water 
from an independent source. Oil-refinery pumps 
handling solvents of low viscosity or high vola¬ 
tility are usually sealed with lube oil. 

Packing types employed with centrifugal 
Fio. 19-22. Labyrinth packing. pumps ulclude ''plastic,’' metal foil, braided, and 

axial seals. The first three are used in conven¬ 
tional stufling boxes and require no special description. Axial seals are increasing 
in popularity and, in many cases, result in superior performance. 

An axial seal consists essentially of a rotating ring or shoulder attached to the 
shaft making contact on one of its flat faces with a stationary ring attached to, or 
integral with, the pump housing. The patent literature on axial seals embraces 
several thousand designs, and new ones are being patented continually. These, 
however, may be reduced to a relatively few categories. A primary division is between 
single seals and those involving two seals in tandem (“double” seals). A second 
basis of classification for single seals is between those (designated "inside”) in which 
the fluid pressure acts to tighten the seal (Figs. 19-33a, 6, g, h, i) and those (designated 
"outside ”) (Figs. 19-33c, d) in which the pressure tries to blow the seal apart. Double 
seals always include one "inside” and one "outside” seal and may be differentiated 
as 'Expanding” (Fig. 19-33e) and "contracting” (Fig. 19-33/). Since all seals involve 
one flexibly suspended member, a third division is between those (which may be 
called 'Regular”) in which the flexibly suspended member is stationary (P'igs. 19-33a, 
f, g, and those (which may be called "inverted”) in which the flexibly suspended 
member rotates with the shaft (Figs. 19-336, d, i). A fourtli basis of classification is 
the t 3 q)e of flexible suspension employed, viz.^ sliding contact, flat diaphragm, and 
cylindrical diaphragm (or "bellows”). These arc illustrated, for inside regular 
designs only, in Figs. 19-33a, g, and 6, respectively. 

The advantages and disadvantages of these various constructions are for the most 
part based on relative cheapness of design, accessibility, etc., and all types are capable 
of giving good service when operating against pure liquids such as water or oil. When 
operating against gases or against pure liquids containing dissolved or suspended 
matter, it is necessary that they be sealed just as any other packing. This may be 
done by injecting lube oil or grease directly into the sealing face or, in the case of a 
double seal, into the space between the two seals at a pressure higher than that of the 
fluid being packed. Selection of materials for seal rings, suspension member, and 
spring is governed by service conditions and should be referred to the seal manufac¬ 
turer. Axial seals do not eliminate leakage, although they reduce it to a very low 
value—on the order of Koo cc per min. As compared to other packing types, they 
ore expensive, difficult to repair or replace, and if incotrectly selected for the applica¬ 
tion, may fail as quickly as, or quicker than, conventwnal types. Their use on cen¬ 
trifugal pumps is increasing. 

Rotary displacement pumps and tuibopumps are packed the same as centrifugal 
pumps. Surface speeds are generally lower, but pressures opposite the packing are 
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generally higto, ^nee tise shall; W ttwfie imm|}B ra|)i«Bent8 n point nai^way in tiie 
loakai^e path across the face of the rotor and thWeford is at a pressure midway between 
inlet mul diaebarge. In acrew ptltnps, full dischatjge pressure'oomes opposite'mm 
packing. These pressures can be avoided, howevmr, by tapiung the bottom ef'the 
stuffing box directly to the inlet side at a minor sacrifice of pump efficiCnoy. 

Rotary gas oompreBsms range from simple fans to pressure blowers of the Boots- 
Coimersville type. Sealing liquid is indicate unless already present in the compressor 
body, as in the case of the Nash compressor. The type of packing is governed iy 
the sealing fluid employed. 

Agitators are packed the same as centrifugal pumps except that, on the slower 
moving shafts, it is sometimes possible to use duck-^riibber V rings. Packings operat¬ 
ing against gases, which applies to pracrieally all chemical reactors in which the 
agitator enters at the top, should be spaled with some fluid that is compatible with 
the material in the reactor. Sometimes one of the reactants is employed for sealing 
purposes. 

A list of recommendations for centrifugal pumps, displacement pumps, rotary gas 
compressors, or agitator shafts against fluids is given in Tables 19-6 and 19-7, 

Fluid drives, fluid brakes, and rotary shock absorbers are similar to displacement 
or turbopumps and are packed in the same manner. 

Swivel joints are required to handle all kinds of fluids at slow speeds^ packings 
are generally cups or V rings. Two important swivel-joint applications are (1) steam 
connections for railway cars and (2) drilling mud connection to rotary rock drill. 
Ball joints used as swivels are described under Miscellaneous Sliding-contact 
Packings. 

Hydraulic Turbines and Propeller Shafts. Packings for shafts of hydraulic tur¬ 
bines and for propeller shafts of vessels are analogous to centrifugal-pump packings 
and are packed in the same way. Braided flax seems to be prefeiied for these with, 
occasionally, rubber end rings to filter out suspended sand. Bctker results on dirty 
water are secured by sealing with clean water. This is often done with water wheels 
hut less often with propeller shafts. Either application is operated on a continuous 
water leak. 

An important application for rotary shaft packing is the crankcase of the recipro¬ 
cating iiitcrnaJ-combustion engine. There is little pressure but a great deal of surface 
speed, shaft gyration, and heat. This is an important application for the radial seal 
(Fig. 19-32) which consists essentially of a synthetic-rubber flange packing and a 
spring, the whole being usuaily encased in a stamped-metal shell which merely needs 
to be pressed into or bolted to the cavity surrounding the shaft. Springs are of the 
lug or garter type. Sometimes the shell reduces to a reinforcing member within the 
element, and the spring is omitted. Unfortunately, many internal-combustion 
engines, including the rear end of the crankcase on the ordinary automobile engine, 
are so designed that any seal employed must be split for installation. As a lesult the 
radial seal has not heretofore been able to displace conventional packings for this 
application, the latter consisting usually of half circles of cork, felt, or braid installed 
in grooves. Split radial seals, however, have become recently available. Badial 
seals are regularly employed on shafts leading to generators, distributors, and other 
ac'iessories. There arc a great many such seals on the modern aircraft engine. The 
piston ring seal (Fig. 19-31 a) is used for somewhat similar purposes. 

Single-acting reciprocating air compressors employ crankcase seals similar to those 
used on engines. Single-acting refrigerating compressors, however, usually operate 
with a pressure in the crankcase, which rises to the vapor pressure of the refrigerant at 
shutdown times. Radial seals are not well designed to pack against pressure, and 
resort is hatl to conventional packings or to axial seals. Conventional packings used 
for refrigerant service are largely duck-nibbcr slab or metal foil, packing being sealed 
by lube oil from the compressor lubricating system. Where the refrigerant has a 
aw^elling action on the rubber, as for instance, Freon or methyl chloride, packing with 
solvent-resistant binders must be employed. Success with conventioUBd packings on 
refrigerant compressors is largely a matter of care in wearing in. Axial seals are 
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expensive «nd to replace but wben properly designed are satisfactory 

require no attention. Axial seals of the metal^^cllows suspensian type were widely 
employed on domestic refrigerating machines until the advent of the hermetically 
flexed unit, which requires im packing. 

Beadngs and Gear Cases. The most conspicuous expansion of the radial seal 
has been in the general field of bearings and gear cases. Until comparatively recently, 
such apparatus was either allowed to leak oil freely or was lubricated with semisolid 
grease. The automobile manufacturer, because of the need of protecting his expensive 
ball and roller bearings, inaugurated the first widespread use of radial seals. Many 
such seals are now incorporated integrally with the ball bearings; since the bearing 
in such cases is supplied with grease, the function of the radial seal appears to be 
principally that of excluding dirt and water. Many such seals, however, are employed 
against liquid lubricants and serve to cut losses to a minimum. Instances are electric- 
motor bearings, pillow-block bearings, all kinds of reduction gearing, bolt pulleys, 
chain sprockets, eonveyor rollers, rollers for dam gates, ctc^ Very large radial seals 
are employed on steel-mill roll necks and on the gun platforms of warships. Work is 
under way that will probably lead to the use of radial seals for railway-car journals. 


VALVE-STEM AND EXPANSION-JOINT PACKINGS 

Valve-stem-packing service is distinguished from preceding types of sliding-contact 
service by slight and infrequent movement, continuous high pressure, anti little or no 
attention. Regarding the latter, many valves are in inaccessible locations where 

packing adjustments can be made only 



Tks. lD-23. Expansion joint 
heat exchanger. 


double-tube 


with great difficulty. 

Direction of motion in valve-stem 
packing can be recijjrocating, rotary, or a 
combination of both, viz,, helical. \\'hich 
direction is not of groat importance be¬ 
cause of the low speed involved. Pack¬ 
ings may bo of tlie rociproeating types, 
viz,, fabric-nibl^er-slal) or rolled construc¬ 
tions; Vlings, cones, 0 rings, etc., or they 
may be of tljc rotary types, viz,, braids, 
plastic.*?, or rnctal foil. The real problem 
is one of fluid sealing, since valve users 
will seldom go to as much trouble to seal 
valve-stem stuffing boxes as they will to seal pump stuffing boxes. The same neces¬ 
sity for sealing, however, exist.*? w'h(‘fi dealing with gases, vacuum, or liquids that are 
of low viscosity, volatile, corrosive, poisonous, or full of dissolved or suspended matter. 
The following sealing means, both more or less makeshift, arc employed: 

1. Valves carrying condensible gases, such as steam, are provided with extension 
bonnets with cooling fins to promote condensation, the liquid providing the necessary 
sealing. Inverting the valve is also helpful. 

2. Stuffing boxes, if accessible, arc provided with lantern rings and alemite or 
other grease connection for intermittent grease injection. This arrangement excludes 
the fluid from the packing for only a brirf period, in addition to which it is frequently 
neglected. In lubricated plug cocks, the fluid injected to lubricate the plug serves also 
to seal the stem packing. 

Most of the troubles associated with valve-stom packings would be avoided if 
manufacturers would provide sealing connections and if users would couple these to a 
central source of lube oil at a pressure greater than that of any of the fluid lines or else 
provide each valve with a properly designed spring-loaded grease cup. Some such 
device is especially needed with control valves to minimize hysteresis resulting from 
valve-stem-packing fricl-ioTi. Such arrangements are for fluids other than pure water 
or oil, these causing no particular trouble if a slight leak is permitted. 

Certain valves impose special requirements on the stem packing. In some conical 
plug cocks, the stem packing is required to hold the plug in place; this necessitates a 
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somewhat denser cnnstruStlon than nsnal. in a phimhing fauscet, the stem paek^ is 
driven flush into the stufl^g box by the act of tightening the bonnet and is not there¬ 
after adjustable. This necessitates a packing that is closely controlled for volmne, 
does not lose Volume rapidly in servicCy and has voida to absorb thermal volume 
changes. The duck-nibber-slab packing meets these requirements. 

Eeciprocating expansion joints, although larger than valve stems, are similar in 
respect to service requirements, since movement is slow and infrequent and also since 
they are required to handle a wide variety of fluids. In addition to their use in pipe 
lines, they are employed in heat-cxchanger equipment of the double-tube (Fig. 1^23) 
and shell-snd-tube (Fig. 19-24) types. 



Fid. 19-24. Expansion joint—shell-and-tube heat exrhanger. 

llpcommeiidationa for valvp-stem and pxpansion-joint packings for various services 
are given in Tables 19-6 and 10-7. 


MISCELLANEOUS SLIDING-CONTACT PACKINGS 

The preceding material has dealt with parking the interface between concentric 
cylindrical members. Sliding-contact packings are also used to pack flat, conical, 
and spherical interfaces. 

Axial seals represent a type of flat-surface packing, although used in lieu of a Con¬ 
ventional cylindrical-aurface packing. More typical flat 
packings are those used with ported valves. As far as is 
known, the familiar stcam-pugine D slide valve depends 
entirely on mctal-to-mctal fit, but somewhat similar three- 
and four-way valves used for air, water, or oil arc sometimes 
parked along the flat interfaces. Ilelatively hard packings, 
such as Laminated phenolic resins, are used te avoid damage 
to the packing in passing ports. 

The only well-known application of a packing for a 
conical surface is the so-callcd ‘'lined” plug cork. The 
lining, which is really a packing, is required to pass ports 
as the plug rotates. It therefore must be made of firm 
material. A molded asbeatos-cbonile composition is 
favored. 

Spherical packings for ball joiiit.s arc widely used 
Ball joints are located in pipes t/O permit rocking or a com- jrjg. 19 - 25 , Mallet ball 
bination of rotation and rocking. One of the former type joint, 
is the Mallet engine joint shown in P'ig 19-25. In addition 

to packing the ball against steam leakage, the packing in this case is also required 
to support the ball thrust and therefore must be made of firm material. A folded 
asbestoB-fabric-rubber construction is currently employed. 
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(X&SSIIKATIOir AUD RBCOMWOtrSAIlORS 

Autit^^ iTote^ jeasket a&d TBoommendationB given in thie flection repre- 

eent merely the moat widely used industrial practice. Tliey do not pretend to be exhaustive 
fk&d undoubtedly there are instances under the various advice classidcations wherein t3^P^ 
of packing not indicated may be giving service equal to or better than the types shown. 

HOW TO SELECT PROPER PACKING 

Clasdificatian of mechanical packings and recommendations for specific services 
have been summarized in Tables 19-2 through 19-10. To select the proper packing 
or gasket for a specific service, refer to the appropriate table to find the type or 
types recommended. Then turn to the preceding classification table to interpret the 
recommendation. 

Example: To find recommended gasket for standard pipe flanges in ammonia gas 
service, see Table 19-3, in which gasket recommendations for utilities and general servicea 
are presented. For ammonia gas at temperatures up to 220'’F, style 211 gaskets are 
recommended* Now referring back to Table 19-2, in which flange gaskets are classified, 
it will be noted that style 211 gaskets are of the compressed asbestos type (2, first column), 
made from white asbestos fibers (1, second column), and bonded with natural rubber or 
GR-S (1, third column). 


Table 19-2. Clasaification of Flange Gaskets 

Nonmetallic gaskets 


General type 

Materials 

Forms available 

Reinforcement 

Binder 

1. Plain rubber or other 
polymer 

0. None 

1. Natural rubber or 
GR-S 

2. Neoprene 

3. Buna N 

4. Butyl 

5. Thioknl 

6. Teflon 

7. Polyvinyl chloride 
(Koroeeal, Tygon, 
etc.) 

8. Silicone rubber 

Sheet and gaskets cut 
from sheet 

Strip and gaskets spliced 
from strip 

Sleeves and gaskets cut 
from sleeves 

Molded shapes 

2. Compressed aebestosJ 

1. White asbestos 

2. Blue asbestos 

1. Natural rubber or 
GR-S 

2. Neoprene 

3. Buna N 

4. Butyl 

Sheets and gaskets cut 
from sheet 

3. Leather. 

1. Combination tannage 
leather 

2. C h r 0 III e -1 a n n e il 
leather 

5. Thlokol 

8. Wax 1 

9. Phenolic resin 

Hides and gaskets out 
from hides 

4. Braid. 

1. Flax or jute 

2. White Bshestos with 
copper or brass wire 

3. Blue asbestos 

0. None 

1. Natural rubber or 
GR-B 

8. Silicone rubber 

Eight-oairier braid 
Multiple-carrier braid 
(soUd) 

Multiple-carrier braid 
(hollow) 

Interlocking 

S. Fabrio. 

1. Cotton fabric (“Cl 
sheet”) 1 

2 Wliltedlieat os fabric 

3. White-asbGSt<» fabric 
with eopppr or brass 
wire 

4. Blue asbestos 

0. None 

1. Natural rubber or 
GR-B 

2. Neoprene 

8. Silcone rubber 

Sheets and gaskets cut 
from sheet 

Strip and gaskets spliced 
from strip 

Gaskets rolled or folded 
from endless sleeves 
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mw r 0 smm^T Fie&pss. FACKim 

Trtle 1*^ CUMSfiMtkm «t Slngi GaaMtk 


Nonmetanic gaBketB 


GeoMral tyr>e 

Materials 

Forms available 

Heinlorcement 

Binder 

A Palter. 

1. Vegetable fiber 

2. Vulcanised fiber 
(vegetable fiber 
treated with sine 
chloride) 

3. White aabestos 

4. Blue aabcfitos 

0. None except aisinR 

1. Natural rubber or 
GR-a 

Z. NsopTeue 

4. Butyl ^ 

B. Glue-glyDerine 

1 

Sheets and gaskets cut 
from sheet 



Metalijr and neTnimetallic easketH 


General type 


7. Solid metal.. 


B. Jacketed- 


D Spiral wound 


Materials of construction 

Gasket 

Filler 

1. Aluminum 

0. None 

2. Oojjper 

1. WhitP-asbestuH 

3. Iron or soft steel 

yams 

4. Mourl 

2. Blue-asbestus 

S. Stainless steel 

yarns 

6. Lead 


1. Aliiininum 

1. WhitB-asbesI OB 

2. Copper 

millb oard 

3. Iron or soft steel 

2. Compressed- 

4. Mune] 

white asbesl OB 

5. Stainless stoel 

3. Woven-afibestuH 

6. Lead 

fabric 

7. Ziuc 

4. Rubber or syn¬ 

8. Nickel 

thetic rubber 

9. Teflon 


1. Cadmium-plated or 

1. Whiie-asbestoB 

galvamscd low-oar- 

paper 

bon fitrel 

2. Blue-asbestos 

2. Stainless steel 

paper 

3. Monel 

3. Teflon 

4. Brunse 



Physical «hap^ or 
conatruBtiou 


Sketch ahowing 
crow aeotlon. 


1. Rcctaiigiilar or 
Hat 

2. Oval or octaR- 
oiial (ASA nngj 

3. Lena ekape 

4. Profile 

Q. Corrugated 


Rectangular 

• ~.J 

Oval 


'-'jy 


Profile 


jvwa 

Corrugated 
(without filler) 


1. French type 

2. Edge jacketed 

3. Semlcnclosed 
jacketed 

4. Totally eneloHcd 
jacketed 


1, Spiral-wound 
rrimped metal 
ribbon with 
interLaycre of fil¬ 
ler 


Corrugatod (wilh 
Asbestos filler) 

.1 

french type 

amm— i 

Edge Jocketed 

Semi-enclosed 
jacketed 

(am )" 1 


Totally-enclosed 
locketed 



!-^ 

is^uuiii 

i_1 


Spiral wound 
Asbestos lilted 
type 
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Sec. 191 - MECBANJCALBACKIWQS 


Table 19-S. ^Oasket Itecommeadatioaa toi Utilities and (raaeral Services 


Service 

Type of gasketed joint 

Standard jjipe flanges 

Large-diam 
flanged joints of 
tanks, boiler 
manholes, con¬ 
densers, etc. 

Irregular-ehape 
gasketed joints, 
cylinder heads, 
heat exchangers, 
etc. 


Up to 

220 to 

500 to 

Up to 

220 to 

Up to 

220 tu 

Temperature 

220“F 

SOO^F 

B00“F 

220“F 

600“F 

220“F 

500“F 

1. Water (boiler feed, cundeiifinte, 

101 

211 


lou 

211 

101 

211 

drinking, aea, calcium chluriile 

211 



211 

531 

211 

B?14 

brine, etc.) 




531 


8214 


2. Oil (fuel, hydraulic, heat trails- 

102 


... 

102 


102 


fer, lubricating) 

103 



103 


103 



211 

211 

8214 

211 

211 

211 

211 


H214 

8214 

7302 

82)4 

8214 

8214 

8214 


filB 



532 

532 

018 


3. Gasoline. 

213 



103 


213 



G18 



213 


618 



103 



532 


103 


4. Steam. 

101 

211 

1)211 

101 

211 

101 

211 


211 

1)211 


211 

531 

211 

8214 





531 

9211 

8214 


fi. Air. 

101 

211 


1UI 

211 

101 

211 


211 



211 

.... 1 

211 


6. Vacuum. 

101 



10 L 


1 

[ 101 


7. Ammonia gas. 

211 


... I 



211 


&. Freon. 

211 1 



211 


211 



212 1 



212 

:::: | 

212 



213 


1 

213 


213 


9. Dowtherm. 



7302 > 


8314 1 






7304 j 

1 

1 






7204 1 


! 
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TO SMimr FBOPBn BACK wo tteJ. 


Table 10-4. Gasket Iteceaune&daticme fox Cbemiod Services 


Service 

Standard pipe 
flanges 

Larger dia in 
flanged joints 
(manholes, 
distillation 
columns, 
etc.) 

Irregular- 
flanged joints 
(cylinder 
heads» heat 
eschangers, 
etc.) 

Glass, 

faoed> 

or 

fiaveg 

joints 

Temperature 

Up to 
Z20‘‘F 

220 to 
500“F 

500 to 
800®F 

Up to 
220“ F 

220 to 
B0O“F 

Up to 
220“F 

220 to 
600“F 

Up to 
220*F 

1. Water 

(Neutral, alkalme, er weakly acirl 
BolutiDns) 

Salt HolutiDDB and brinee i 

Ammaiiium nitrate \ 

Sodium carbonate 1 

Sodium chloride I 

Sodium hypochlorite I 

Sodium Bulfite 1 

Triaodium phosphate M 

Organic acids f 

Dilute acetic I 

Citric Y 

Lactic N 

Carbonic / 

Alkalies I 

Caustic soda I 

Caustic potash 1 

Aqua ammonia 1 

Slurries 1 

Miscellaneous 1 

Sugar solutioua 1 

Molasses / 

Dilute hydrogen pf'raxirlp ' 

101 

211 

211 


101 

211 

531 

211 

531 

101 

211 

531 

211 

531 

101 

2. Food products 

Aqueous 

Fruit iuiens \ 

Beverages 1.| 

Pharmacputinals / 

Oils and emulsions 

Milk 1 

Mayonnaise f 

101 

102 



i 

lUlj . 

102 !. 

1 

101 

102 


101 

102 

3. Mineral acids 

(With or without dissnlvcfl salts or sus¬ 
pended matter) 

Hydrochloric. 

Hydrofluoric (aqueous) . 

Hydroflu one (anhydrous). 

Fhoaphoric. 

Sulfuric to 60 per cent., .... 

Sulfuric above 60 per cent. 

Nitric to 60 per cent (including mix¬ 
tures with sulfuric) 

Nitric above 60 per cent (including 
mixtures with sulfuric) 

101 

]01 

106 

101 
J 101 
\ 211 
211 
f 106 
< 107 

[ 221 
/ 106 
\ 221 

211 
f 106 
\ 221 

f 106 
\ 221 

.... 

101 
101 
8021 
8931 
101 
101 
211 
211 
f 8921 
{ 8931 
1 221 
{ 8921 
-{ 8931 
1 221 

211 
( 8921 
{ 8931 
1 221 
f 8921 
< 8031 
1 221 



101 

101 

101 
101 
8931 
8931 
/8031 
1 644 

\ 107 
j 8931 
\ 644 

4. Oils and solvents 

(With slight or no swelling effect on 
natural rubber or OH-S) 

Alcohols 

Methyl alcohol 

Ethyl alcohol 
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^ 19 } MBCSAJilCAL PACKimS 


tald« lO-A. 'Gccket RMeimaMd«ti<WB for Ctonic^l {CMt.) 


Benrice 

Standard pipe 
ffangea 

Large-diam 
flanged joints 
(manholes, 
^sUlUtion 
columns, 
etc.) 

Irregular- 
flanged joints 
(cylinder 
headS) heat 
exchangers, 
etc.) 

Glass, 

glass- 

faced, 

or 

Haveg 

joints 

Temperature 

Up to 
220'»F 

220 to 
SOO^F 

500 to 
SOO^F 

Up to 
220“F 

220 to 
500*F 

Up to 
220*’F 

220 to 
500"F 

Up to 
220®F 

4. QUa and solvents (ConZ.) 

Glyoerine i 

Ethylene glycol ] 

Aliphatic aldehydes and ketones 
Formaldehyde i 

Acetaldehyde t 

Acetone I 

Methyl ethyl ketone \ 

Aliphatic amines / 

Mono- or di- or tiiethylamine 1 

Mono- or di- or trimethylainine 1 

Aliphatto nitro compounds 1 

Kitrom ethane 

Nitroethane j 

Bilioone oils ' 

101 

211 

211 


101 

211 

531 

211 

531 

101 

211 

8214 

211 

8214 

101 





(With slight or no swelling effect on 
Neoprene or Buna N) 

Aliphatic ethers 1 

Diethyl ether 1 

Dimethyl ether 

Cellos olve 1 

Animal ft vegetable oil j 

Lard oil f 

Cottonseed oil I 

Aliphatic hydrocarbons V 

Crude oil y 

Petroleum napfatha / 

Gasoline 1 

Kerosene | 

Gas oil 1 

Fuel oil 1 

Lubricating oil I 

Freon / 

F-11, F-12, F-122 / 

102 

103 

211 

212 

213 

618 

211 

212 

213 


102 

103 

532 

211 

212 

213 

618 

211 

212 

213 

532 

102 

loa 

211 

212 

213 

618 

6214 

211 

212 

213 

8214 

102 

103 

618 






(With strong swelling effect on all 

rubbers) 

Phenols 1 

Phenol-anhydrous (carbolic acid)! 
Cresol 1 

Aromatic aldehydes and ketones 1 

Bensaldchyde 1 

Acetophenone m 

Cyclohexanone f 

Aromatic ethers I 

Dibenzyl ether 1 

Esters V 

Methyl acetate / 

Butyl acetate / 

Aromatic or ierpene hydrocarbons 1 
Benzene i 

Toluene a 

Xylene 1 

Coal tar 1 

Naphthalene I 

Manufactured gas drip oil / 

Turpentine / 

211 

212 

213 

105 

106 
618 

211 

212 

213 

106 


211 

212 

213 

105 

61B 

8931 

211 

212 

213 

8031 

211 

212 

213 

106 

105 

618 

8214 

211 

212 

213 

100 

8214 

106 

018 

8081 
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mm m m 


TAlilel#:4« llmii)tteiir^U^i«^ Ck^aaMk Servieet (Cdn^.) 


Nervine 

Standard pipe 
flanges 

Large-diam 

flanged 

(manh^B, 

distiUation 

columns, 

etc.) 

Xrregular- 
flanged jmntB : 
(oytinder 
heads, bent | 
exehangerst 
etcj 

iarmL 

nr 

Haxeg 

joints 

Temperature 

Up to 
220“F 

1 

220 to 

300"r 

500 to 
800"F 

Up to 

220'*r 

220 to 
600“!' 

Up to 
220«F 

220 to 
500“r 

Up to 
220"F 

4. Oils and aalventa [Cant,) 

Pinane \ 

Aromatic amines \ 

Aniline 1 

Mono- or di- nr triethylaniline 1 
Mono- or di-butylaniline 1 

Di-phenylamine § 

Benzidine 1 

Aromatic nitro compounds 1 

Nitrobenzine \ 

Di-iiitrobenzine / 

Mono- or di-nitro toluene I 

Chlorinated bydrocarboua 1 

Carbon tetrachloride 1 

Chloroform 1 

MonorhloVbenzene I 

Trichlorethylene 1 

Freon F-21 / 

Carbon bisulfide / 

1 

J 

1 








6. Special liquids 

Liquid chlorine i 

Liquid bromine r . 

Sulphur chloride J 

Acetic acid (cone.) \ 

Acetic anhydride / 

90 per cent hydrogen peroxide ) 

Tin and titanium chloride j ' • • • 

106 

8931 

211 

106 

211 


8931 

211 


106 


8931 

6. Dry gases 

(With little effect on gasket matcnals) 
Acetylene v 

Carbon monoxide \ 

Carbon dioxide I 

Ethane J 

Ethylene / 

Hydrogen 1 

Helium \ 

Methane / 

Natural gas 1 

Nitrogen 1 

Propane 1 

Producer gae 1 

Sulfur dioxide / 

Hydrogen chloride ' 

101 

211 

211 

7204 

9211 

7204 

8811 

101 

211 

531 

211 

531 

101 

211 

211 


7 Special gases 

Oxygen 

Chlorine and bromine 

Hydrogen fluoride (HF) 

106 

211 

106 

106 

211 

106 

8811 



] 
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Talile ClisBificatiidii ol Rdtil, Plime«T, or Sholt Poddogv 

A. Ooovention&l rod, plunger, or Bhgft paokings 


Typo 

Keinforcement 

Binder 

Physical shaxie or 
method of fabricating 

1. Plain 

D. None 

1. Natural rubber of 
GR-B 

2. Neoprene 

3. Buna N 

4. Teflon 

1. Rectangular cross sec¬ 
tion (coil) 

2. Round cross section 
(“0” ring) 

3. Nested V rings 

4. Nested cones 

5. Flange packings 

6. U packings 

2. Fibrous ('‘plastic” 
packing) 

1. White asbestos 

2. White asbestos with 
load particles 

3. Blue asbestos 

4. Teflon flake 

0. None 

1. Natural rubber of 
GR-S 

2. Neoprene 

3. Buna N 

8. Castor oil 

6. White petrolatum or 
(equivalent 

1. Bulk, or extruded 

d. Felt 

1. Wool 

0. None 

1. Natural or synthetic- 
rubber interlayers 

1. Cut strips or rings 

4. Leather 

1. C'ombinatiuii tannage 
leather 

2. Chrome-tan II ed 
leather 

1. Synthetic rubber 

5. Wax 

9. Fhenoli B resin 

1. Nested V rings 

2. Flange parkings 

3. U packings 







1 

1 





(■) Flangs er hot pocking 


Ml U ring 


Flo. 19>26. Plain rod packings (see Table 19-5, Types 1 to 4). 
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B&W- TO AELS&r i>&(S^BB.f'ACKlNO 

Table CUaitifitatkkii of Rod, Rldiiger, or ^kMit Packitii^ (Cone.) 


CobveirtiOiuil tod, lounger, of slwlt paelcii)^ 


Type 

RGinforrement 

Binder 

Physical shape or 
method of iabdestine 

5. Twist 

1 Cot tun yarn 

2. Whito-oHbi^jstos yarn 

3 Blue-aBbestOfl yarn 

4. Aluminum foil with 
or Without uore 

5. Lrad foil, with or 
without core 

D Copper foil, with or 
without core 

O. None 

1. Natural or aynthetir 
rubber 

5 Mineral or fatty oil 
or w'ax, or mixtures 

6. White petrolatum or 
equivalent 

P. Castor oil 

9. Shcllae 

1. Twisted strands of 
yarn or ribbons of 
metal foil 

f). Braid 

1 Cotton yam 

0. Nous 

1 Fight-earner braid 


2 Flax ramiB or jute 

3. Eayun 

4 White-aabeetos yam 

5 Whitc-aibestoB yarn 
with metal 

6. Blue-asbestoa yam 

7. Teflon nbbon 

1. Natural or synthetiD 
rubber 

4. Chlorinated or fluori- 
nated lubricants 

5. Mineral or fatty oil 
or wax, or mixtures 

6. White petrolatum or 
equivalent 

7. Higli-flaah mineral oil 

8. Glycerine, aonp, or 
mixtures 

2. Multiple-carrier braid 

3. InterlockinE braid 






Flo. 1^28. Types of braid (sea Table 
1^, Type 6), (o) Eight-carrier; (h) 

multiple carrier; (c) interlocking. 



Flu. 19-27. Twisted packings (see 
Talde 19-5, Type 6). (a) Twisted 

asbestos valye-stem packing; (l^) 
twisted metal-foil—formed rings; (c) 
helically wrapped metal foil—on spiral 
f&mu V 
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fflfale 19^ M Roult llangBti Shaft R^ckiiigp W<mt.) 

A* CoAventiMal k4i plAfiaor• or alu^ paddni^ 


1. Cotton duck 

2. White-BsbeBtos fabric 

3. Bluc-aabeetos fabric 


1. Natural rubber of [ 1. Rectangular oroeeaec- 


GR-S 

2, Neoprene 

3. Buna N 

9. PhenoUc ream 


tion out from slab 

2. Same with diagonal 
plies 

3. RectanKular or round 
cross section-rolled- 
with or without a 
rubber core 

4. Channel vnth lead 
core 

5. Nested V rings 

6. Nesierl cones 

7. Flange packings 

H. U packings 

9. Segmental cut rings 














mw m miscf fmopms PACx/m 




Table lS-41. Claasification if Rod, Plainer, or Shaft Fadda^ (ConlO 

A. Oonveotionia rod* plunger^ or ahoft p«ckin0i 


Type 

ReinfureemexLt 

1 Binder 

PhyisBel diape er 
method of labrioetlng 

g Combinaiioufl of rub- 
tier or fabric rubber 
with braida 
(Compcment parte 
made up of Types 1 

6, or 7) 

g. Solid metal or carbon 

1 Cast iron 

0« None 

1. Braid with mbbet 
back 

2. Braid with rabber 
core 

3. Braid oontained in 
channel of rubberised 
fabric 

4. Braided and duck- 
rubbcr rings encased 
in skeleton ootiDii 
braid or inuiliu 
wrapper 

1. Bpht nngs 


2 Bronie 

3, Babbit 

4. Graphite 


2. Segmental out rings 


B. Radial neals 


Beal element 

Spreader or 
spring 

Endosuie 

Type 

1. Neoprene 

0. None 

0. None 

1. Solid nng 

2 Buna N 

1. Garter 

1 Metal case 

2. 6pbt or out open 

3. Leather 

4. Felt 

5. Combination 

2. Lug 

2 Embedded metal reinforcing ring 

3. Phenolic resin outer nng 

4 Frictioned fabric outer nng 




(o) Metal case-gorier spring 



MU 

(c) Embedded melol - no epring 



Fio. 19<31. Metel-rod pBckiogs (see TaUe 
1^, Type 9). (a) Piston-ring seel; (d) seg¬ 

mental nng—redial cut; (c) segmental ripg— 
tangential out. 

Fio. 19-32. Kadial seals (see Table 
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Sac. UQ 


MECHANICAL PACKINOS 




Flo, 19-33- Axial aeals (see Tabla 19-dC). 


Table 19-6. Claasiflcatiaii of Rod, Plunger, or Shaft Packings (Coni.) 

C. Axial seals 


Type 

Arrangement 

S^al faces 

Suspension 

Stationary 

llotating 

Type 

Materials 

1. Single inside 

1. Suspended eeal 

1. Carbon 

1. Carbon 

1. Sliding contact 

Ap per 

2. Single out- 

stationary— 

2. Konferrous 

2. Nonfermus 

a. 0 ring 

Table 5A 

Bide 

"regular” 

metal 

metal 

ft. V ring 


2. Double ex¬ 

2, Suspended seal 

(bronze) 

(bronze) 

c. 'Wedge ring 


panding 

rotates—^‘‘in¬ 

3. Laminated 

3. Laminated 

d. Packing 


4, Double eon- 

verted*' 

phenolic 

phenolic 

2. Flat diaphiagjfh 


trading 


4. Teflon 

4, Teflon 


As per 






Table 5A 
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Hdw TO SELECT EEOPEE PACKING {Eto. M 


Table Classificatioit Ptimgei', ot Shalt Packiaga (Cont ,} 

_ C. eealfi 


Type 

Arraugsnieut 

1 Seal faces | 

1 ' Suapension 

Stationary 

Rotating 

Type 

Materials 

5. Tandem 


5. Cast iron or 
steel 

6. Cast iron or 
steel—^hord- 
faced 

7. Stainless 
steel 

a. Slainless 
steel— hard- 
faced 

9. Silicon iron 

G. Cast iron or 
steel 

G. Cast iron or 
steel—hard- 
faced 

7. Stainless 
steel 

8. StoinltMSB 

st eel—hard- 
faced 

9. Silicon iron 

3. Bellows 

As per 
Table SA 


Table 19-6. Packing Recommendations for Utilities and General Services* 


Service 

Type of packed joint 

I’umpp, blowers, fans, and 
similar rotating shafts 

Vahx stems, expan¬ 
sion jointa, flDating 
heads of heat 
exchangers, etc. 

Reciprocating Tods 
of engines, pumps, 
compTBsaors, hy¬ 
draulic presses, and 
fluid motors 


Up to 

220 to 

500 to 

Up to 

220 to 

500 tc 

Up to 

220 to 

500 to 

Temperature 

220°F 

500‘»F 

800®K 

220®F 

600“F 

800“F 

220'’F 

500"F 

SOO'T 


045 



645 

657 


625 










7115 










4151 



cium chloride, brine) 










2. Oil (fuel, hj'draulic, 

r>58 

558 

548 

558 

558 

548 

7125 

7225 


heat-transfer, lubri- 

550 

551) 

Axial seal 

550 

550 


4191 



eating) 

Axial seal 

Axial seal 









048 



648 



7125 




228 



228 







Axial seal 









4. Steam.. 

S402 

551-0 

Labyrintli 

045 

657 

057 

1 

651-0 

561-0 



558-0 



7213 

561 


558-0 

568-0 


Axial seal 

9502 



7215 

568 


7213 



1/abyrintb 






9202-0 

9202-0 



Axial seal 








5. Air... 

310 

645 


045 

657 


4151 

7213 



045 






7125-0 

9202-0 



liabyrinth 

Axial sea! 

i 








Axial seal 


! 







6. VacLiiiTio. 

558-0 



645 



9202-0 

9202-0 



550-4) 


1. 




558-0 

558-0 



Axial seal 


i_ 




550-0 

550-0 


7. AcnmnniR. . . . 

55fM) 

: 

648 



7112-0 




550-0 



7112 


... 

558-0 




Axial seal 


1. 




559-0 






I 




0102-0 




. 





9302-0 



8. T^'rfinii. , . 

558-0 

! 

648 







559-0 



104 







Axial seal 



240 






!). Dowthenn. 

. 1 

548 

54B 


548 

548 





* As per olossifiBation Table 19-5A. 

Note: "O" following packing recomraendation denotes oil or grease seal. 
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»j iiEcaAmcAL PACKmes 

Tabta If-T. PuUdc RacommegiidatioBB for Chonicol SorrkeO* 


JStervioe 


TWikerature 


1. Water (neutral al-! 
kaline, or weakly 
aoid solutions) 

Salt solutions and 
brines 

Ammonium 
nitrate 
Sodium 
carbonate 
Sodium chlor¬ 
ide 

Sodium hypo] 
chlorite 


Type of packed joint 


Pumps, BSitaioTa, and similar 
rotating shafts 


Up to 
220*F 


Citric 

Lactic 

Carbonic 

Alkalies 

Caustic soda 
Caustic potash 
Aqua ammonia 
Slurries 
Miaoellaneous 
Sugar solutions 
Molaseefl 
Dilute hydro-j 
gen porozido 

2. Food products 

Aqueous 
Fruit juices 
Beyerages 
Pharma ceu> 
ticals 

Oils and emul-^ 
sions 
Milk 

Mayonnabe 

3. Mineral acids (with 
or without dissolved 
salts or suspended 
matter) 


220 to 
500"F 


Sodium sulfite 1 

645 

645 

Trisodium \ 

645-0 

645-0 

phosphate 

558-0 

558-0 

Organia acids / 

559-0 

559-0 

Dilute acetic / 

Axial seal 

Axial seal 


Axial seal 


500 to 

aou"F 


Valve stems, expan¬ 
sion joints, floating 
beads oif heat 
exchangers, etc. 


Up to 220 to 500 to 
220‘'F 500®F SOO^F 


545 


104 


■I 


Hydrochloric 

Hydrofluoric 

(aqueous) 


Hydrofluoric '(an-J 
hydrous) \ 

Fhoephoric \ 
Sulfuric I 

Nitric (including / 
mixtures with sul- j 
furic) " 


666 

245 

Axial seal 

246 

Axial seal 


566-0 

246 

Axial seal 

666 

246 

Axial seal 


666 

246 

Axial seal 
246 

Axial seal 


566-0 

246 

Axial seal 

666 

246 

Axial seal 


Reciprocating rods 
of pumps and 
compressors 


Up to 220 to 500 to 
220®F 600®F SOO^F 


625 

7115 


104 

104 

246 

245 

670 

670 

104 

104 

246 

240 

670 

670 

104 

104 

246 

246 

670 

670 

104 

104 

246 

246 

670 

670 


1043 


666 


** As per olassificatiou Table 10-5A. 
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BGWto sm^T Ts/o^si PACKtm ^10 

TtUe 19>T. PacUag Keeoiiua«D4iitiBiM for dwiaicajl Sofvfem (Conf.) 


Betviee 


Temperature 


4. OilB and BolventB\ 
(with eUaht or na\ 
aweLUna effect on 
natural rubber or 
GR'S) 

Aleohola 

Methyl alcohol 
Ethyl alcohol 
Glycerine 
Ethylene glycol 
Aliphatic alde-| 
faydea and ke-l 
tonea I 

Formaldehyde \ 
Aoetaldehji'de N 
Acetone / 

Methyl ethylj 
ketone I 

AUphatio I 

aminea \ 

Mono- or di- or 
trielhylamine 
Mono- or di- or 
trimethylaniinc 
Aliphatic rutro 
compounda 
Nitromethane 
Nitroethaiie / 
“Silicone" oila / 
(with aliEht or no 
swelling effect on 
Neoprene or Buua N) 
Aliphatic ethers 
Diethyl ether 
Dimethyl ether 
Celloaolve 
Animal and \ 
vegetable oil 1 
Lard oil | 

Cottonseed oil ' 
Aliphatic hydro- 
oarbona 

Petroleum \ 
naphtha V 

Gaaoline f 

Keroaene '1 

Gaa oil I 

Fuel oil / 

Lubricating oil I 
Crude oil } 
Freon 
F-11, F-12. 

F-122 


Type of packed joint 


Pumpa, afi^tatora, and si mila r 
rotating shafts 


Up to 
220®F 


645 

648 

Axial seal 


200 to 
SOO^'F 


MK) to 

aoo^F 


648 

Axial seal 


fij6 

559 

Axial seal 


558 

559 
048 

Axial B*»l 

558 

559 

Axial seal 
Axial aeal 


558 

559 

Axial aeal 


558 

559 

Axial aoal 


548 

Axial seal 


Valve stems, expan¬ 
sion joints, floating 
heads nf heat 
exchan ii^rs, etc. 


Up to 
220‘‘F 


104 

645 

648 

670 

240 


648 

104 

670 

240 

558 

559 


648 

104 

240 

670 

558 

559 


104 

240 

648 


220 to 
500*^ 


558 

559 


558 

559 


500 to 
8U0“F 


54S 


Beoiprooating nxls 
of pumps and 
compreaBQtH 


Up to 
220*F 


7115 

415 


7125 


7126 

558 

558 


7125 


7125 

558 

559 

7125 


220 to 
SOO^F 


7225 

558 

559 


7225 

558 

556 


500 to 

SOtPF 


548 
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MECHANICAL PACKINOS 


Table Paddng Recommendatioiis for Cbemical Services (CufU.) 


ServicB 

Type of packed joint 

Pumps, agitators, and similar 
rotating shafts 

Valve steins, expan- 1 ^ j 

joints, Rst ProtnliUK rods 

head, nfhnat of pump, and 

exehanjtete, Bte. oompreeeoia 

Temperature 

TJp to 
220“F 

220 to 

aoo'T 

§1 

LTp to 
220‘’F 

220 to 
500“]’ 

500 to 

8ou“r 

= ^ 

=. = 

220 to 
500'’F 

500 to 
800“F 

1. Oils and solvents 
(Coni) 

(with strong swell-' 
ing effect on all rub¬ 
bers) 

Phenols 

Phenal-anhy- 
drouB (carbolic 
aeid) 

Gresol 

Aroinatio alde¬ 
hydes and ketones 
Benzaldehyde 
Acetophenone 
Cyclohexanone 
Aromatic ethers 
Dibensyl ether 
Esters 

Methyl acetate 
Butyl acetate 
Aromatic or ter¬ 
pen e hydro¬ 
carbons 

Benzene 

Toluene 

Xylene 

Coal tar 

Naphthalene 
Manufactured 
gas dnp oil 
Turpentine ^ 

PInene 

Aromatic atiunes / 
Aniline 

Mono- or di- or 
triethylanilin e 
Mono- or di- 
butylamliiie 
Di-phenylam- 
ine 

Benzichiie 
Aromatic mtro 
rompounds 
Nitrobenzirie 
Di-mtroben- 
zine 

Mono- or di- 
nitro toluene 
Chlonnated 
hydrocarbons 
Carbon tetra¬ 
chloride 
Chloroform 
Monoehlorbcn- 
zene 

Triohlorethyl- 

ene 

Freon F-21 

Carbon bisul- 1 
fide i 

1 

648 

t Axial seal 



in^ 

240 

U4S 



048 

! 
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BOW TO BBLMCT PBQPMB.PACKim ptic. 1»: 


Table 19-7. Packing BeeemtnendaiiQtta lor Cbenuool Senrioea iCotU^) 



Type of paoked joint 

Servioe 

Pumps, agitators, and wmilar 

Valve stems, expan¬ 
sion joints, floating 

Reeipro eating rods 
of pumps and 


rotating aliafts 

heads of heat 





exchangers, etc. 

compress ora 

Temperature 

Up to 

220 to 

5Dl) to 

Up to 

220 to 

500 to 

Up to 

220 to 

600 to 

220®F 

600“F 

SOO^F 

220*F 

600"F 

800*F 

220“F 

SOO'T 

aoo'’F 

6. Special liquids 

liquid chlDiinel 
liquid bromine 
Sulfur cbloride i 




674 



< 






104 














Acetic acid (cone.) | 

645 



G45 






Axial seal 
Axial seal 








Acetic anhydride .. 
90 per cent hydro- 

045 


1-. 








104 

Tin and titanium 



1 






104 

B. Dry gases (with little 









effect on gasket ma¬ 
terials) 










Acetylene V 

Carbon monoxide! 
Carbon dioxide 1 
Ethane 1 

Ethylene I 

Hydrogen I 

Helium 1 

G45-4) 

645-0 

645-0 1 

645 

645 

54B 

9102-0 

9102-0 


Methane \ 

Natural gas / 

Nitrogen 1 

568-0 

559-0 

558- 0 

559- 0 

54S-D 



568 

558- 0 

559- 0 









l^pane t 

Producer gas 1 

Sulfur dioxide 1 

Hydrogen chlor- / 

ide / 




7. Special gases 










Oxygen... 


104 



9402 




” 



240 






Chlorine and bru-v 
mine | 

Sulfur chloride 1 

240 





9403 




240 

vapor 1 

Hydrogen fluo-1 
ride (HF) ^ 

G74 



B74 
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MECBANJCAL FACKimS 


Table 19-8. ConventUmal PistoJi PackLogs 



, Materials 

Physical shape or 

Type 

Amnforcement 

Binder 

method of fabii eating 

1. Plain 

0. Nona 

1. Ebonite (natural rub¬ 
ber or GR-S) 

2. Soft natural rubber 

3. Neoprene 

4. Buna N 

5. Teflon 

1. Rectangular cross Beo¬ 
tian 

2. Round cross section 
(0 rings) 

3. Nested V rings 

4. Cups 

2. liBBiher 

1. Combination tannage 
leather 

2. Chrome leather 

1. Wax 

2. Phenolic resin 

3. Synthetic rubber 

1. Nested V rings 

2. Gups 

3. Fabric 

1. Cotton duck 

2. Fine cotton fabric 
(sheeting or drdl) 

3. White-asbestos fabric 

1. Semihard natural nib- 
her or GR-S 

2. Soft natural rubber 
or GR-S 

3. Neoprene 

4. Buna N 

5. Phenolic resin 

1. Rectangular cross sec¬ 
tion 

2. Nested V rings 

3. Cups 

4. Segmental cut rings 

4. Solid metal, earbrni, 
or eraphile 

1. Cast iron 

2. Bronze 

3. Graphite 

0. None 

1. Split ring 

2. Segmental cut rings 



(•) Cupa tf] 9«giii«ntDl out 

Fiq. 19-34, Piston packings (see Table 19-3, Types 1 to 4). 
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m^TomLBcurmpmpACKim 

TaU*l»-4. firta»»ydatte »U«i>iniinHid«ttBa« £ac PgMiMw«ad'Owtal SaWtef 


Service 


Type irf packed jeiiit 


Indde packed tdiioai^ of 
puni^, compreeeorB, 
hydraulic precsee, fluid 
motorc, etc. 


Temperature 

1. Watiff (boiler feed, condeneate, drinkinp; water, sea water, calcium 
chloride brine) 

2. Oil (fuel, hydraulic, heat tranefcr, lubriuatiiue). 


3. Gasoline.. 

4. i^tcani.. .. 

5. Air. 

G. Vacuum . 

7. Ammonia 


Up to 220"F 

220 to 500'’F 

2112 

3211 

3113 


1042 

2121 

2122' 

3133 

4101 

3151 

2132 

3151 

4101 

3151 

4101 

4101-0 

2122-0 

3133-0 

4101-0 

4101-0 

2122-0 

3133-0 

4101-0 

4101-0 



Table 19-10. Piston-paddng Recommendations for Chemical Services 


Service 


Type of packed itnut 

Inside packed pistons of 
pumps, compressoiB, 
hydraulic presses, fluid 
motors, etc. 

Temperature 


Up to 220®F 

220 to 500°F 

1. Water 

(Neutral, alkaline, or weakly acid BolutionR)\ 
Salt snlutiouB and brinea 1 

Aiiimpniuni nitrate 

Sodium carbonate 

Sodium chloride 

Sodium hypochlorite i 

Sodium Bulfite k 

Trifl odium phosphate 1 

Organic acids 1 

Dilute aoetio \ 

Cltrio 

Lactic i 

). 

3211 

3113 


Carbanio / 

Alkalies 1 

Caustic soda 1 

Caustic potaeh 1 

Aqua ammonia ] 

Slurries 

MiecellaneDUB 

Sugar Bolutions 

Molasses 1 

Dilute hydrogen i>eroxide / 


1 
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&CC. MECBANWAL PACKINGS 

Tafato Hston-pacJdng RecoimneadatiDns lor Chemical Services (Cool.) 

Type af packed Joint 


Service 


Inaide packed pistoiu of 
puuipe, compreBBon, 
bydraulio preesee, fluid 
moton, etc. 


Temperature 


Up to 220“F 220 to COO^F 


2. Oile and eolvente 

(With eliaht or no ewelLiiiK effect on natural rubber or GH-S)\ 
Alcohola 

Methyl alcohol 
Ethyl alcohoL 
Glycerine 
Ethylene slycol 

Aliphatic aldehydea and ketonea 
Formaldehyde 
Acetaldehyde 
Acetone 

Methyl ethyl ketone 
Aliphatic amines 

Mono- or di- or triethylamine 
Mono- or di- or iriinethylamine 
Aliphatic nitro compounds 
Nitromethane 
Nitroethanc 
Silicone oils 

(With alight or no swelling effect on Neoprene of Buna N)\ 
Aliphatic ethers 
Diethyl ether 
Dimethyl ether 
Cellos Dive 

Animal and vegetable oil 
Laid oil 
Cottonseed oil 
Aliphatic hydrocarbons 
Crude oil 

Petroleum naphtha 
Gasoline 
Kerosene 
Gas oil 
Fuel oil 
Lubricating oil 
Freon 

F-II, F-12, F-122 

(With strong swelling effect on all rubbers)^ 

Phenols 

Phenol-anhydrous (carbolic acid) 

CTiesol 

Aromatic aldehydes and ketones 
Benaaldehyde 
Acetophenone 
Cyclohexanone 

Aromatic ethers 
Dibenayl ether 
Esters 

Methyl acetate 
Butyl acetate 

Aromatic or terpene hydrocarbons 
Benzene 
Toluene 
Xylene 
Coal tar 
Naphthalene 

Manufactured gas drip oil 
Turpentine 
Pinene 


3211 

3113 


31.11 
3113 


3131 
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B0W TO nMLEcf ^ACKim psc.; 

TilI^« lteeoiii]ii«iidal^^ for dientiail S«rv!eef (CWf.) 


^ Typeof pBckfid jc^t 


1, 


Service 


Temperature 


Iniide packed pbtona 
puRKpei ccroi^reBaon, 
hydraulic preasea, fluid 
motors, etfl. 


Up to 220“F 


220 to 500<^F 


Oil and moI vents {Cant.) 
Aromatio amiuee 
Aniline 

Mono- or di- or tri- 
ethyiaiiiliue 

Mono- or di-butylani1ine 
Di-ph an ylamine 
Brnxidino 

Aromatic nitro eompounda 
Nitrobouzine 
Di-nitrobenzine 
Mono- or di-nitro toluene 
Chlorinated hydrocarbons 
Carbon tetrachloride 
Chlnroform 
Monochlorbenzene 
Tri chi oreihy len e 
Freon F-21 
Carbon biauliide 


31S1 


3X61 


3. 


Dry gases 

(With little effect on paokiug materials) 
Acetylene 
Carbon monoxide 
Carbon dioxide 
Ethane 
Ethylene 
Hydrogen 
Helium 
Methane 
Natural gas 
Nitrogen 
Propane 
Producer gas 
Sulfur dioxide 
Hydrogen chloride 


41Q1 4101 

4102 4103 


DIAPHRAGMS 

A packing diaphragm spans a gap between a moving and a stationary member, 
permitting limited motion in the former. It makes a fluid-tight contact with both 
members, with or without supplementary gaskets. 

Since a diaphragm functions in the same manner, 
oxcept for absence of leakage, as a sliding-contact pack¬ 
ing, there are diaphragm equivalents for ail the various 
types of sliding-contact packings. The diaphragm in 
the air motor (Fig. 19-3S) may be looked upon as the 
equivalent of a reciprocating piston pacldng. Such 
motors are used to operate valves, switches, or perform 
Any other simple mechanical act such as to apply 
brakes, press garments, or operate a recording instal¬ 
ment, Fluid pressure, in the case of a motor valve, 
may be derived from the fluid in the line or from air or 

other fluid supplied by a pilot valve which is itself Fio. 19-35, Air-motor dia* 
operated by the fluid in the line qt otherwise. If the pfaragzn. 











mo.mi 


FACKmos 


SsM Ifl ido defitmdthre to the diaphragm material, a emitafale riphon ofharttiteae ^id 
may be ioterpoaed. Thus, in the ease cyf steam-operated diaphragm motors, direct 
Goittaot of the diaphragm with steam is avoided by having a loop in the eonnecting 
pipe which fills with condensate. 

A of diaphragm packings is given in Table 19-11. 


Table 19-11. Classification of Diaphragm Packings 



Materialfl 



KeinfoTcpinent 

Binder 


1. Plain 

0. None 

1. Natural rubber (or 
GR-S) 

2. Neoprene 

3. Buna N 

1. Sheet (or ^iaphraeniH cut from sfaeet) 

2. Molded with dished or troushed contour 

3 Molded with cylindrical rorrugationfi (b«l. 
lows) 

2. Fabric 

1. Cotton 

2. Nylon 

3. GImb 

1. Natural rubber ' 

2. Neoprene \ 

3. Buna N 

4. Silicone rubber 

1 Sheet (or dlaphrafiunB rut from aheet) 

2. Molded with dished or trouebed contour 

3. Metal 

1, Carbon steel 

2, Stainleaa 

3. Bronze 

4. Aluminum 

0. None 

1. Sheet (or diaphragms cut from sheet) 

2 . Flat cornu'ated 

3. Cylindrical corrugated (bellows) 

4. Leather 

1. Sheepskin 

1. Animal or vegetablp ' 
oil 

1 Hides (or diaphragms cut from hides) 

2 Molfled wiUi dished or troughed rontour 


Sheet-metal diaphragms are used for diaphragm motors at high preasurrs. Flat 
corrugated metal is used principally for aneroid barometers and thermostats. Metal 
bellows (Fig. 19-36) are widely used in refrigerator control valves. They are availabh* 
in a limited number of sizes and need to be gasketed or soldered to adjacent parts. 



They have the advantage of long travel, which, how¬ 
ever, must not exceed the elastic limit of the metal, or 
early failure will occur by fatigue. Flat leather dia¬ 
phragms are largely usf^d in gas meters and regulators 
because of their resistance to benzol. Hat fabric-rub¬ 
ber diaphragms are used for general sendee. A few 
precautions to be observed in their use are shown in 


Fig. 19-37. Flat fabric diaphragms are capable of 
only about 2 in. travel per ft of diameter (I in. either aide of the plane of the rim), 
and in an effort to increase this, diaphragms are some^tiines bought premolded to 
various contours of which the simple dished contour (Fig. 19-33) is the beat. The 
advantages of molded diaphragms over flat diaphragms in respect to travel is very 
slight, however, and is frequently lost because of concealed damage to the fabric in 
the molding operation. Plain rubber is used when pressure differentials are very low. 

The cover compound on most fabric diaphragms is based on natural rubber or 
GR-S, but oil resistant synthetics are used for services against oil or against air con¬ 
taining oil, as in "‘garage-tyjje" air-compressor switch motors or in the unloading 
meGhanienn of large air compressors. Clovers of oxidized oil (oilcloth), nitrocplluiose, 
etc,, were used at one time for solvent service but have been largely displaced by the 
synthetic rubbers. Covers of sTlicxvne rubber are of interest where extremely hot air 
is involved. 


Corresponding to the piston pump is the diaphragm pump. Pump diaphragms 
are usuidly special because of the severe sorvire and possibility of early fatigue failure. 
Small diaphragm pumps are u.sed to pump fuel to the automobile engine (Fig. 19-39). 
A variant is the liquid-jiistoii diaphragm jnimp (ffg. 19-40) in which the diaphragm 
serves merely as a separator and is under no stress. Plain rubber, therefore, nan be 
used,^ Bimilar diaphragm separators are employed With air acctitnulatorB on oil- 
draulic systems wiiich function alternately as pumps and as motors. There are also 
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UECUAmCAL TACKINQS 


oaed aa air-c^Empressor piatons on portable spray outfits. This service 
is severe not only because of the speed of operation but also because of oxidation. 

Diaphragms are also used as valve-stem packingSi usually in the fonn of bellows^ 
as in the so-called '^packless'’ radiator valves. In the Saunders v&ive (Fig. 19-41), 
the diaphragm functions simultaneously aa a valve-stem packing and as a valve disk. 
Diaphragms of many different materials are available to combat various fluids. 

Axial seals employing diaphragm suspensions, l>oth flat and cylindrical, have been 
mentioned under Hotary Shaft Packings. The domestic refrigerating-machme crank¬ 
case Be.al was, until recently, the principal market for the metal bellows. Some of 
the bellows used on water-piunp soak, as in the familiar automobile-radiator pump, 
are of plain rubber, the pressures being insufficient to necessitate any reinforcement. 



Fio. 19-42. Bellows expansion joint. 




Fig. 19-43. Diaphragm-packed float valve. 


Other uses for packing diaphragms are (1) the bellow'S expansion joint (Fig. 19-42), 
replacing the usual sliding-contact type, and (2) the diaphragm-packed float valve 
(Mg. 19-43). These permit rocking around an axis in additieii to straight push and 
puU. The familiar Bourdon tube may be looked upon as a motor diaphragm adapted 
to produce rotary motion. Bellows with helical corrugations have been employed 
for the same purpose. 

PACKING TESTING AND EVALUATION 

Packing teste include field tests, bench tests, and laboratory tests. 

Field Tests. In the last analysis, there is no satisfactory way to evaluate a packing 
except to observe its performance under service conditions. The packing bill of any 
large process industry is sufficient to warrant employing an engmeer with nothing to 
do but to supervise packing performance. Such an individual should have at his 
disposal a card index with a card for each importiuit packing application, covering 
complete dimensional data, operating conditions, and a record of the life of each suc- 
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PACKim TESTim AH^D BVALUATION 


ceasive packing installed. An attempt should be made to detemine the ea^sea ol 
packing failure by examinatieu of removed mateiial and by periodio escammaijon of 
shcltB, cylinder liners, etc,, for scoring, excessive clearances, ndsaliipiment, and weave 
or gyration. Although such supervision is installed primarily to differentiate between 
packings of various suppliers, its greatest benefit consists in the prolonged life con¬ 
ferred on all packings by closer attention to the mechanical condition of equipment, 
to the installation of seals and other desirable aocessoriesi, mid to instruction of the 
operating force. In smaller organizations the functions of packing engineer, lubricat¬ 
ing engineer, and power-transmission engineer are frequently combined. 

Packings for original equipment are tested as part of the "'green run'’ to which 
the equipment is subjected on the assembly floor of the supplier's plant. Unfortun¬ 
ately these “green runs” are frequently of too short duration to tell much about 



Mechanical 

Flo, 19-46. Balanred-t>pe tester (one type). 



Fid. 19-40. Balanced-type tester (another type). 


packing performance, especially as most packings do not exhibit their best performance 
until after several hours or days of continuous running. Performance should there¬ 
fore be checked by tests run to destruction on a small ptirtion of the product. 

Bench Tests. For those who have the time and money to spend in accurate pack¬ 
ing evaluation, satisfactory results free from personal error can be secured on labora- 
t“ry bench machines set up to duplicate service. Figure 19-44 shows a cross section 
of a two-cavity bench tester suitable for all types of rotary shaft packings. Any 
medium at any pressure and temperature con be introduced into the interior, any 
si>eed of drive can be employed, and any degree of shaft runout can be induced by 
Wear sleeves of predetermined eccentricity. Leakage is collected and measured, and 
packing adjustments as necessary are made to maintain a predetermined leakage 
rate. Stuffing boxes can be modified to permit testa on radial or axial seals. In 
Figs. 19-45 and 19-46 are shown “balanced-type” testers suitable for testing tecipro-* 
eating rod packings and piston packings, respectively. In Fig. 19-47 is shown a 
device for continuously opening and closing valves—^it can be employed to teat v^ve- 
stem packings or valve disks. In Fig. 19-48 is shown a device for flexing diaphragms 
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steam ^ 

Fijo. 1!MS. Device for flexing diaphragms to destruction. 
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U> turn. The dwice ia m eoastmeted th&t tbe dlamtiie^ of jiistoa aad ej^Bader, 

the radii ui eomere^ the stroke, the nature and pressure of the actuating 
and tlie atnbiont teUiperattire can all be modified at will. All these dynamic 
can he made to indicate packing friction or record it continiioualy. In Fig. 19-40 is 


A ** Atfcorfg ffltufofmff patfs 

B “ Ptotans wifH intemof hgoting units 

Z” Magnetic axIsnsatMtar 

D - Tubs 

t-Rad 

r - GasHst tQ bt fisted 




Tig. 19-50. Flange tester installed m a lioavy-dutA test marbine. 


shown a flange tester for gaskets, and in Fig. 19-50 it is shown installed in a heavy-duty 
test machine. Tliis device can be nst'd to record gasket cotnpresston, creep, and 
rplaxatiou under practically all conditions of fluid medium, pressure^ temperature, ^md 
condition of fiange surfaces. In addition to their value for evaluating compatHtva^ 
packings, machines such as above described are invaluable as research toolu 
ing the etfect of varying operating conditmns on packing performance. 
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MECBANIOAL PACKINGS 


Laboratory feats. Laboratory tests for plain rubber packing include the following: 

Tmsile and Elongation Tests. Tensile and elongation tests are conducted on 
dumbbell strips on a test machine of the type shown in Fig. 10-51. Details for con¬ 
ducting the test are given in ASTH-D-412. Where the dimensions of the packing 
do not permit cutting the standard test specimen, approximate value can be obtained 
from nonstandard specimens. For instance, 0 rings can be tested over spo4)l jaws. 

Set Tests. Set tests include tension-set and compression-set determinations. 
Both involve the exposure of a stramed spcciincn to a predetermined temperature for 



a fixed time and the measurement of the resultant 
recovery. Tension-set tests are conducted on 
dumbbell (or equivalent) specimens in accordance 
with ASTlM-D-412. C-nmpression-set tests are 
conducted on cylindrical specimens which in cer¬ 
tain cases may bo plidfl up from thinner material. 
Method is given in ASTM-D-395. 

Hardness Tests. Hardness tests involve meas¬ 
urement of the penetration of a point of fixed di¬ 
mensions under a predetermined load. Spring- 
loaded portable instruments are generally known 
as “diirometers*' and record penetration on an 
inverted scale, ranging from 100 for a rigid object, 
down to about 20 for a very soft rubber. Method 
for calibrating and using these is given in ASTM- 
D-676. The ASTM penetration tester (sometimes 
known as the Olsen tester) and the plastometcr 
(Pusey h Jones) arc bench machines employing 
dead-weight loading. They are less convenient 
than the diirometers but more accurate in that they 
do not require calibration. Standard methods for 
employing these are given in ASTM-D-314 and 
D-513, respectively. 

Hot-air Aging TesU. Hot-air aging tests in¬ 
volve exposure of a tensile or hardness specimen to 
circulating hot air, the effect being measured by 
resultant changes in tensile, elongation, or hard¬ 
ness. Methods are given in ASTM-D-573. 
Closely related are the oxygen-bomb and air-bomb 
aging tests which are described in ASTM-D-572 
and D-454. 

Solvent or Oil-immersion Tests. Solvent or oil- 
iminersion tests involve immersion of tlie test 
spocixnon in a specified solvent or in lubricating oil 
for a predetermined time and temperature and 
measuring the resultant changes in volume, tensile 
strength, elongation, or hardness. Methods are 
given in ASTM-D-471. 

Modification of alwve tests applicable to com- 
pressed asbcBtos sheet are given in ASTM-D-733. 
Packings constructed from plied-up fabric can be 
tested for ply adhesion in accordance with ASTM- 
D-413. Standard methods are also available for 


testing paper, leather, yam, metals, etc. In addition, any of the recognized chemical 
methods for the separation and identification of ingredients may be applied to pack¬ 
ings of any type. 

A point to be observed in coimecliou with all laboratory tests is that they do not 
by themselves supply a measure of packing serviceability. Tliey are employed 
legitimately as a means of demanstrating the uniformity of successive shipments of a 
packing which has been originally approved on the basis of field or bench tests. 
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SECTION 20 


MATERIALS HAXn)LING 


CONSENTS 


CONVEYORS, ELEVATORS, PALLETS, AND FORK TRUCKS. 


1. Introduction 
II. Bulk matoriala 

III. Unloading 

A. RailroBd'Car unloadors 

1. Track hoppers 

2. Crane unloadcra 

3. notary car dumpers 

4. Power shovel 

5. Pneumatic unloaders 

6. Boxcar dumpers 

B. Boat unloaders 

1. Clamshell buckets 

2. Hulett unloador 

3. Belf-unloadine boats 

4. Pneumatic unloaders 

IV. Conveyance 

A. Bulk plevators 

1. Skip hoists 

2. Bucket elevators 

3. Types of bucket elevators 

B. Bulk conveyors 


BY R. F. Bbrqmann anj> RufsisELL K. Albright 

], Flight 

2. Drag-chain 

3. Conveying en masse 

4. Apron 

5. Eeciprocating plate feeders 

6. Screw 

7. Vibrating 
S. Belt 

C. Portable loaders and unloaders 

D. Bulldozerfi, Garryalla, and drag-line 
scraper buckets 

V. Package handling 

A. Elevators; portable 

B. Gravity roller conveyors 

C. Spiral chutes 

D. Conveyors 

E. Hoists and grabs 
VI. Skid and pallet handling 

A. Pallets 

B. Skids 

C. Fork and straddle trucks 


CONVEYOR AND CONVEYOR-BELT ENGINEERING, .by Charles W, Staackb 


I. Introduction 

II. Solving for total horsepower the belting 
must transTait 

III. Converting total horsepower belting must 
transmit into maximum belt stress in 
pounds 

IV. betermining type and nuiiiber of plies 
necessary 

A. Determining number of plies necessary 
for maximum tension 

B. Belt flexibility 

C. Standardization 

V. Determine cover thickness; back-cover 
thicknesa 

FREIGHT ELEVATORS. 

I. Introduction 

11. Elevator machines 

III. Motors and control 

IV. Mechanical equipment 

V. Applications of freight elevatora 


VI. Equipment over which belling must operate 

A. Types of driv^os 

B. Types of starting for conveyor drives 

C. Pulleys, beariuga, and idlers 

D. Recommended pulley diameters 

E. Take-ups for oonveyore; calculating 
take-up weight 

F. Vertical curves 

VIL Tripper horsepow^er and reduction-drive 
losses 

A. Horeepower for driven losses 
R..Belt weights 


BY E. M, Bouton 

A. IndustriaUtruck loading 

B. Motor-vehicle loading 

C. Gimerul freight loading 

D. Passenger loading 

VI. Elevator inainteuanoe 
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CONVEYORS, ELEVATORS, PALLETS, AND FORK TRUCKS 

WY R. F. Bergmann 

Vite-PrtddmU in Charge of Engineering, Link-Beli Company 
AND Russell K, Albright 
Pmfcssional Engines Link-Belt CoTtipany 

INTRODUCTION 

The handling qf materials, either in their raw state or as aemifiniahed or finished 
products, is a large and important problem in modern industry. P^flieient handling 
of materials is the conierstone in the layout of plants in the mass-production industries. 
Within a plant the movements of material should bo as few and as short as conditions 
will permit. Some layouts lend themselves to the use of gravity for moving the 
materials, decreasing the amount of machinery required. 

There are many different devices for elevating and conveying materials. Solving 
a particular problem requires the selection of a device that experience has shown to be 
suitable and one whose initial and maintenance costs arc consistent with the amount 
of work done. 


BULK MATERIALS 

There are many difficulties which arise in the handling of bulk materials which are 
not present in the conveying of units, pallets, or packaged gooils. Study should be 
given to the following factors: i)ossible degradation of the material, discoloration and 
impurities, abrasive effects, and dust produced with respect to its injurious effects 
on workers and the possibility of explosion and hre. 

The handling of bulk materials has been dividcid into two parts: unloading and 
fonveyanne. For a brief comparison of the types of elevators, see Table 20-1, and 
of conveyors, see Table 20-2. 

Table 20-1. Bucket Elevators 

Oeutrifu^sal \ Pfsrfect Oontimioi] Gravity Pivoted 

discharKc diecharise bucket dischargci I bucket 


C&rrying paths. 

Capacity range, tons 
per hr, material 
weighing 50 lb i>er ru 

Vertical 

Vertical to in¬ 
ch nation 15 
deg from ver¬ 
tical 

Vertiral to in¬ 
clination 15 
deg from yet- 
tical 

Vertical and 
lions on tal 

Vertical and 
borizAmtal 

ft. 

78 

34 

345 

191 

255 

Speed range, fpm. 

306 

120 

100 

100 

80 

Location of loading 
point 

Boot 

Boat 

Boot 

On lower huri- 
sonial nm 

On lower hori¬ 
zontal run 

Location of discharge 

Over head 

Ov^er head 

Over head 

On horizontal 

On hortsojital 

paint 

wheel 

wheel 

wheel 

nm 

nm 

Handling abrasive ma¬ 
terials 

Not pre¬ 
ferred 

Not pre¬ 

ferred 

Kecomroended 

Not recoin- 
meiided 

Heoommended 
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Table 20-2. Conveyors 


mJLK 
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MATBIUALS HANDLim 


tmoABING 
RaUroad-car TTnloaders 

Track Hoi^m. Track hoppers are used principally for materials shipped in 
bottam-dump cars, where requirements are not over 2 to 2^ tons per min of material 
weighing 50 lb per cu ft. The concrete foundation may be shaped tn form the hopper, 
or Separate steel hoppers may be installed below the track level. For effective dump¬ 
ing with a minimum of spill, it is recommended that the hopper be not less than 12 ft 
wide. A hopper 12 ft long will accommodate a 50<ton two-door car; while for a 70-ton 
four-door car (and for more effective discharge of a 50-ton car), the track hopper 
should be 22 ft long. To reduce depth of pit required and the cost involved for a 
22-ft-long track hopper, it generally is better to use two 12- by 12-ft units placed 
end to end. 

The speed of discharge of a car will vary greatly with the condition of the material 
at the time the car is unloaded. Fines mixed in with the load will often pack down 
during transit requiring the load to be loosened by barring or by striking the side of 
ibe car to vibrate the load loose. Pseked and pnriially frozen material can easily 
be removed by means of mex^hanical shaker units. Where the load is wet or frozen, 
the time of unloading may be as much as dou])led, even with additional laborers 
on the job. Mechanical devices such as traveling augers, shakers, and air-hammer 
spuds may be used to accelerate the dropping of frozen material. Under good con¬ 
ditions a car may be unloaded in 10 to 30 min, depending upon the size of car, size of 
hopper, characteristics of the material, and number of laborers assisting the operation. 

Cars may be spotted over the hopper by an industrial locomotive of the diesel, 
steam, fireless-steam, compressed-air, or electric type or by a capstan car puUer. 
The car puller is ideal for intermittent operation since the electric-motor drive need 
be operated only while the car is being spotted. Car movement is facilitated if the 
track is on a slight downgrade. 

The capacity of the elevator away from the track hopper should be great enough 
to provide sufficient room in the hopper for the dumping of the succeeding car, but 
not so large that the elevator will run empty an appreciable portion of the time. 

Crane Unloaders. A crawler, locomotive, or tnick crane, available from other 
duties, is sometimes used with a clamshell or orange-peel bucket to unload gondolas. 
Flat-bottom cars should be available, for the bucket cannot readily unload hopper- 
bottom cars. A track hopper leading to a pit at the side of the track is used where 
the type of car cannot be controlled, and the crane may handle either from the car 
or from the pit. 

Cranes are particularly adapted for temporar>’^ installations where unloading may 
be done into trucks, overhead bins, or storage piles. Some hand lalwr is required in 
the cleaning out of cars. Materials can also be received in bulk containers. In this 
case the units are usually removed by means of a mimorail or bridge crane. 

Rotary Cor Dumpers. In cases where the required capacit 5 ’' is greater than that 
which can be handled with a track-hopper installation, a rotary car dumper (see 
Fig. 20-1) is used. While the initial cost is considerably greater than a track hopper, 
the operational cost per ton is low. Two or three unskilled laborers are all that is 
required, and the device is so simple that one of these laborers can handle the opera¬ 
tional machinery. 

The mechanism consists of two portal end rings with a cradle 6up|)orted between 
them.. The end rings are rotated on pairs of supporting wheels at each end of the 
dumper. Cable-operated clamps lock the car to the rails by pressure on the top of the 
car during the dumping operation. 

The usual installation employs a switch eiigiiin to spot the cars on the dumper. 
Oars leaving the dumper are pushed onto an inclined track by the incoming car and 
are gravity-propelled to a storagt' yard. The capacity per hour will deinmd largely 
Oh the switching facilities available and may niii as high as 30 cars an hour. A full 
dumping cycle takes approximately VA ndn. A frozen load wrill require slightly 
longer. These units cannot be used where material is received in a frozen state unless 
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proviffionB ai-e made for melting doivn the beibM dumping. The duiaplng lame 
iB not affected by fitiekhig of the bottom gatea. Units will Inmdle cars of capaeiiaeB 
up to 120 tons, ' ^ 



Fla. 20-1. Rotary car dumper. 


Power Shovel. Where bulk material is to be unloaded from boxcars and the 
uuUiaduig-capacity requirements are moderate, a power shovel will efficiently perform 
the operation (see Fig. 20-2). The shovel is drawn into the car by the operator, where¬ 
upon a slight slackening of the rope from 
the shovel to the motor-operated drum njEv Riy-; 
serves to trip the mechanism engaging a 
rlutrh. The drum winds the cable pul- "" 

ling the shovel to the car door, at which " " _ 

point the clutch is automatically dis- t _ . 

engaged. At the door the material is I N KM81P 

discharged from the shovel into a hopper €L 

feeding the conveyors required to carry AH 

oiT the material, I “ ^31 ' \ \ 

F>om the description it can be seen 2 | ;? ^ 

fliat the power-shovel operation is fa- S p ' ** * ZH / f y i m i nriiHrw i n j- 
^iguing and hazardous. It, therefore, is j I '! A 1' , 

suggested that a gasoline-powered scoop ^ 

shovel be considered for these operations, -ry^ 

Pneumatic UnloaderB. The pneu- ! 

matic system, operating on the same Y\q. 20-2. Unloading box car by power 
prmcipk as the vacuum cleaner, is partic- shovBl. 
ularly suitable for dusty materi^ de¬ 
leterious to operators. The car-door bulkheads can remain in place, and the operator 
works from the outside except for final cleaning. A cyclone separates the mati^rial 
at the storage point, no elevators or conveyors being required, with the air usually dis- 
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^aa’gedi bag filter. P&eumatio \mits oan be ueed effidmtly with inaterUls 

neoeived'Ui oovered hopper ears with conaidcrahle eavinga in labor eoet for unloaidiiBg. 

Ihe tinloading capacity will depend on the physical properties of the material in 
addition to the amount of aJr pumped and the difference in air pressure between the 
two ends of the system. The capacity will generally be greater than that of a power 
ahoveh and the horsepower requirements wdll be higher. With high air pressures, 
abrasive materials may cause excessive wear at turns, and degradation of fragile 
materials may result. However, proper materials of construction, such as rubber 
lining or any of the many abrasion-resisting alloys, can solve these problems. 

Packed or dense materials, such as cement, can be unloaded through the use of a 
Fuller-Kinyon pump. In the portable self-contained unit, a horizontal disk feeder 
delivers the material to a choke screw feeder in which it is aerated and fed into the 
conveying line, the air and material mixture flowing somewhat like a liquid. 

Box-car Dumpers. For large capacities of grain or so^^beans a box-car dumper is 

usually employed (see Fig. 20-3). It consists 
of a s^ctural-steel cradle mounted on rollers 
at four points so as to permit endwise tipping 
in either direction to 40 deg from the horizon¬ 
tal and a car supporting platform pivotally 
mounted to permit sidewise tipping to an angle 
of 15 deg in one direction. The car is 
switched onto the supporting platform, then 
two end clamps engage the car couplers. The 
grain-door opening frame is brought into tson- 
tact with the car door and locked against 
backward movement. The ear is then tipped 
sidewiBe against the frame. This frees the car 
doors. The cradle is then tipped endwise, flrst 
in one direction, then in the other, removing 
the majority of the grain. A baffle plate is 
inserted diagonally across the car floor on the 
last endwise tip to remove the grain that 
might otherwise run past the, door opening. 
The car platform returns the empty car to 
a horizontal position, the door opener is withdrawn, the end clamps arc disengaged, 
and the platform is automatically locked. The empty ear is then ready to be moved 
off the platform. 

The time required for the complete cycle of operation is 4 min. Under favorable 
conditions eight cars per hour can be unloaded with two men, or four cars per hour 
with one man. 



Fjo. 20-3. Box-rar iluiiipei 


Boat Unloaders 

Installation of boat unloadcrs is very specialized, with each unit usually being 
designed for the particular job. Because the average plant does not receive bulk 
material direct from boats, only a brief mention of the types available is given. 

Clamshell Buckets. For average capacity requirements or intennittent service', 
a clamshell bucket working from a monorai^system gantry crane or cantileaTr bridge 
with tramway hoist will prove satisfactory. The unit may discharge into cars along 
the wharf, into stockpile, or into a conveying system. 

Hulett Unloader. The Hulett unloader consists of a gantry frame with a vertical 
leg having both vertical and rotating movements. A elamshell type of bucket 
operates at the lower end of this leg. The operator rides in the lower end of this leg 
where he is close to the work. Discjharge from the bucket is into a hopper and weigh¬ 
ing larry from where it may gn into railroad cars or conveyor system, Capacities 
with a 17-cu-yd bucket are from 1,000 to 1,500 tons per hr of iron ore weighing 150 
lb per cu ft. 

Self*ualoading Boats. With self-unloadpg boate, discharge from the boat to the 
wharf is over a belt conveyor mounted on a pivoted arm whieJh may be swung to 
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aide of tlifi boai^d Tsieed o^lowei^dL * Oai^^mos hom tbelnold on a jbitudc^ 
elevator <w belt conveyor wJiiqb in tnnn itf fed eitber by b«lt ^idnveyors or l^y drair 
acralpers operating in tunnels at tbe bottona of the bolds* tbdoadii:^ eapacilieKi are 
in tbe range of fioin 1,000 to 2^000 tons per hr. 

Pneumatic Unloaders. Grains are unloaded at the rate of d^$0D bu per br by 
suction systems. 

CONVEYAHCB 
Bulk Elevators 

Skip Hoists. Skip hoists (Fig. 20-^) may, in gencml be dasaliied into one of 
three tj-^pes: 

1. Single bucket without traveling emmterweigbt 

2. Single bucket with traveling counterweight 

3. Two buckets operating reciprocally 

The first type, in the simplest form, will consist 

of a rectangular bucket running on vertical or inclined 
tracks (or a combination of the two) with a hoisting 
cable and hoisting machine. Loading at the foot is 
usually' from a hopper, but a conveyor intermittently 
operated is sometimes used. At the top of its travel, 
the bucket is usually tipped to discharge the material. 

The use of a counterweight heavy enough to 
equal the dead weight of the bucket plus half that of 
the load will reduce the maximum motor load more 
than half, but the motor will be loaded in both direc¬ 
tions of travel. A common method of connecting the 
counterweight is to have the counterweight cable 
wound on the same drum as the bucket cable but in 
the reverse direction. 

In noiiautomatic operation the stopping of the 
bucket at the top and bottom is controlled by the 
hoist operator. In the semiautomatic device the 
operator starts the hoist, which is automatically 
stopped at the top of the bucket travel, and after 
a time lag sufficient to allow the bucket to empty 
completely, the hoist is automatically reversed t*o 
leturn the. skip to tbe starting position. It must 
now be restarted by the operator before another 
round trip is made. 

In fully automatic operation, the skip eontiinies 
to repeat its cycle until stopped by the operator. 

This requires some method of automatic loading, 
which may be one of four types; 

1. The measuring type, in which the bucket is 
loaded with a preiletermined volume of material before it n’commenees its upward trip 

2. The weight type, in which the bucket is loaded wdlh a predetermined Weight 
ol material before it starts its upward trip 

3. The fuU-bnckct type, in which the bucket udll start upward only after it has 
l>‘*en filled 

4. The time-lag type, in which the bucket remains at the bottom a sufficient length 
of time to allow it to fill, overflowing of a bucket being prevented by the damming 
effect of the material as it reaches its angle of repose (this has the dis^vantage tha’t,^ 
if the hopper should empty or tbe spout jam, the bucket will continue to run whether 
it is loaded or not) 

In the stock-piling of material a variation of the skip hoist is used in wMdh‘ the 
bucket, at the top of its travel on the rails, is lowered until it touches the top of the 
stock pile. This releases gates in the Ixittom of the bucket to dump the load, Hiima 

is no free fall of material with accompanying degradation. 
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MATERIALS HANDLJNO 


The sidp hoist may have a bucket capaeity of 30 to 200 cu ft and will operate at a 
eable ^peed of 40 to 450 fpm. In addition to these factors^ the tons of material handled 
per hour will depend upon the distance of lift and the weight per cubic foot of the 
material. Table 20-3 gives the capacities with fully automatic operation. 

Ihe skip hoist is dependable, easy to operate, has few moving parts, and for high 
lifts or large capacities, the first cost will be less than for any other type of mechanical 
conveyor. It is i>articularly adaptable for the handling of abrasive or corrosive 
materials or those which are either fine or lumpy. 

Bucket Elevators. Under this heading the following types of bucket elevators 
are discussed; centrifugal discharge, .perfect discharge, gravity discharge, continuous 
bucket, and the pivoted bucket carrier. For a brief comparison of these types see 
Table 20-1. 


Table 20-3. CapacitleB of Skip Hoists—Automatic goading, Fully Automatic 

Operation 




Tons ])c;r br, material weighing 




50 lb per cu ft 


fipeftd of bucket, fpm 

Lift, ft 


Jlurket hIzCi cu ft 




40 

1 

60 

80 

100 

150 

200 

80 (single speed, one bucket). 

40 

50 

75 

95 

120 

185 

245 


60 

35 

50 

65 

80 

125 

165 


80 

25 

40 

55 

65 

100 

135 


100 

22 

3D 

45 

55 

S5 

110 


120 

IS 

25 

35 

45 

70 

96 


160 

14 

21 

30 

as 

55 

70 

1 

200 

11 

17 

23 

29 

45 

65 

140 (eini^e speed, one bucket).' 

40 

70 

105 

140 

175 

265 

350 


60 

50 

75 

100 

125 

185 

250 


80 

40 

65 

85 

105 

156 

210 


100 

35 

50 

70 

85 

130 

170 


120 

30 

45 

60 

75 

110 

150 


160 

22 

35 

45 

66 

85 

no 


200 

18 

27 

35 

45 

65 

DO 

260 (two speeds, one buckft). 

60 

60 

90 

120 

150 

225 

300 


100 

50 

75 

100 

125 

190 

255 


120 

45 

65 

90 

110 

165 

225 


160 

35 

55 

75 

85 

135 

185 


200 

30 

45 

60 

75 

115 

155 

260 (two speeds, two balanced biirkcts). 

80 

115 

175 

235 

205 

445 

590 


100 

100 

155 

205 

255 

380 

510 


120 

90 

135 

ISO 

225 

335 

450 


160 

75 

no 

145 

170 

275 

370 


200 

60 

90 

125 

155 

235 

310 


Centrifugal-discharge Type. The centrifugal-discharge type (Fig. 20-5a) of 
bucket elevator usually consists of malleable-iron buckets spaced at intervals and 
attached to the chain or belt by special attachments. The material is delivered into 
a boot from which it is scooped up by the buckets, elevated, and discharged by being 
thrum from the buckets by centrifugal force wliile passing over the head sprocket. 
iVoper discharge action depends upon tlie diameter of head wheel, the speed and 
spacing of the buckets, and the location of the discharge chute, Tliis type of elevator 
is satisfactory for the elevation of material containing no large lumps where nominal 
capacity is required. For fine, dry, or abrasive zrateriala, a belt is usually used in 
place of chains. Where continuous service is required, it is better to use a slower 
speed elevator of the continuous-bucket type. Fine materials of li{^t density should 
never be handled in a centrifugal elevator. 
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MAmRIAiS HAMBLING 


Ptrftdrdiae^mge Type, The per{eclHii 9 oharge bucket eley^tar 20-56) Kfts 
buckets suspeiuicd et intervals botweea two strands of chain and operates at slower 
speeds than the centrifugal-discharge type. On the return side, just below the head 
wheels, are located a pair of idler sprockets tO deflect the chains and completely invert 
the buckets. These idler sprockets may be omitted when the elevator is operated on 
an incline. Because of the slower speeds, fragile materials may be elevated without 
the breakage that would occur with the centrifugal-discharge type, and the operating 
parts wear longer. 

Continuom Type. The continuous bucket elevator (Fig. 20-5r) consists of a 
continuous series of steel buckets on one or two strands of chain or a belt. The buckets 
are so shaped that the front of each will act as a deflector for the material being dis¬ 
charged from the succeeding bucket as it passes around the head w'heel. Thus clean 
discharge is effected at the slow operating speeds (from 80 to 125 fpin). An inclina¬ 
tion of the elevator w'ill permit the discharge chute to placed under the deflecting 
bucket, reducing spill. 



Fig. 20-6. Pivoted-buckut carrier. 

A feeding leg is usually used, particularly with lumpy or abrasive material, in 
which the material is fed to the elevator two or three buckota alxix-^e the foot wheel, 
eliminating the wear and strain of digging through an accumulation of material at the 
foot of the elevator boot. Elevators coii.structed in this manner are used extensiveh 
for the lifting of crushed stone, ore, coal, or other material of a bulky or gritty (diaractoi’ 
and for certain light and fluffy materials. 

The amount of material transported per hour by a continuous bucket elevator is 
relatively high, but the initial cost is higher thEui with the centrifugal- or perfect-dis¬ 
charge types, for more buckets are used, and since the loads are heavier, larger sizr 
mwhinery is required. However the lower maintenance of the continuous elevator 
will generally justify the additional cost. 

Gravtiy-discharffe Type. The gravity-discharge bucket elevator (Fig. 20-5d) was 
designed and is extensively used for elevating and conveying problems involving verti¬ 
cal and horizontal paths of operation or at inclinations up to 45 deg. The Steel 
buckets, approximately V-shap<"d in cross section, are fastened between two strands 
of chain at right angles to the pitch of the chain. The material is scooped up from the 
boot as the buckets pass aroimd the foot wheel and is elevated to the desired height 
where the backets turn around the head wheel and trough-turn to a horusontal position 
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of Bern the push the muMaI iteet^h iwm nrhieh^toar 

be diseharfged thfou^h g^tas or o]»eoiiige la the botMOi of the iree^. 

By the gatee on the discharge mn, the mafeeiial'iiiay be delivered into 

any one of a number of bms. A number of bias may aatomatkally be filled in ebriea, 
for when the first bin is full, the material will obstruct the opening, aiid the lollowJing 
material will be carried m to the succeeding bin. > ' 

The slow speed (approximately 100 fpm) of tke gravity-discharge type lessens 
degradation, for the pickup in the boot is slow, mid the discharge may be down an 
inclined chute. This type is satisfactory for handling anthracite lump or run-0f4.he- 
mine coal, but ashes or gritty material will cause excessive wear to the horiaontal 
troughs. 

Pivotfti-bitcket Gamer, The pivotcd-bucket rarricr (Fig. ^6) con.siats of a series 
of buckets pivotally suspended between two strands of roller chain and maintained in 
the carrying position by gravity. This permits a single carrier to traensport vertically^ 
horizontally, or on an inclined path. The buckets art? usually constructed with a 
lip which overlaps the succeeding bucket while on tbo horizontal path and aro fed while 
in this fKisition. Discharge must he made on a horizontal run and is performed by a 
jKirtable tripper overturning tlu? bucket. This alloVs tlie discharge point to be varied 
along the length of the horizontal run. The buckets are either righted by gravity 
or by a separate device. 

With this type of carrier, the power required is kept to a minimum as the friction 
losses are kept down by supporting of the bucket line on self-oiling rollers of large 
diameter. Elevating and conveying problems may be carried out through the use 
of one machine, and only one driving unit is required. liOng life i.s attained through 
the slow operating speed (from 40 to 80 fpm) ndth smooth, quiet operation. Abrasive 
materials may be transported without undue Wear. The system is economical to 
install and operate where the capacity and travel are not too great. 

BtriK CONVEYORS (See Table 20-2) 

Flight Conveyors. The flight or puslier type of conveyor (Fig. 20-7) was develoi>ed 
ah a means for distributing coal or other nonabrasive materials horizontally or at 
angles up to 45 deg. The material is leceived in a trough, pushed along by the flights 



or scrapers attached at intervals to a chain or chains, and discharged through gates 
in the Imttom or at the end of the trough. Conveying is done on the bottom nm. 

night conveyors are commonly used in boalerhouses and coal yards for tiie handling 
of coal which may lu' in the form of lumps or fines. The transporting of abrgsve 
materials will shorten t he life of the conveyor to a consklerable extent. The maxiinum 
usable inclination is approximately 45 deg. With horizontal conveyors capacities may 
be up to 360 tons an hr of coal at a speed of 150 fpm. ^ 

1411 


Bbc.m 


MATMBJALS HANDLING 


Dragx<lisiii l^veyors. Drag-diain conveyors arc simiUT to flight oonveyors in 
operation except that the flights are omitted, the conveyor consisting of nothing more 
than wide chain, of a suitable type, sliding in a trough and carrying the materi^ with 
it. It Operates at slow speeds (up to 20 fpm). A chain operating in a trough 20 in. 
wide and 8 in. deep, with a depth of material of 6 in., will carry 4.75 tons per hr of 
material weighing 50 lb per cu ft at a speed of 5 fpm. At other speeds and weights 
the capacities will be in direct proportion. Because of the slow speed, it is possible to 
handle abrasive materials with reasonable life if the chain and trough are constructed 
of hardened materials. 

Conveying en Masse. The mechanism of the en masse conveyors (Fig. 20-8) 
appears much like a flight conveyor enclosed in a casing. It consists of a series of 

skeleton or solid flights (or a combination 
of the two) connected together with articu¬ 
lated joints td form a continuous chain. 
It operates over suitable pulleys, or pulley, 
and is enclosed within a dust-tight casing. 
A wide variety of operating paths varying 
from horizontal to vertical may be obtained. 
The feed may be at one or more points on 
either the upper or lower strands of a 
substantially horizontal run, while the dis¬ 
charge points may be on horizontal or at 
top of vertical runs. 

The space requirements for installation 
of the casing are small. The cross-sec¬ 
tional area required is less than one-fourth 
that of a flight conveyor, approximately 
one-fifth that of a bucket elevator, and one- 
third of a belt conveyor. Vertical casings 
are not self-supporting. While higher 
capacities are obtainable, it is recommended 
that, for requirements of over 100 tons per 
hr (50 lb per cu ft of material), another 
type of conveyor or elevator be used. 

This conveyor is most suitable for 
handling pulverized or granular materials. 
Small lumps can be handled if they are not 
too large to enter or discharge. Corrosive, 
abrasive, or sticky materials should be 
avoided for the average installation. 

Apron Conveyors. The apron conveyor 
is made up of overlapping steel pans which 

Fia. 20-8. En masse convej-or. are carried between two strands of rolh '' 

chain traveling on suitable tracks on both 
the top and bottom runs (see Fig. 20-9). Movable or stationary retaining sides 
may be used to permit a greater depth of material to be carried. Apron conveyors 
are used extensi't^y for handling materials such os coal, ash, clinkers, sand, crushed 
stone, etc. A horizontal apron, 48 in. wide, wdth an average depth of 6 in. of coal and 
a speed of 50 fpm, will handle 100 to 110 tons per hr. Apron conveyors may be 
installed on inclines up to 25 deg. 

Apron conveyors make excellent feeders from track hoppers. The feeder usually 
does not have sides on the pans but uses stationary skirt plates to retain the material 
on the conveyor. When used as feeders, they usu^Jy operate at a slower speed than 
when used as conveyors. A 36-m,-wide apron with 18-in.-high skirt plates will handle 
45 tons per hr of coal traveling at 10 fpm. 

The standard apron conveyor will withstand greater shock in the loading process 
than will other types of conveyors; however, in applications such as are encount^ed 
in the mining field, a more nigged conveyor is required. An apron conveyor of modi- 
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fted design will permit the Gorrying til lumps up to 6 ft in diameter and weighing a ton, 
and tbeSe lumps may be dropped onto the conveyor from a ooneiderable height. l!he 
chains, rollers, ^rochets, and overlapping pans are usually made of manganese stedi. 
The chains are pl^od under the pans, away from the material, and the broad wearing 
surfaces of the chain links form substantial tracks for the closely spaced large-diameter 
rollers supporting the carrying run. On short feeders the return run is unsupported 
between the head and foot shafts. On medium- or long-center feeders, suitably spaced 
rollers carry the return run. 

Reciprocating Plate Feeders. Reciprocating plate feeders are rather inexpensive 
units and are very satisfactory as a me(huta for feetRng incline belt oonveyois startup 
under track hoppers. 

Screw Conveyors. The helical screw conveyor (Fig. 20-10) is portieuiariy adapt* 
able to the conveying of small-sized material such as grain, cement, cottonse^, 
pulverized coal, sand, etc. Where cleanliness or corrosion resiatance^is a factor, as in 
the food or chemical industries, the component parts may be made of special metals 
(brass, stainless steel, sluminum, etc.). In cases where abrasive materials are to be 



I IQ. 20-9. Apron conA’-ej'^or. 


handled, hardened parts are used, and the screw may have a thickened wearing edge, 
replaceable if dc^sired, or it can he stellited. 

The diameter of tho screw will vary from 3 to 24 in. and may be right hand, left 
hand, or a combinatiou of the two (to move material either toward or away from the 
point of juncture). Where sticky materials are to be carried, a ribbon screw is used 
which has a clear space between the central shaft and the helix, eliminating the build-up 
of material along the shaft. If it is desired to have the conveyor act alro as a mixer, 
separate paddles may be added to the screw shaft, or in the case of the ribbon con¬ 
veyor, a second ribbon can be added inside the first but with opposing helix 

Up to approximately 15 deg from the horizontal there is little decrease in the 
quantity of material conveyed, but above that point there is an appreciable decrease, 
tho amount of which udll depend upon the material, the air trapped in the material, 
and the pressure at the loading point. Installations up to the vertical are made with 
the pitch of the screw being reduced in such cases. Discharge may be over the end of 
the conveyor trough or through opienings or gates in the bottom of the trough. The 
screw conveyor is especially applicable aa a feeder. For free-flowing materials it will 
art os a shutoff when stopped. It can be installed within relatively small space 
limitations. 

Vibrating Conveyors. Vibrating cojiveyors consist of a single-piece steel (or other 
rnalprial) deck to serve as the carrier with the vibratory motion imparted by a mechan¬ 
ical, electric, or hydraulic drive. On one device of the mechanical type, the deck is 
supported on pairs of legs hinged at each end. The lower ends of the legs are ahead 
(cenaidering the direction of travel of the material) of the upper ends (Kg. 20-11), 
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iio. 20-11. \ibrstmg oon\e>tii 



aB^aoaiaiiiry mo^^ m mpmtied to ih4 deck Atow«F«tdc, m 

and fi^rwaud thtus^ ia oktamodr ^sjid tbo ^atefial wiU &lcmjg;^,bt9iii^ Itt 

Buapoh^on of the time by the mottpi:! of the ttough. The tato of Biovoio^i^'t 
will bo from 20 to 50 fpm, 

AncEther ty^ of vibrating conveyor hits the deck suspotidod or su|>|>ortod on coil 
springs or cualiions. An eleetric driver or diivcrs, of the ina^et or soloncdd tyj®, ig 
attached to the underside of the deck at an angle of about 20 deg from the borisontal. 
As a series of ans or intomipted d-e pulses is applied to this '*motor/^ a viln'atlon of 
the deck is obtained both vertically and horizontally, causing the material to "jftow” 
along the dock. These conveyors are manufactured in various sizes handling up to 
200 tons per hr, level uperation. The speed of material movement may be varied by 
phangiiig the amplitude of the vibrations through control of the amount of electric 
furrent supplied. 

A vibrating conveyor is ideally suited for the handling of materials that would 
produce unsatisfactory results with most other types of conveyors, such as metal 
turnings, borings and chips, steel scrap, castings, shakeout sand, and material that is 
abrasive, wet, oily, hot, and jagged or irregular in shape. For dust control, the con¬ 
veying decks may be enclosed pans, rectangular or circular. Flake material may be 
handled up a slight incline. The conveyor may be combined with screens or grizzlieB 
for selective separation of the material. 

Belt Conveyors, The principal elements of belt conveyors arc a belt, usually 
rubber covered (see Power Belting, Fasteners, Pulleys, and Shafting in Sec. 14), two 
end pulleys, the driving machinery, and usually a series of intermediate snpporiing 
pulleys. The intermediate pulleys, or idlers, may consist of one, three, or five separate 
rollers. In the case of multiple rollers, the outci ones are inclined to trough the belt, 
increasing its carrying capacity without spill. ItolJer or ball bearings on the idlers are 
used to decrease the friction losses and to lessen tho maintenance required. The 
eairyiiig idlers sliould be from 3 to 5 ft apart, depending iiixm the rapacity required, 
the size of lumps, and the weight of material per cubic foot. The spacing of the return 
idlers may be 9 to 10 ft apart. Pneumatic idlers are uscmI to lessen the effects of shock 
at loading points where it cannot he avoided. 

To reduce the wear on the belts, tho loading should be in such a manner that the 
material strikin^^ the belt will have an uiitial veloeity approximately equal to that of 
the iKjlt and in liie same directum. Wliere a mixture of lumps and fines is handled, it 
ib best to have the fines loaded on the belt first to provide a cushion for the loading 
of the lumps. Stationary skirllxiards, a slight distance above the belts, are often 
used at the loading point to eliminate spill. 

Discharge may take place over the head pulley, or stationary trippers may be 
installed at predetermined points zUong the path of travel. Where it is desired to 
unload at a number of points, a movTible tripper may be installed which will allow 
discharge at any point along the travel of the bolt but not closer than approximately 
20 ft from the loading end. Headroom may be a factor with tripper nistallations 
since they require from 4 to 7 ft above the conveying belt. For slow-speed belts, 
installed flat, a strike-off board may be used to act as a plow in removing the material 
from the belt. 

Belts operate at speeds from 300 to fiOO fpm Qiighcr ^^heii carrying grain) and may 
b‘ from 12 to 60 in. wide. Because of their liigh speed and continuous delivery of 
mil. orUl, the quantity carried per hour will be relatively high, A 60-iiu belt canying 
ciial (50 lb per ctl ft) at 600 fpm will carry 2,160 tons per hr. They can be operated 
aT inclines up to approximatdy 18 deg, depending upon the jdjysical characteristics 
of the material. 

Owing to the large continuous capacity, with low power consumption, the cost per 
^on for belt conveying is relatively Jovr. Belt conveyors are simple in construction 
and relatively noiseless in operation. A number of interesting bulk-material haneffing 
problems have been solved through the use of belts, such as the Shasta Dam ton»inic-^ 
fion on the Saeramento River, California. Concrete aggregates weiTO carried 0.6 
mdes on twenty-ait 36-in .-wide belt conveyors, operating at 550 fpm with a capMtif 
1,100 tons an hr. 
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IPoftftble Xcrndm and 0nloaderfe, A aumber of portable loaders and unloaders 
arc made, using belts, and are particularly adaptable lor intermittent operation where 
the total volume per day is small. A boxcar loader is produced which is wheeled tn 
the car door where it can be supplied by another rionveyor or from a chute. The belt 
is run at high speed which serves to throw the material as far as either end of the car, 
distributing it for proper loading. 

A larger unit, mounted on a peumanont base, beside or between loading tracks, has 
hinged and pivoted arms supporting the belt mechanism io allow the loader to be 
swung into the car. A slow-speed belt is used, the arms having suflfieient movement 
to refich either end of the car and deposit the material w'lthout throwing. Degrada¬ 
tion is kept at a minimum by the gentle deposit of the load. 

A belt made of a band of 0.65-carbon cold-rolled steel, 0 03 or 0.04 in. thick, is 
available in widths up to 32 in. These belts operate flat, usually handling materials 
that are injurious to rubber and fabric belts Woven-wife belts arc used on conveyors 
that wash, dry, heat, or cool material. Their open structure permits liquid to drain 
from the material and permits air to circulate freely. This wire con be of a metal 
that will resist corrosion or great heat. 

Bulldozers, Carryalls, and Drag^line Scraper Buckets. Bulldozers, carryalls, and 
drag-lme scraper buckets are generally considered for biiUd- ^ 

ing up outdoor stock piles and for reclaiming same. ^ 

PACKAGE HANDLING 

In package handling the material la in umt form: cartons, 
boxes, barrels, sacks, or pieces in their semiiimshed or finished 
statc^ The characteristics of the units and the purpose of 
moving them determme the device to be used for any partic¬ 
ular problem (see Figs. 20-12 and 20-13). 



Fig. 20-12, Horizontal package oonveyor. Fig. 20-13. Iiidinecl 

package conveyor. 

SlevatorB. A belt or a pair of chains, operating vertically or on an incline, may 
have rigidly attached protruding arms suitable for the package. In loading far 
upward travel, the package is placed on a finger skid. The a.iconding arm passes 
through the skid and picks up the package. The discharge is usually over the head 
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wheel where a fingered i^nte will natch the imckage while |>ermitthig the arm tis paas 
thnnigh. If it is desired to discharge on the ascei^ing run, the amis can be arran^d 
to dkoharge on contact with suitable mechanism at the desked unloading 

An elevator may have carrying trays pivotally suspended between two strands of 
chains with the center of gravity the tra 3 ra and load low enough to maintain them 
in an upright position. The carryiag trays consist of transverse fingers which mesh 
with similar fingers in the loading and discharge skids. The load is placed on the 
skid from which it is picked up by the ascending tray, carried over the head wheel, and 
discharged on the descending side at the first point a skid is encountered. 

A reciprocating lift can be usod for elevating drums on end, cartons, tote pans, etc. 
This device can be made to function on a semi- or fully automatic ba^. It also can 
be arranged to lower packages by merely providing the necessary electric controls. 

Portable Elevators. A numW of different types of portable elevators, stackers, 
or tiering machines are made with the lifting mechanism either motoror hand operated. 
Various methods of guiding the vertical path of the lifting tray are used. One type 
has a turntable base to allow use in restricted quarters, such as narrow aisles. The 
maximum size of a standard unit is approximately 2)4 tons with an lift. 

Portable stackers are made for the handling of smaller units. Some of these 
inclined stackers use a belt with or without transverse cleats. Others have chains 
with flights to push the loads up an inclined chute. 

Gravity Roller Conveyors. Gravity roller conveyors, consisting of ball-bearing 
mounted tubes or pipes, are generally used to convey packages short distances and 
around curves. The permissible distance is determined by practical loading height 
and by the normal pitch required of approximately in. per lin ft. Horizontal runs 
of gravity can be used to move heavy masses by hand as the rolling resistance will be 
from 1 to 3 per cent. Holler curves also are combined to form a low^ering spiral which 
serves as satisfactory supply to filling machines or to a loading dock. For long hori¬ 
zontal distance, where a supply of containers is to be stocked for ready use, the roller 
conveyor can be made ''live" by an actuating drive belt placed under the carrying 
roller (known in the industry as "live roller conveyor"). 

Spiral Chutes. Spiral chutes, made in the form of a vertical helix with a guard¬ 
rail, are universally used as a cheap and practical means for low'ering most types of 
packages except steel drums. 

Conveyors. Belt conveyors, operating horizontally or inclined, may be used for 
the handling of large or small packages. For small, light packages, the carr>’’mg run 
of the belt may be slid along a flat surface to provide the necessary support. For 
heavier loads, rollers are used to carry the load. The rollers will usually be smaller and 
closer together than those used with bulk-material conveyors. To eliminate bumping, 
the package on the belt should he supported by no leas than two rollers at any time. 
Packages may be handled on inclines up to approximately 25 deg through the use of 
crepe-top belts. The belt speeds are generally less than when handling bulk material. 

Slat conveyors have transverse wooden or metal slats connected to and moved by 
one or two endless chains. The weight may be carried by the slats sliding on a pair 
nf tracks, but the better practice is to have the slats fastened to roller chains; the weight 
is rolled, and friction is less. 

A push-bar conveyor uses a continuously moving chain to which are attached 
flights or pushers to provide the impetus for the movement of packages. Th^ amount 
of inclination that can be attained with this type is limited only by the overturning 
of the packages. 

A number of wheeled carts can be attached to an endless chain. This system is 
commonly used in foundries. The flasks are loaded on the carte at the molding 
machine, poured, and transported to the shakeout in a continuous movement. From 
the shakeout the empty flasks may be returned to the molder on the same cart. 

C'hain conveyors are used with the article carried directly on single or multiple 
rtins of chain sliding in guide troughs. Stationary skirtboards may be employed to 
prevent side moVemeiit of the article on the chain. Where inclines or declines are 
required, raised lugs on the chain prevent slipping of the article. Normal chain 
speeds will be approximately 30 fpm. 
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overhead conveyors caitsist of Bm^ll 'wl^la optotmg one or two rail« with 
4 Sii 3 table carriers suspended therefrom. The wheels are connected by an ondless 
conv^or ciiain driven by a sprocket or a second short drive chain with protruding 
db^s flaiown as a "caterpillar drive'*) to engage and transmit motion to the ccmvej’^or 
chain. Overhead conveyors may follow a wide variety of paths: Up Or down steep 
inclines, around short-radius horizontal curves. The (^nveyor is usually su^nded 
from alwve and does not require floor space. 

Overhead supported telphers or tramrails are also Used. By the use of a number 
of tracks and switches those machine^ are not limited to one fixed pattern of operation 
but have some flexibility in moving material from one department to another. 

Hoists and Grabs. Hoists and grabs arc generally used in conjunction with jibs, 
monorails, or cranes to raise and transport carrier racks, i-harging hoppers, and mis¬ 
cellaneous objects. The hoists ran be chain actuated for light loads or nan be 
powered by air, hydraulic, or electric means for handling heavier or more frequent 
loadings. Many forms of standard and special grabs have been developed for engag¬ 
ing most of the objects or shapes encountered in industry. 

SKID AND PALLET HANDLING 

A pallet is nothing more than a portable platform on which objects are placed 
to facilitate their handling. The universal use of pallets was given impetus by Army 

and Navy shipping requirements dur¬ 
ing the Second World War. 

The pallets used today by industry 
for the easy handling of one or multifold 
uniLs in a single load are constructed 
with a base raised a short distance from 
the floor to allow the tines of n fork 
truck to he inserted underneath to 
raise the load, Similar to the indus¬ 
trial-type trailers are the "live'* skids which are mounted on wrheels, usually of the 
rigid-caster type. This allows short movements to be made without engaging the tine 
uf a fork truck, but they are earned or pulled by a fork truck during Jong movements 
More common are the skid (Fig. 20-14a) w'hieh is supported on legs and the psllct 
20-146) W'hich^ests on a flat base. In addition to being less expensive, pallets 
have the advantage that they, wulh loads, can be stacked m tiers to accomplish spaci' 
saving in storing or warehousing opera¬ 
tions. The standard size of a pallet is 
4by 4 It, They may be manufactured 
of w'ood, metal, or a combination of 
the two. 

Ill the handling of large individual 
units or where plant requirements are 
such that special "skid boxes" are im¬ 
practical, the flat skid may be the most 
suitable. Figure 20-15 illustrates such 
a metal skid being bandied with a fork 
truck. For other applications it may 
be more suitable to liave a container 
box, racks, or multiple trays mounted 
on the i^id. In many cases it will prove more efficient to have a skid especially 
designed for the conveying problems encounteriHi in the particular plant (Fig. 20-16) 
The use of pallets not only aJTords tlie advantage of ease and flexibility of handling 
materials throughout the plant but allows mpid loading and unloading of tnicks and 
boxcars. For plants having only intermittent 'oading and unloading problems, a 
fork truck need be fri ed from its other duties for only a short mtervaJ to complete the 
job BO that plant invostment is not tied up in a mechanical device that is idle a con- 
siderabie portion of the time. 

Pallets or skids used for shipping may be any of the general type. With the flat- 
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Flu. 20-146. Pallet. 



Fig. 20-1 4ri. Skid. 
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0 kid type it may be advisable iii masy eases to «ee^ the load to the ^kid with pioial 
straps, while the use of adhesives between the individual packages im the load 93 ay 
reduee l:he number of straps required. If container*type paHets^osed for shipping are 
to be returned for reuse, they should be eonstructed so they can be '‘knock^ down’^ 
to effeet a space saving that will allow a large number to be letumed in one load. 



l'i« 20-17 Straddle truck for the handling of pipe, lumber, steel, etc, 

one or more of the package ronveyors, pjoviously discussed, alone or m conjunetion 
With fork trucks, for sperihc handhug operations. Loads consistmg of quantities of 
long it^s (pijic, lumber^ steel, etc*) may be handled on laiger bolsters through the use 
of straddle trueJss, as shown in Fig, 20-17. 

1419 






















CONVEYOR AND CONVEYOR-BELT ENGINEERING 


BY Charles W. Staacke 

Spedal Assistant to President, Hewitt-Robins, Inc., Formerly Belting Engineer, 

B. F. Goodrich Company 

INTRODUCTION , 

Before starting the design of a belt conveyor, the following information must be 
available: 

1. Kind of material to be handled and its weight per cubic foot, maximum size, 
condition of the material, such as wet, dry^ hot, oily, acid, etc. 

2. Quantity to be handled in terms of maximum short tons per hour 

3. Distance to be conveyed and the height to elevate or lower 

With this information, the necessary belt width required for these conditions can 
then be determined. The width is considered in conjunction with belt speed in feet per 
minute (Table 20-10), the maximum material size (Table 20-14), and the angle of 
incline (Tabic 20-16). Also sec Tables 20-12 and 20-15. 

Other factors such as type of feed, balancing conveyor drives for uniformity of 
motors, speed reducers, standardization of belt widths and plies, breakage of material, 
and spillage must also be considered. 

The next step is to decide on the type and location of the belt-driving mechanism 
and the take-up. 

The foregoing information is necessary to calculate 

1. Total power the belting must transmit. Pee Solving for the Total Horsepower 
the Belting Must Transmit, page H20, which gives the necessary steps to follow. 

2 Convert this total power, horsepow’er, into terms of maximum belting working 
stress in poimds. This starts with Converting Total Horsepower Belting Must 
Transmit into Maximum Belt Stress in Pounds (7'm), Nine different conveyor 
examples, Figures 20-18 to 20-26, inclusive, follow this heading. 

3. Decide on the correct belt-carcass construction (see page 1426). 

4. Determine cover thicknesses to l)e used (see pages 1428 and 1429). 

5. Equipment over w'hich the belting must operate and suggestions for same (sim; 
pages 1429 and 1430). 


SOLVING FOR THE TOTAL HORSEPOWER THE BELTING MUST TRANSMIT 

Solving for the total horsepower the belting must transmit is divided into three 
main factors. 

1. Horsepower to overcome friction in all the moving parts that are belt driven. 
This is factor X. 

X ^ (GXF.XSX Lr)/33,000 


2. Horsepower required to move the load horizontally (without lift or drop). 
This is factor Y. 


F = (L, X F, X C)/990 


3. Horsepower required to elevate the load or the power generated by the load 
moving downhill. Tliis is factor Z. 


Z « (C X H)/990 

{This power is plus for upgrade and minus for dowm.) 
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NoTiii If thdre are beltniriren ocmveyDr aeoeeaorioa eueh as iEipi>erB, laoders, de^era, 
ete., more power will have to be added for then) (aee page 1436 for eatra power to add for 
trippers). 

The total power transmitted by the belt then equals horsepower and is the alsdbraus 
sum of the above three factors. 

Hp»X + r + 2 or Hp- X + F- Z 

as the case may be. 

Ill the above three formulas 

G B weight, lb per ft, of center distance over the belting of all moving parts 
that are belt driven, plus the weight of 2 ft of belting (sec Tables 2Q-17* 
20-18, 20-10, and 20-20) 

F„ « friction factors (see Table 20-21) 

C — maximum rate of feed to the belting, short tons (2,000 lb) per hr (see 
Table 20-12) 

tS = belt speed, fpm 

L = center-to-center distance measured over the belting between the head and 
tail pulleys 

Lf “* corrected center distance {Le * 0.55L + 115) 

H = total vertical lift or drop (including tripper height) measured from point 
of loading onto the belt to the point of discharge from the belt, ft 

Notb: The total horsepower the belting must transmit does not include the power loases 
in the driving motor or motors or in the reducing unit (see page 1436 for instructions in 
determining the correct motor size needed to compensate for these losses). 


CONVERTING TOTAL HORSEPOWER BELTING MUST TRANSMIT INTO 
MAXIMUM BELT STRESS IN POUNDS (Tm) 

C>oiivertiiig total horsepower belting must transmit into maximum belt stress in 
pounds {Tm) is done by using two fundamental formulas for power transmission by 
belting: 

Hp * [(7^1 - T2)*5?1/33,000 or Ti - =» (hp X 33,000)/i!? = Te (1) 

{Tv - Tr)/{T^ - Tc) - or for conveyors Ti/1\ - (2) 

where Ti — 7^2 = Te = the effective tension, or the difference between the theoretical 
tight-side tension Ti and the theoretical slack-side tension Tt 
at the conveyor drive. In the case of tandem- or dual-motor 
drives, an intermediate belt tension Ti exists between the 
two driving pulleys 
S = belt si>eed, fpm 

Hp total power the belting must transmit 
Tt *■ Wv*/g “ belt tension due to centrifugal force which for conveyor 
speeds is so small that it can be neglected {W ^ belt wei^t 
per lineal foot, lb; » « belt velocity, fps; and g *» 32.2) 

/ « coefficient of friction between belting and the drive pu^y or 
pulleys. €.25 is used between rubber-belting covers and 
bare-steel or cast-iron pulleys and 0.35 between rubber-belt- 
ing covers and rubber lagging. These figures are used for 
either wet or dry conditions. If rubber lagging is frequently 
'wet, a grooved-design lagging should be used to prevent 
excess slippage between the belting and the lagging 
a « total arc of contact between the belt and the driving pulley or 
pulleys, deg 
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Feat my givien set e£ diiving eouditiona, by solving simultii&eoiisly Kqs> (1> and (2) 
abovei both Ti luad Ti can l>e dotennuied. That is assuming that ho^sepo^^^^, spe^, 
and the other fartors are known or assumed except Ti and T^. 

Instead of doing this, it is much simpler to use Table 20*22. This table gives 
values to a drive factor K for any set of driving-take-tip combinations, with bare or 
lagged pullqys. 

Multiplying the effective tension Te by this factor will give the theoretical slack- 
side tension ueedi^ in the belting at the drive to enable the belting to transmit the 
required horsepower without slippage occurring. Thus 

Ti - T 2 ^ Te = (hp X 33,000)/^Sf T 2 - KTs, 
and substituting this value of T 2 in Eq. Cl)f 

Ti^TE-^Ti or Ti = iK-\-l)TE 

For many drives Ti equals the maximum belt tension Tm. However, there are 
cases where Ti is not the maximum tension and where Ti is considerably more than the 
theoretical value needed to prevent slippmg between the belting and the drive pulley or 
pulleys. These variations arc due to drive location and depend Upon whether the belt 
conveyor is an elevating or a lowering one. The effect of belt weight on a slope 
becomes a very important factor particularly on long-center, high-lift, or decline 
conveyors. 

This belt-slope weight equals HW, where H is total lift or drop in feet, and W is 
belt weight per lineal foot. But the return idlers have a retarding action which tends 
to lessen this w^eight or pull. The idler retarding force equals 0.4(tr X X Lc) 
(see Table 20-18 for figuring belt weights). 


Note Tail ind rafari fo loodmg end and GT rtfert 
fo suggested position for grovlty loki-up 



Head end drive 

Fig. 20-18. Approximately horizontal coiiveyor wilh drive at or near head end. 

Te = (hp X 33,000) AS 
Ti — KTe = theoretical slark-side tension 
Ti=-TK + Ti or {K+\)Te 
Tm ^ Tx 


To simplify the calculations for various tyjies of conveyors, typical examples arc 
gi^’^n by Figs. 20*18 to 20-2fi, inclusive. These show drive and take-up location and 
the steps necessary to arrive at the maximum bolt working stress 7'm- 

Notb; This notation applies to Figs, 20-1K to 20-26, incliihive. Since it is usually neren- 
sary to increase the take-up weight over the theoretical amount, it is suggested that 2 per 
cent of the Ti value be added to the theoretical maidmum tension Tm to estimate the 
maximum operating tension. 
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Fiu, 20-19. 



Approxitnately hnrisoutal conveyor with drive at or neariaai. 


Te (hp X 33,000)/5 

y* « KTe = theoretical Hlack-aid^ tenBioii 

Ti “ Ta’ + y* 01 (A' + l)y^ 

Tm - Tt 



I'lo. 20-20. Elevating conveyor with drive at or new head end. 

Te (hp X 33,000)/5 

Ts = KTk ** theoretical filark-Mde tension 

Ti - Te + y* or (A \)Tf, 

Tlie effect of retum-sidiS holt tension = HW — Fn. If Ti, is greater than HW — Fn 

Tm « y, « Te + Ta 

If ya is less than HW - Fk^ 

Tm Te ^ HW - Fii or Ti - y*. -f HW - Fr 



Fia, 20-21. Elevating conveyor with drive at or near tail end. 

Tb * (hp X 33,000)/*? 

Ti ^ KTe theoretical slack-side tension 

yi « yg-h yi or (A + i)yij 

'J he effect of return-side belt slope tension = HW — Fr. It HW is greater than Fr, 
tJien inaxiiTium tension is at 0, and 

Tvi = Te + y> -f hit - Fg or TiHW - Fg 
If HW is less than Fg, then maximum tension ia at (^, and 

2v « yi * y^ -h y* 
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Tf+T, or 



Fio. 20-22, Lowering conveyor with tail-end drive (holdback). 

Suppose that in the horsepower caJrulation for a lowering conveyor, X V — Z came 
out to be a negative number, which meant that Z was greater than X + F. The fully 
loaded belt would tend to run down the slope, and holdback force is neceesarj^ at the drive. 

Te = (hp X 33,000)/5 

Ti = KTe ^ theoretical slack-side tension 

Ti ^ Te + T 2 or {K -|- 1)Te 

The effect of return-side belt tension «= HW -b Fr, If Ti is greater than HW + Fr, 
Ta/ » Ti « Tb -b Ti 

If Ti is less than HW + Fr^ 

Tm *= Te + HW + Ffl or Ti — Tz -b HW + Fr 

CauLian: In most lowering conveyors, the Te and Ts tensions required for the empty 
eonveyor are greater than for the loaded. Therefore the Tr used for the maximum- 
tension calculation should be the Te calculated on basis of the horsepower .Y or the horse¬ 
power X -b F — Z, whichever is the larger. 



Fig. 20-23. Lowering conveyor with tail-end drii’e (no holdback). 

Suppose that in the horsepower calculation for a lowering conveyor, X Y — Z came 
out to ^ a positive value, which meant that X -b F was greater than Z. The loaded beb 
will then not bend to run down the slope but will always require somo power, and no hold 
back will be necessary. 

Te “ (hp X 33.000)/5 

Ti KTe » theoretical slack-side tension 

Tv^TE^Ti or (X + DTb 

The effect of return-side belt slope tension = HW Fg. If Ti is greater than HW + 

Fb - Te. 

Tm =Tb Ti or Ti 
If Tt is less than HW + Fr — Tm, 

Tm - Tm -\-HW +Fe~ Tf - MW -b Fr 

Caidion: In most lowering conveyors, the Tr and Ti tensions rcMiuired for tho empty 
conveyor are greater than for the loaded. TLeiefore llie Te used for the iiiaxiiuuin tension 
calculation should l^e the Tr calculated on the basts of the horsepower X or the horsepower 
X + F — Z, whichever is the larger. 

im 




aimnuTtm total 





(holdbock) 

Fig. 20-24. Lowering conveyor with head-end drive (holdback). 

Suppose that in the horsepower calculation for a lowering conveyor, ^ Y ~ Z came 
out to be a negative value, which meant that Z was greater than X 4- F. The fully loaded 
belt would tend to run down the slope, and holdback is necessary at the drive. 

Tm « (hp X 33.000)/iS 

Tt ^ KTb ■» theoretical slack-side tenaon 

Ti ^ Te Tt or (K -|- 1)^^ 

The effect of return-side belt slope tension = HW -j- Fr. 

Tm - Te ^-Tt^HW ^Fr or T, -b IF + Fr 

('auiion ‘ In most lowering conveyors, the Te and Ti tensions required for the empty 
conveyor are greater than for the loaded. Therefore the Tr used for the maximum tension 
calculation should l>e the Tb calculated on the basis of the horsepower X or the horse¬ 
power X + F ^ Z, whichever is the larger. 



(no holdbock) ^ 

Fig, 20-25. Lowering conveyor with head-end drive (no holdback). 

Suppose that in the horsepower calculation for a lowering conveyor, X F — IJ 
came out to be a positive value, which meant that X + F was greater than The 
loaded belt will not tend to run down the slope but will always require some power, and no 
holdback will be necessary. 

Te = (hp X 33,000) 

Tt ^ KTs =* theoretical slack-side tension. 

Ti « Fje + r* or (X-bl)rjp 

The effect of return-side belt-slope tension *=• HW -b Fr. If HW -b is less than 7'g, 
Tji/ “ ■» Tjb + Ti and is at ® 

If HW + Fr is greater than Tg, 

Tm = HW + F/j + Ti and is at 0 

(-autien; In moflEt lowering conveyors, the Tb and Tt tenaions required for the eespty 
conveyor are greater than for the loaded. Therefore the Te used for the maxifnum tenaibn 
calculation should be the Tg calculated f>A the basis of the horsepower X Pr hore^wer 
X -b F — .2, whiehever is the larger. 
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T**Tttid(HW-F,)-, 


or Tk + HW-Fr 



Flu. 2(>-26. Elevating conveyor with tandem or dual motor drive luraied part way down 
the slope on the return side. 

Te = (hp X 33,000)/S 

T<i KTe ^ theoietical slack-side tension 

Ti^Te + T^ or (it-hDrjff 

The effect of return-side belt-slope tension = il/L)(ffW — Fr). If Tj is greater than 
H/LHHW -Fk), 

Tm - Tl + T* H- (L - 1)/L(HW - Fr) 

If Tj is less than (l/L){HW - Fr), 

Tm = Te + ffW - Fr 

DETERMINING TYPE AND NUMBER OF PLIES NECESSARY 

The type and number of plies nereseary must be 

1. Sufficient to withstand the maximum belt operating tension Tm 

2. Sufficient for the proper support of the load between idlej^ 

3. Of sufficient body to withstand the impart at the loading point 

4. To a minimum number for the belt width being coDsidered so that there will be 
proper troughability when belt is empty or lightly loaded 

The permissible working stresses for the various conveyor-belting fabrics and con¬ 
structions, as given in Table 20-4, are based on actual strengths of the material used 
and the application of a suitable factor of safety. This factor of safety takes into 
consideration the higher stress in the belting when it is being started from rest eithei 
loaded or empty. 

Determming Number of Plies Necessary for Maximum Tension 

For fabric or cord bells through the No. 100 construction, 

Number of plies ^ width (in.) X permissible stress (lb/in./ply) 

For steel-cord belts, 

Cionstmction =* T^jv/belt width (in.) 

With the felcel-f-ord coii.*5tnK tions, the belting will have sufficient body to support 
the load and resist impact, and in addition those belts will trough satisfactonly in 
1244u. or wider w idths. In the case of the fabric an4 other belt constmctioiia, it is 
necessary to oon-sider tlie maximum and the minimum iwimber of plies that can be uaed 
for any given belt width (see Tabic 20-23). 
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Tm0m^ im-n 

*3^ g^t tli« 3ie^t ai^rvlcei f«wcL «,iiy tsmv^et vbelfc md ^ take 
fitreo^h that is built into it, it ia dei^ahle to the beltins encUeia by of 
yuhsanh^ aplioeB cath^ .t^ian with motal fastens. Table awpKirate 

Golunma of figures for metal or vulcaiuzed splicing* In the Oaee of the coed t^eonr 
structions, to take full advantage of the 
qiialitiea built into the belting, it ia pref¬ 
erable to use vulcanized splices. How¬ 
ever, by proper baiancing of base jdies of 
fabric and the cord plies, it is possible to 
use the cord belting with metal fasteners. 

Note, however, if metal lacings are em¬ 
ploy^, the No. 60 typo should be used, 
not types No. 70 or No. JOO. See Table 
20-5 on balancing No. 50 cord construc¬ 
tion for vulcanized and metal Bpliciiig. 

Belt Flezibmty 

1. Sometiines a few heavy plies are 
better than a larger number of lighter 
plies. 

2. Cord carcass is superior because of 
li*rcater cushion and greater strength with 
ito loss of troughability. 

3. Twenty-eight-ouncp fabric is indi- 
rnted only for the lightest service. 

4. High working stress, heavy load, 

] xi‘ge lumps, heavy impact indicate need 
for 42-oz fabric or cord construction. 

Standardization 

Wherever possible in a plant using a 
number of conveyors, it is desirable to 
^taI\dardlze on one construction for each 
of the belt widths used. This will sim¬ 
plify the problem of keeping spare belting on hand. It is necessary in doing this that 
i lie belt decided upon be propcrlj’^ designed for the hardest service. 


Table 20-6. Cord Conveyor-belt Ply Combinations 


Total plies 

Cord oonatrurtion No. 50 with 
vulcamaed splices 

Cord construction No 50 when 
necessaiy' to use metal fasteners 

Fabric pliw 

Cord piles 

Fabric plies 

Cord plies 

4 

2 

2 

2 

2 

5 

2 

3 

2 

3 

6 

2 

4 

3 

3 

7 

2 

6 

3 

4 

S 

2 

6 

4 

4 

9 

2 

7 

4 

5 

10 

2 

8 

5 

5 


No«a: With vulcanUvd Bpitcee, the permissible worJcuiz stress in the shove oombmatioiiB Is liiO lb 
and with motal splices, 40 Ib. 

DETBBMINE COVER THICKNESSES 


Before the Second World War the various rubber companies were ma k in g four 
qualities of belt-cover stocks, Ihifing the war these were reduced to two, and 
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TsiAt 20-4. Pennisaible Working 
Stresses 


Belt du’ek Weight, oc 

Fermisaible stress* lb 
per in. per ply 

Vulcanised 

Bplices 

Metal j 
fastenen 

28 

31 

26 

32 

36 

80 

36 

41 

Z$ 

42 

50 

40 

No 50 cord 

50 

40* 

No 70 oord 

70 

40* 

No. 100 oord 

100 

dO* 


* Refer to Table 20-5 

Permmstble 4/7lua, 

Steel cord lb per in of bdi 
No. 1000 1 000 

No. 1500 1,500 

No. 2000 2,000 

No 2500 2,500 

No. 3000 3,000 

Note: It la sugeeaied tliAt, befora uedns the 
No. 70, No. 100, or any of the eteel-cord construo- 
tiona, complete operating details be referred to 
the belting manufacturer and to the eqLuipnient 
manufacturer The initial coat of the invest¬ 
ment in th^ latter constructions warranti the 
best in equipment design and operating uiainte- 
nanne, and auih installatioiia should not be con¬ 
sidered as just ordinaiy' conveyor installations. 










MATEnuhs HAmiim 


that they have standardiaed on thr^ grades. (This is eKelusive of special con- 
stni«!ttone for od, heat, or other speeial services.) 

TMde 20^ gives brand comparisonB for the three standard constraetbns furnished 
by aH of the major rubber companies. 

In deciding on the cover thickness to be used consideration should be given the 
following: 

1. Quality of rubber to be used 

2. Thickness to be used 

3. Type of breaker to be used if one is needed 

For any given set of loading and material conditions a certain minimum of cover 
thickness must be used regardless of the length of the conveyor. It is easy to visualize 
that a }4 a'hi-’thick cover on a belt carcass would quickly be cut to pieces by sharp 
heavy rocks even if any point in the belt came under the Igading chute only once every 
15 min. A certain amount of cover wear occurs as the load moves along with the belt 
owing to slight shifting of such load as it goes over each carrying idler. 

The lowest quality should be considered only where operating conditions are very 
easy, as when grain, powdered material, or very small pieces are being conveyed, or in 
package service. Medium and medium-heavy service conditions can usually be belted 
with the middle-quality belting. The top quality is indicated only in a fev/ very 
severe operating conditions. A thick me^um-quality cover will do a better job in 
service than a thin top quality. 


Table 20-6. Conveyor-belt Brand Comparison 


Company 

No. 1 construction, 
3,500 lb cover, 

20 lb friction 

No. 2 construriion, 
2,500 lb cover, 

16 lb friction 

No. 3 conslruction, 
BOO lb oo\'er, 

12 lb friction 

B. F. Goodrich. 

Super Longlife 
Matchless 

Stacker 

Super Master 
Maltoee Cross 

Bull Dog 

Longlife 

Giant 

Style M 

Master 

Ajax 

Silver King 

Maxpron 

8rcuritv 

Style W 

Delhi 

Coneervu 

Iron Clad 

U. 8, Rubber. 

Goodyear. 

Manhattan. 

Hewitt.... 

Boston Woven Hose. 



Ndtx; Many special CDnstractions are available for extra-biah-teDiuon service. Goodrich and 
Goodyear make steel-cable carcass belts; U. S. Rubber makes an ''Ustex" construefioD; Goodrirli 
and Goodyear make cotton cord constructions; Manhattan makes what is called a “ Uomorortl*’ bell; 
and several companies are experimentmK with rayon, nylon, and other Hpec'ial fibers for the tensioit 
members in their high-tensiDn belt constructions. Hewitt has made several "Eaynile" belts. 

Table 20-7 is a guide for thickness of top cover to use for various types of material. 

Table 20-7. Thickness of Top Cover 


Service 

Top-cover 
gauge, in. 

Ty|>e of material 

Light. 


Nonabrasive materials surh as wood chipe, 
flue dust, loose cement, bone char 

Ordinary or standard. 

Ms 

Mildly abrasive materials such as sandi small 
pebbles, earth, or bituminous coal; ruck, 
stone, or coal under 3 in. 

Average severe. 

H 

Abrasive materials such as authraeite coal, 
coke, and sinter; rock, stone, or coal up to 
10 in. 

Bevece. 

Ms 

Heavy abrasive materials such as ores of iron, 
eopper, sine, and lead; foundry r^ttse. Line- 
stone, and slag 

Vwy severe 

H 

Heavy, sharp, abrasive materials such as trap 
rook, Quarts, gLass cullet, and iron pj’- 
rites, and exceptionally large lumps of any 
material 
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EQUIPMENT ovm wswm Bmnm MVMT OPJ^SATB ^ m 

E)(cept foi* th« loweist quality aud for vt^ tight aorvice, it is goo4 ^fraatice 

to imslttde in the top-cover thichnesa either a regtdar breaker fabrk ply or a imaitooid 
breaker ply. This not only greatly mcreafieB tfie adhesion ol i^e covnr to toe 
but it also assietB, particularly in the case of the tranacord breaker^ in helping to dis¬ 
tribute the shock of impact at the loading point over a greater cover area. Table 20-S 
is a guide to its use. 

Table 20-8 

Covers tyauae, tn. Breakers 

Hat Hb Regular lean breaker inelucled 

^4, Include one tranMcurd breaker next to carcase 

H Include one tranacord breaker next to carcase and one floated If « In. below top auifae# 

of the belting 

Back-cover Thickness 

For light service and low-quality belting, >^ 2 - 111 . back cover is used. For moat 
other service conditions a Ks-iu- back cover is used. This is especially true when 
vulcanized splices are used to make the belting endless, as it increases the life expect¬ 
ancy of the splices. For sticky conditicms, or where belting may freeze to the idlers 
or the pulleys, or where the back cover is subjected to a lot of wear or abuse, ^ 2 -in. 
back cover, including regular breaker, or heavier cover is indicated. For very severe 
conditions, especially where large lumps are handled and the belting is subjected to 
heavy impact, it is desirable to use a traoscord breaker in the back cover. 

Note; Kegular breaker displaces 2 hi- of cover thickness, and the minimum cover 
thickness in which it can be included is ^32 in. The tranacord breaker displaces 3*1 g in> 
of cover thickness, and the miniinum cover thickness in which it can be included is in. 
However, while the breaker actually displaces that amount of cover, it is still xnainly 
rubber and does not materially decrease the wear resistance pf the cover by its over-all 
thickness. 

EQUIPMENT OVER WHICH THE BELTING MUST OPERATE 

Space does not permit a detailed discussion of this part of the conveyor problem. 
Certain points will be stressed since they govern to a large extent the satisfactory 
performance of the belting. A number of bell users fail to realize that the belting on 
the conveyor represents from 40 to 60 per cent of the initial cost of the conveyor instal¬ 
lation and also that the belting usually requires replacement before any of the equip¬ 
ment over which it operates. 

Types of Drives 

There arc three types of drives in common use: 

1. Plain Drive. The plain drive nan be either at the head or tail pulley and gives 
only a 180-deg arc of contact between the belt and the driving pulley. 

2. Snubbed Drive. On the snubbed drive a snub pulley smaller than the driving 
pulley is installed to increase the arc of contact between the belt and the driving 
pulley. The degree of contact can be varied from 210 to a maximum of 260 deg 
providfxl the drive pulley is sufficiently large. 

S. Two-pulley Drive. The common two-pulley drive is known as the tandem 
drive. Both pulleys are driven from one motor, and the tw^o pulleys are gearlKl 
together so that they both turn at the same number of rpm. A new drive involving 
t\\'o pulleys is known as the dual-motor drive where each pulley is driven by a separate 
motor. The motors can be so designed that the speed of the two pulleys will auto- 
iiiatically compensate for changing belt length on the pulleys, commonly referred to 
a.s “creep.’' 

The purpose of increasing the wrap between the belt and the pulley is to permit 
the belting to transmit the required horsepower with less initial tension, which results 
ill less total tension in the belting when it is operating under load. 

Types of Starting for Conveyor Drives 

1. Across toe Line. Owing to the fact that conveyors ofton have to be 
fully loaded, it is necessary that motors with a high starting torque be used. This 



cf ^toriing ia the haritot oa tibe beltii^ but pan be used on eonv^j^rs that are 

ligb^r stremd. 

t, AuMma^naur Stutiag< In autotranaloniier starting a lower voltage is fed 
to the SQOtoT for a few seeoads until the motor stajts to turn over. Then the full 
voltage fs applied to bring the motor up to speed. This is somewhat easier on the 
bellang than the across-the-line type. 

9." Resistance Type through a Number of Starting Points- The resistance type 
f^ti be manually operated or automatic. This type permits a longer acceleration 
p^iod which, if properly designed, reduces the starting stress on the belting. All 
belts that are started frequenUy and are stressed to their full rated strength should 
have this type of starting or a modified version of it. 

4. The Use of a Fluid Coupling. The fluid coupling can be used on the drive shaft 
of the motor in conjunction with some fonn of types 2 or 3 starting. 

Pulleys, BeaiingSy and Idlera 

Pulleys. Pulley diameters should not be skimped on because of limited headroom 
unless it is absolutely necessary. Theoretically, it is the amount of wrap between 
belt and pulley that determines the amount of power which can be delivered 
before belt slippage occurs, and not the area in contact between belt and pulley. 
Theoretically, as much wrap can be obtained between a belt and a small pulley as 
between it and a large pulley. But the stiffness of the belting makes a difference in 
favor of the larger pulley. It also stands to reason that the plies in a belt are being 
distorted as they bend over a pulley, the outer plies being stretched and the inner ones 
put under compression. The amount of distortion increases with the thickness of the 
belting; increasing the pulley diameter permits this deformation to take place over a 
longer length. Naturally the higher the working stress in the belting at the time the 
distortion is taking place, the more damage to the belting. Such severe flexing usually 
shows up first in short splice life, particularly when the metal type of splice is used. 

At the points in an installation where the belting is fully stressed, flat-faced rather 
than crowned pulley surfaces should be used so that the load in the belting can be 
equally distributed across the full width of the belting. It is emphasized that the 
drive, head, and tripper pulleys should all be of the same diameter because they are 
all working under the same belt stress. It has always been common practice to make 
the head and tripper pulleys smaller than the drive pulleys in a conveyor that uses a 
drive which is separate from the head pulley and which may or may not be eq\iipped 
with a tripper (see Table 20-9 for minimum pulley diameters). 

Bearings. On long center, horizontal, or inclined conveyors, it is good de,sign to 
use either bail or roller bearings on all pulley shafts. 

Idlers. It is suggestefl that consideration be given to the use of larger diameter 
idler rolls. The larger rolls permit lower rpm with resultant longer bearing life and 
are sosmewhat easier on the belt owing to having a greater moment arm for turiiing. 
They also give smoother movement of load with less load shifting from slight belt sag. 
Roll diameter of at least 6 in, should be used, and some of the l^etter conveyor systems 
have proved the economy of 7- and 8-m.-diameter rolls on large heavily loaded con¬ 
veyor systems. 

Tlic use of three pulley-type carrying idlers with all three rolls the same length and 
the two troughed rolls placed at 2Q-deg angle to the horizontal is almost universally 
accepted practice. There is a trend toward the use of the same design except that the 
eenter roll is made about a third longer and ibe trougfaing rolls proportionately shorter 
but still at the same degree of troughing. It has been proved that siich an idler wdll 
carry about 5 per cent more load without spilling, will give a straighter running belt 
(because of better belt troughing possibilities), and will give lunger belt life becaufiO 
of less concentrated bending of the belting at the junction of the horizontal and 
troughing rolls. 

Idler Spacing. Because bolt sag betw'een idlers is a function of the load per foot 
of briting, the tension in the belting, and the distance l^etween. idlers, much better 
support can be given to the belting by varying the idler spacing. At the point of 
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orisg ^aick emMafo mirsT m>mATM 

iDivesfc beW? ^fi&dbtL <u4vaally the tail •end ^ idietfif «botdd bd pl^ieed 

Qla$& togetbetv at the point of high bdt teshi^ ^oiitd he 
ap«at. Usse total nurtsb^ need inU be eame though were i^tiSbrndy 
for the entire length of the conveyor, 

RecDnunemled Pufiey Diametera. Table 2(h9 lists mwiimniQ pulley diahiMera 
for installations where the bdt is designed for the plies to take the maximtm falnric 
stresses as given in Table 20-4 If it is certain that the belt will never be streseed 
above 70 to SO per cent of its maximum, then the minimum pulley diameters may be 
taken at tabulated value mmus 0 0 m. 


Table 20-9. Minimum Pulley Diameters, In, 



Drivs, head 

Tail ' 

Bend pulley 

Dnve bpnd 

T«il, 

take up ot 
bigh-tension 
snub 

Bend pulley 

No of iilips 

or tnpiter 
pulley 

liii^h tension 
snub 

or low- 
tension snub 

or tripper 
pulley 

br loiw- 
tensioa mub 

1 


28 oz 


32 oa 

1 

18 

12 

1 12 ' 

r 

1 18 

18 

12 

4 

24 

f 18 

I 12 

24 

24 i 

16 

j 

1 

i 24 

18 

30 

' 24 

18 

6 

30 


1 

36 

1 30 

24 


36 

30 

' 24 

42 

36 

24 

8 ‘ 

^ 42 

30 

24 

48 

' 36 

30 

i 

1 48 

36 

i JO 

>4 

42 

36 


36 oz, 42 oz, ttr ('Old No &0 { C ord No 70 or No lOQ 


3 

^ 30 

24 

r 1 

18 

j 



4 I 

30 

24 

18 1 




^ 1 

1 16 

30 

24 

42 

36 

24 

0 1 

1 

1 36 

24 

48 

36 

30 

7 1 

48 


30 

1 “54 1 

1 42 

36 

8 1 

t4 1 

42 

36 

60 

48 

36 

9 

bO 

48 

36 

60 

1 

42 

10 

60 

54 

1 « 

72 

' 60 

48 


Stm»| cord 


Plass 

Drive head or 
tnrp<.r jjullev 

Inil take-up or high- 
tension shub 

Bend puUb> or low- 
tension snub 

1000 

54 

42 

36 

1500 

60 

48 

36 

2000 

60 

48 

36 

2500 

60 

54 

42 

3000 

72 

60 

48 


Note Vhp the foUowmK HtAndard pulley dmmieWn if al all possible 12, 16, 24, 30« 36,42, 46.64,60, 
72 84, nad 96 


Take-nps for Conveyors 

There are two types of take-ups for conveyors in common use; 

1. Screw. The screw type of take-up moves the head, tad, or tahe^up puUey and 
positively fixes the centers. It iS usually used on short-center coiiveyore and necestii- 
tates higher stresses ifi the belting than are actually necessary for belt dperatiom, 

2. Gravity. The gravity type of take-up keeps a constant tension in the be^ and 
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^ to oome A&d go with ehozi^ in^belt length. The head or tail ptiUey can be 
nmoonted pn a movable carriage with a cable and weights attached to the carriage^ or 
^ bfdt idack aide may be led over two bend pulleys with a weighted pulley auspended 
between. 

AABoniageB of a Take-up of the Oravity Type, 1. A take-up of the gravity type 
maintaioB a constant Ti tension necessary for the drive to operate the belt without 
excess slipping occurring. 

2. It helps to keep belt sag between idlers at a minimum, partirularly at the point 
of low belt tension, thus preventing load disturbance and saving power. 

3. Permits belt-length ehange due to stretch or shrinkage and at the same time 
keeps the tension in the belt coinstant. 

4. Takes care of the instantaneous belt stretch which opciirs when the belt is 

started and maintains belt tension. ^ 

5. Particularly if vulcanized splices are used, it is well to provide takc-up move¬ 
ment equal to 2 to 3 per cent of the center distance betw'ecn head and tail pulleys. This 
will provide ample movement to accommodate any shrinkage or stretch that may 
occur. It will provide plenty of movement for the instantaneous stretch which occurs 
when belt is started, and it will provide storage space for spare belting in case of 
damage to the belt. It also provides extra belting for splice replacement if needed. 

Calculating Take-up Weight Care should be used in estimating the amount of 
take-up weight needed for any particular conveyor design. The take-up wTight is 
equal to the sum of the component forces in the direction of belt tensions at the take-up 
pulley, wherever its location may be. The point of location is very important also. 
For horizontal conve 3 ’'ors, it is usually best to have the takc-up located as near to 
the drive as possible and in the slack aide of the belt. For incluiecl conveyors it is 
usually best to have the take-up at the tail pulley for uphill conveyors and at the head 
pulley for downhill conveyors. 

There is another factor to be considcTed in calculating take-up w'eight. That 
factor is the idler retarding force on the return strand of belting, and it is equal to 
Fb « 0.4(0" X F, X Lr). Space doe^ not permit explanation regarding how to 
figure take-up weight for each of the examples given by Figs. 20-18 to 20-26, inclusive. 

Vertical Curves 

Vertical curves refer to the radius of curvature necessary on those conveyors w'hich 
change from the horizontal or from a given degree of incline to a steeper degree. 
Frequently too small a radius is used with the result that the belt under tension raise.s 
from the idlers and damages itself or spills its load. It is much better to be sure and 
use a large radius. This is especially true when dealing wnth high-tension belts such 
as the No. 70, No. 100, and the five steel-cable cord constructions. 

Table 20-10. Recommended Maximum Belt Speeds, Fpm, for Horizontal and 

Elevating Conveyors 


Material U) be con\i>i^cd 

12 ^ 

'7, 

1 1 

1 « 

Helt 

30 

^idtbi 

36 

Ni in 

U 

j 

1 48 

[ 

1 

54 1 

_1 

1 60 

lAght, free-ftowmg niatonal 

300 

400 1 

500 

600 

600 

600 

700 

700 

700 

Gd^ and Bimilar lump maiprial 

300 


, 500 

530 

6.30 

600 

1 600 

650 1 

! 650 

Heavy nre and abraaive inatonal 

300 

! 350 1 

1 450 

1 

550 

550 

550 

1 600 

600 

1 600 


The most efficient conveyor-belt operation is usually w'ith the narrowest belt at 
the highest speed at which good loading is obtained and without doing any damage to 
the material. Increasing the belt speed without changing the rate of loading tends 
to lower the nec^essary belt tension. This is sometimes ilone on long-eenter conveyors 
to decrease the stresses. 
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TtUtao-ll 

JSlope itndKe of iedining convt^or ai loading pointy dig Mi ipnd, fpnt 

7 w lesB.. ...... *. 90^ of valu? in Table SO^lfl 

S 44...75 % of value in Tahilo 20*W 

15 and above ...50%Df value in Table 


Ttble 20 * 12 . Bdt Capacity 


^\idth 
of belt, 
Id. 


Capacity, ehort tons (2,000 IbJ per hr 

Crgea 

aecUOli 

nfloBd. 

•q H 

Wt per ■ 
cu ft of 
materialr 
lb 

Belt speed, fpin 

50 

100 

150 

200 

250 

300 

350 

400 1 

450 

500 

550 

600 

12 

35 

6 

10 

15 

20 

25 

30 


1 

1 





0.005 


50 

7 

14 

21 

29 

36 

43 


1 







7B 

11 

21 

32 

43 

54 

64 









100 

14 

29 

43 

57 

72 

86 









125 

15 

36 

54 

72 

90 

107 



1 






150 

22 

43 

65 

80 

IQB 

129 




1 




18 

35 

12 

24 

36 

48 

60 

72 

S3 

05 





0.227 


50 

17 

34 

51 

68 

85 

102 

119 

136 







75 

20 

51 

77 

102 

128 

153 

179 

204 







100 

34 

08 

102 

136 

170 

204 

238 

272 







125 

43 

86 

128 

170 

212 

255 

298 

340 







150 

51 

102 

153 

204 

255 

306 

357 

408 


i 




24 

35 

22 

44 

66 

88 

110 

131 

153 

175 

197 

219 



0.417 


so 

31 

63 

94 

125 

156 

187 

219 

250 

281 

312 





75 

47 

94 

141 

187 

234 

281 

328 

375 

422 

468 





100 

03 

125 

188 

250 

312 

376 

438 

500 

563 

625 





125 

78 

150 

2H 

.312 

390 

458 

546 

624 

702 

780 





150 

94 

188 

281 

375 

46S 

562 

655 

7.50 

843 

D36 




30 

35 

35 

70 

106 

140 

175 

210 

245 

280 

315 

3.50 



0.667 


1 80 

60 

100 

150 

200 

250 

300 

350 

400 

450 

500 

1 




1 75 

76 

150 

225 

300 

375 

450 

525 

600 

B76 

750 





! 100 

100 

200 

300 

400 

600 

600 

70U 

son 

900 

11,000 

1 




1 125 

125 

250 

375 

500l 

625 

750 

875 

1,000 

1,125 

1,260 

1 




150 

150 

300 

450 

000 

760 

900 

1,050 

1,200 

1,350 

1,500 




:ifi 

35 

51 

102 

152 

203 

254 

304 

355 

40G 

457 

508 

558 

609 

0.907 


.50 

73 

145 

218 

290 

362 

435' 

507 

580 

652 

725 

797 

870 



75 

109 

217 

320 

434 

542 

651 

760 

BG8 

976 

1,085 

1,195 

1,300 



too 

145 

290 

435 

580 

725 

870 

1,015 

1,160 

1,305 

1,450 1.595 

1,740 



125 

181 

362 

543 

724 

905 

1,085 

1,270 

1,450 

1,630 

1,810 

] ,990 

2,170 



150 

218 

435 

653 

870 

1.09O 

1,310 

1,520 

1,740 

1,960 

2,180 

<2,390 

2,644 


42 

35 

71 

142 

213 

284 

356 

426 

497 

5G8 

D.39 

710 

> 780 

852 

> 1.353 


50 

102 

203 

304 

406 

508 

609 

710 

812 

913 

1,016 

1.120 

1,226 



75 

152 

304 

456 

608 

760 

912 

1,065 

1,218 

1,370 

1,520 

1.670 

1,825 



ion 

203 

400 

(i09 

812 

1.016 

1,218 

1,420 

1,625 

1.825 

2.030 

2,230 

2,440 



125 

254 

508 

761 

1,01.5 

1,270 

1,525 

1,780 

12,030 

2,280 

2,640 

>2,790 

3,040 



160 

304 

000 

915 

1,220 

1,520 

1,830 

2,130 

2,440 

2,740 

3,040 

>3,350 

3,660 


48 

35 

06 

103 

289 

385 

481 

577 

673 

770 

865 

963 

1,060 

l,i5£ 

1.8.33 


50 

138 

275 

413 

550 

686 

825 

963 

1,100 

1,240 

1,375 

1.510 

1,65( 



76 

208 

413 

620 

825 

1,030 

1,240 

1,445 

1,650 

1,860 

2,066 

>2,270 

2,481 



100 

275 

550 

825 

1,100 

1,37.5 

1,650 

1,925 

2,200 

<2,480 

2,760 

>3.020 

3,30( 



125 

344 

888 

11,03(] 

H,375 

1,726 

2.060 

12,410 

2,7.5(1 

>3,106 

3,441 

>3,780 

>4,131 



150 

413 

826 

1 1,246 

1 1,65C 

12,066 

2,480 

>2,890 

13,306 

>3,710 

I4,12£ 

>4,546 

14,951 


54 

35 

125 

256 

1 375 

1 50(1 

1 625 

i 750 

1 875 

1,000 

11,125 

i 1,266 

>1,37! 

il,50i 

2 383 


50 

171) 

> 358 

1 637 

' 716 

i 895 

1,078 

1,250 

>1,436 

>1,616 

>1,796 

>1,976 

I2,15( 



75 

268 

, 536 

i 805 

i 1,070 

1 1,340 

11,610 

1,675 

2,140 

>2,416 

\'2,m 

>2.956 

I3,2Z( 



100 

358 

I 715 

f 1,072 

1 1,436 

11,796 

>2.140 

12,500 

>2,866 

>3,226 

>a,6B( 

V3r93C 

>4.291 



125 

447 

894 

1,34C 

1 1,796 

12,246 

>2,680 

1.3,136 

13,580 

14,026 

>4,471 

) 4.911 

> 5,361 

J 


150 

538 

11,072 

11,610 

I2,14C 

I2,68Q 

13,226 

>3,766 

>4,296 

I4,83( 

>5,361 

)5.9<X 

16,441 

9 

80 

35 

157 

' 316 

i 47S 

1 03( 

) 781 

i 94{ 


)1,26( 

1^42( 

)1,57J 

51.731 

!i*iS 

9 3.000 


50 

22t 

1 45C 

1 676 

1 9(X 

11,121 

il,35( 

ll,57fi 

il,80( 

>2,021 

12,251 

) 2.481 

) 3,701 

9 


75 

337 

' 676 

1 l.OlO 

11,36( 

ll,69f 

12.026 

>2,306 

>2,706 

>3,D4( 

>3,37( 

}3.71( 

14,051 

H 


IQO 

450 

1 90C 

11,3.5c 

I1,80C 

12,256 

12,706 

>3,156 

13,606 

)4,05C 

>4.50( 

)4,95( 

)5,4(M 

» 


li5 

582 

1 1,126 

) L.OOC 

>2,256 

I2,81C 

13,376 

>3.946 

14.506 

>5,(HK 

>5,62( 

)6.18( 

16,751 

H 


150 

076 

il,3SC 

I2.02C 

12,701 

13,386 

14,056 

14,72( 

>5,41K 

I6.07( 

16,751 

)T^4^ 

)8,1(K 

9 


Cubic feet pef Lour for each 100 fpm Iwlt apeed « B.OOO X load Chaw Boetion in «iuet8 
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'mUk light ftee-flowlog m#terk^ fa<«.tor deterixiiiuiLg ike maximum 
ispeed ta the windage which may blew the material from the belt. The average speed 
of grain belts is S0O to 1,000 fpm, with some operating up to 1,200 fpm. 

Thi^ typb of chute or mechanical feeder will often determine the speed at whieb a 
belt may operate satisfactorily. If the carrying-idler spacing is graduated and the 
belt tension is maintained correctly so that the load travels smoothly, higher speeds 
ate often possible. If it is necessary to load onto a belt where it is at a slope angle of 
lodes or more, slower belt speed may be necessary to get full-capacity loading. 

When declining conveyors are considered, the amoUnt of slope at the loading point 
Is usually the determining factor as far as maximum belt spe^s are concerned. If 
the loading point is on a horizontal run, the belt speed for the declining conveyor 
ean be ae high as that shown in Table 20-10. Keeping full rated load on the belt for 
its width and speed help>s downhill operation. 

Where it is necessary that the loading of a downhill conveyor be on the slope, 
lower speeds than specified in Table 20-10 are recommended. These are shown in 
Table 20-H. 

The capacity at any belt speed and with any weight of material can be found by 
using the constants shown in Table 20-13. 

Table 20-13 

B^t width, in. Capacity in short tons (2,000 lb) ptr hr 

12 0.00286 X fpm X wt per ou ft of material, lb 

18 0.0068 X fpm X wt per cu ft of material, lb 

21 0 0125 X fpm X wt per ou ft uf material, lb 

30 0 0200 X fpra X wt per cu ft of material, lb 

26 0,0200 X fpiti X wt per cu ft of material, Ib 

42 0 0406 X fpm X wt per ou ft of material, lb 

48 0 0550 X fpm X wt per ou ft of material, lb 

54 O 0715 X fpm X wt i>er cu ft of material, lb 

60 0 090 X fpm X wt per cu ft of material, lb 

Nora: The capacity values jdven are obtmued with standard 20-degtroughing idlers. Consider 6at 
conveyor belts as giving one-haU the capacities shon’ii. 


Table 20-14. Size of Maximum Lumps 


Belt width, in. 

Max lump Hixe, in. 

Umfurm sissi* 

If mixed \«ith 
HO % fiiiee 

12 

2 

4 

IS 

4 

ft 

24 

5 

8 

30 

6 

10 

36 

7 

12 

42 

S 1 

14 

48 

10 

16 

54 

11 

20 

60 

12 , 

24 


With a heavy belt, very close idler spacing, and skirt boards the entire length, 
much larger lumps have been carried than shown in Table 20-14. In some Cast's 
material has been carried where all three dimensions are equal to the belt width, but 
this is detrimental to belt and idlers. 

There are a number of other considerations which may affect the slope angle. 
If ^ope is nver 16 deg, if belt is rtmning too fast, or if it is only partially loaded, there 
is danger of lumps falling back down the slope. This is liable to be a hazard for the 
belting, equipment, and workmen. In several cases, Swinging bars with a stop against 
^the downiope aide have been used. The bars swing forward to let the load pass 
through but if lumps start rolling back, the bars are held against the stop and the backr 
ward flow qf material is dammed. S^eral of these swinging bar imits are used on a 
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Nom One biwhel equals 1 244 cu ft The aolid or rpnipact weiuhta of the vanoua mateiinlji eaOBot 
lie tised in considefiofc the capnoity of a eonve^or belt becauBe tho belt uauaUy eamea t^uahed ffi&teiial. 
4 close approximation of the ci-uBued aeiaht of an ore or rock equals solid iieei^t divided by I.Toa Afl 
the weij^tB in Table 20-16 are for erushed matenal as would be earned by a conveyor belt bxe^t 
speeifled^afi being for a solid. Wherever possible, the actual inatenaj wdght an detenusnttd by taat 
iiuuld be used 


im 






Nc.;ms 


UATBmAlS BANDLim 


Table ^-16. Ma^dmum Incliiie An^as 

HiileritA AaiuBMf JUTwt ant^e, deo 

JOty saiM wd. 16 

P«per>'vntpped puj^agw with flat aurfacea aa baiting with atandard rajivaa or rubber 

0Qt«r,... 16 

SVae-Aowing mateiiala aueh aa waahed gravel, fine-sixed noal, grain, etc-. 16 

Sjae lump materiala aueh as stone, lump coal, ore, etc., of isaa than H-i"- 22 

Onnular materiaUi audh as aand. glass bateh, or salt. 22 

^wdered materiala aueh aa lime, cement, aulftir, chenucais, etc. 23 

Mizturm of Jumps and fines such aa run-of-mine «dbJ, crushed atone, etc. 24 

Tampered molding sand. 24 

^ood ohlpa. 27 

Paper-wrapped packages with flat surfaces and soft bagged material or special “grip- 
top** belting. 2B 


tdape. If material is wet and sloppy, the angleg shou'n in Table 20-16 must be 
decreased. If there is slip between material and belt, excess wear will occur at belt- 
eover gouges and fasteners. 

TRIPPER HORSEPOWER AND REDUCTION-DRIVE LOSSES 


Tripper Horsepower. As stated on page 1421, the horsepower necessary for tripptir 
operation must be included with the x y + z horsepower factors to get total power 
necessary to be transmitted to the belt. 

The horsepower necessary to lift the load at the tripper should be included in the 
lift-horsepow'er calculation for the conveyor. Therefore, when tripper is used, its 

lift ill feet should be included in the H 
Table 20-17. Value of G value in the Z formula. If exact lift at 




f? 


il^Iv 

width., in. 

Light 

Standard 

Heavy-duty 


conveyoTB 

COIlVByOfH 

eoiiveyors 

14 

n 

i 


16 

iO 

10 ' 


18 

n 

17 


20 

12 , 

19 1 


24 

15 

22 1 

32 


30 18 I 26 45 

36 21 I 32 58 

42 24 I 4,1 71 

48 29 I 52 84 

54 35 j HI 97 

60 38 I 

If tlie value nf 17 m to be [;alL-uLated, belt, idler, 
and pulley weights muxt be known. 


tripper is not known, add 4, 5, 6, 7, or 8 
ft, depending on belt plies which are 
estimated to be necessary. 

To compensate for the added moving 
parts when trippt^r is used, increase the G 
value by 5 per cent. 

Therefore, if tripper is to be used and 
a 30-in, belt on hea\^-duty conveyor is 
being considered, the H and G values 
might increased as follows: 

H should include 6 ft of tripper lift. 
Increase (7 by 5 per cent, or from 45 to 
47,3. 

If G, Table 20-17, is being calculated, 
then the weight of tripper pulleys should 
be included to get the correct value. 

Horsepower for Drive Losses. Type 
of Redurtton Umts. For cast-tooth gears, 
add 10 per cent for each reduction. 


For cut-tooth gears, belting, or roller chain, add 5 per cent for each reduction. 
For self-contained spur- or helical-gear reduonrs, add 5 per cent for each reduction. 
Considering an average reduction to be a gear-reducer and roller-chain combination 


and 320 hp calculated to be necessary to drive loaded belt at drive pulley or pulleys, 
then 


320 X (5% + 5%) =» 320 X 10%, or 32 horsepower 
Estimated motor output or rating * 320 + 32, or 352 Kp 


A motor and also gear, chain, or belt reductions are most efficient at their rated 
loads. The motor and reduction unite should be chosen so that they will be operating 
as fteariy as possible to full-load rating. 


G (Weight of Moving Paiti) 

G may be taken from Table 20-17 if it is not convenient or possible to calculate. 
For large installations, it is best to obtain the details and calculate, 
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Calculatlim of G. Sinoo (7 i!^ tiiiovmg per loot of e^veypr 

centorft, its value easily % tal^ the «iim of the loUoani^ tou^ 

factora; 

t. Total Wdght of the entire length ol^b^ uaed. The entire beltii^^^^^^l 
equals approximately twice the conveyor center length. 

2. Total weight of pUlleya which are turned by the belt. 

3. Total weight of moving parts of dl troughing idlers. 

4. Total weight of moving parts of all return idlers. 

Then divide this sutn by the length of conveyor centers as measured along the belt. 

Belt Weights. Weighta (Table 20-18) are given^n three grades of belting sp^ified 
as first, second, and third quality. Firstl^quality kre reserved for the very seyerest 
of service, and the weights are baaed on compounds made from natural crude rubber. 
Second grade are for average-severe service and third grade for medium or light duty. 


Table 20-18 


Duck weight, 

42 in. wide X 36 in. long 

Grftde 

Belt weights, approx net weight lb per 
in. width per ft length 

28 oz. 

First 

0.026 per fabric ply 

0.017 pvr Ha im of cover 


Second 

0.020 per fabric pb" 

0.017 per Ha in. of cover 


Third 

0.022 per fabric ply 

0.017 per Ha in. of cover 

32 oz. 

First 

0.02B per fabric ply 

0.017 per Ha in. of cover 


Second 

0.028 per fabric ply 

0.017 per Ha in. of cover 


Third 

0.024 per fabric ply 

0.017 iHjr Ha in. of cover 

36 oz. . . ... 

BHrst 

0.030 i>er fabric ply 

0.017 per Ha in. of cover 


Second 

0.030 per fabric ply 

0.017 per Ha in. of cover 

42 oz. 

First 

0.032 per fabric ply 

0.017 per H 2 in. of cover 


Second 

0.032 x>er fabric ply 

0.017 per Ha in. of cover 

No. jO cord*. 

First 

0.031 per ply 

0,017 per Ha in. of cover 


Second 

0.031 per ply 

0.017 per Ha in. of cover 

No. 70 and lOO cord*.. 

First 

0.031 per ply 

0.017 per Ha in. of cover 

Steed cord, No. lOOO*,. 

First j 

0.345 for carcass per in. of belt width 

0 .017 per H a in. of cover 

Steel cord, No. I.jOO*.. 

First 

0.385 for carcass per in. of belt width 
0.017 i.>er Ha in* of cover 

Steel cord, No. 2000*. 

First 

0.42o for carcass per in. of belt width 
0.017 per Ha in. of cover 

Steel cord, No. 2000*. 

First 

0. 485 for cnrcas ,9 per in. of bdt width 
0.017 per >32 in. of cover 

Steel cord, No. 3000*.. .. 

First 

1 

O.oOo for carcass per in. of belt width 
0.017 per Ha in. of cover 


* Tltct»c cuiUiiriictioiiH are inade by the IJ. F. Goodrich Company, _ For B|)ec;ial oonatructioiui made 
b\ other manufacturena it aill be ncceasary to get the curreot belt weight from, the jnSnufactureT, 

The approximate weights of terminal, snub, or drive pulleys are given in Table 
20-19. 

For any important installatione where an exact value of (r shou^:^ 
the exact weight of moving parts from the equipment manufacturer. 

F (Coefflcieiit of Rotational lotion of PuUeya and Idlers) 

Testa of actual conveyor systems have indicated that the greatest kocuTacy can be 
obtained in the horsepower ealculation by u^g two values of F. One value ahoHlil 
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7iiUe»-U. Ptillay Wtigkto 


Finley dittDASier, 
in. 

To calculate approx pulley weis^. lb 

Cast-iron pulleys 

Welded-stoel pulleys 

12 

7 lb X face width, in. 

3 lb X face width, in. 

18 

11 Lb>X face width, in. 

6 lb X face width, in. 

24 

16 ib X face width, in. 

10 lb X face width, in. 

30 

22 lb X face width, in. 

13 lb X face width, in. 

36 

29 lb X face width, in. 

17 lb X face width, in. 

42 

37 lb X face width, in. 


48 

40 lb X face width, in. 


54 

56 lb X face width, in. 


60 

75 lb X face Width, in. 


72 

f)B lb X face width, in. 


84 

120 lb X face width, in. 


»6 

142 lb X face width, in. 



Thetse values ate approximate pulley weights. Use the pulley manufact\iTora’ value of weight when¬ 
ever available. 


Table 20-20. Weight of Idler Moving Parts 


Belt width, 
in. 


Approx weififiitfl of nio^'ing parte of steel idlrra 

lb 


Trou^hina-idlGr diameter, in. 

Keiiirn idler cliamet(>r, 

n. 


4.0 

.0 

6.0 

7.0 

4.0 

n 0 

6.0 

7.0 

14 

14 

26 

35 


12 

18 

24 


10 

1.3 

27 

37 


13 

20 

26 


18 

16 

29 

39 


14 

21 

28 


20 

17 

.11 

41 


15 

2.3 

30 


24 

19 

34 

45 


17 

28 

34 


30 


39 

52 



31 

40 


36 


44 

58 

125 


36 

46 

07 

42 


49 

65 

137 


41 

,52 

109 

48 


1 r,4 

i 

150 


46 

58 

122 

55 


i ' ' 

78 

163 



65 

134 

60 


1 

86 

174 



71 

147 


Sjperial heavy-duty types nf st«el troughing idlers may wfsigli 30 ix'r rent over the almve figures 
and cast-iron idlers will weigh approximately 60 per cent more than nlK>\e. 


be used for calculating the horsepower necessary to ilrive the empty belt, and a 
slightly larger value of F gives greater accuracy for tiguring the horsepower to carry 
the load horizontally. 

Values given in Table 20-21 for the most ideal condition should raMy be ufieil. 
Horsepowers calculated 'with and Fy of 0.025 and 0.030 have seldom been attained 
in actual service. There are only one or two cases where this was accomplished, owing 
to 

1. Highest grade antifriction idlers used 

2, <xraduated spacing for troughing idlers 

3- All terminal and Iwild qr snub pulleys mounted with antifriction bearings 

4^ Experiments made to determine l>clt tension necessary for least horsepower 

5. Very superior maintenance practiced 

Cold^weather operation tends to raise the coefficient of friction slightly. Tests 
have indicated that for 20'"F operation tlie eoeffieient-oWrictibn values should be 
raised10 per cent. This increase has very little eOeot on the horse¬ 
power necessary for a conveyor unit which has most of its need of power in elevating 
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Tabl«30-tl. Values for 


Typo of bcanni$ and condihon of ionvcyor 


Moat ideal... 

High grade. 

Average to be uaed li no details known exeept that antifrietion 

idlers are used... 

Plain bearing. 


F, 


0.025 

0.030 

O.O30 

0.040 

0,035 

0.060 

0.050 

0.07fi 


thR load. The effect ia greater on long horizontal inatallations where most o£ the 
total power is for moving the empty belt and carrying the load horizontally. 

Actual field tests have indicatetl slightly lower coefficients of rotational friction 
than most of the values in Table 20-21. However, owing to the many variables of 
equipment maintenance, operating temperatures, etc., Table 20-21 values are dightly 
oil the safe side. 


Table 20-22 


Angle of 
belt wrap 
at tlrive, deg 

Type of 
drive 

Drive factor A'* 

1 

j Screw takc-iip 

Gravity-weighted or flexible take-up 

1 : 

Bare pulley 

Lagged ))uUey 

Bare pulley 

1 Lagged ptdley 

ISO 

Plain 

1 6 

1.0 

0.B4 

0.5 

ido 

Snubbed 

1.6 

0.0 

0 77 

0.45 

200 

Snubbed 

1.4 

0.8 

0 72 

0.42 

210 

Snubbed 

1.3 

0.7 

0.67 

0.38 

220 

Snubbed 

1,2 

0.6 

0 62 

0 35 

230 

Snubbed 

1.2 

0.6 

0 58 

0.32 

240 

Snubbed 

1.0 

0.5 

0 54 

0.30 

360 

Tandem 

0.8 

0.4 

0.26 

0.125 

3S0 

Tandem 

t 

t 

0.23 

0.113 

400 

Tandem 

t 

t 

0.21 

0.005 

420 

Tandem 

t 

t 

o.iy 

0.084 

440 

Tandem 

t 

t 

0.17 

0.074 

400 

Tandem 

t 

t 

0.15 

0.064 

430 

Tandem 

t 

t 

0.14 

0.056 


* Tho drive-factor ronstanl multiplied by effective U'lLeiun Tx equals slack-ride tensjon Tt. 

t Not recommended. 

Notb: a 210 deg arc of contact on Hiiuhbed-hpad pulley drives ami a 42() deg arc of contact on tandem 
or dual-motor drives are most frequently uned. Belt wraps al>ove 220 deg are not recommended for 
use with screw take-U|] but must l>e used in some cases for underground service. The trend is toward 
the use of snubbed-head pulley drives with 240 deg arc of routavt on lpng-Bloj[)e convdyore where a high 
belt-slope tension exists. 

Then for plain, snubbed, or tandem drives 

Tg * (hp X 33,000)/5 

Tt » KTb 

Ti - Tg + T, « (K -f 1)Te 

With reference to the maximum plies as indicated in Table 20-23, a greater number 
than nine plies of 28- or 32-oz duck would trough in the 48-, 54-, or 60-in, belt widths, 
but if more than nine plies are needed, a heavier "weight of duck should be used. 
Likewise, 10 plies in the 30- and 42-oz constructions should be considered maximum 
lor good balance. More than 10 plies would trough in the 42-, 4^, 54-, and 60-in. 
widths with tlie cord constructions, but consider 10 plies as the maximum to be nsed^ 
The steel-cord belts will trough well in all widths of 24 in. and over. Probably 24 in, 
will be the miniin ' iim width for use of steel cord. 
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FREIGHT ELEVATORS 

BY E. M. Bouton 

Manager qf Engineering, Elevator Division, W^inghtnm Electric CorporaHcn 

INTRODUCTION 

Freight elevators are used for handling material in many diffemit types of build¬ 
ings, such as factories, warehouses, andtdepartment stores, in fact, in every type of 
building where material must be moved from one floor to another. The kind of 
material handled and the manner in which it is packaged and moved on and off the 
elevator vary greatly, as do the amount of material to be hajidled and the frequency 
of the service which is reqtiirod. In general, as compared with passenger elevators, 
freiglit elevators handle much heavier loads, but the speed required of the car is not 
80 great, owing largely to the fact that the loading and unloading is sueh a large per¬ 
centage of the total cyclr3. The usual ran^, of capacity of freight elevators is from 
2,500 to 20,000 lb, although in special cases even larger capacities are required. 

Speeds used vary from 50 to 200 fpm for most applications, although here, also, 
are found occasional requirements for speeds up as high as 500 fpm. 

The appointments of the freight-elevator ears are much simpler than passenger 
elevators, there being no particular requirements lor ornamentation. Buggedness 
and safety arc the most essential characteristics. 

At the present time practieally all freight elevators are of the electric type, although 
there are a few low-rise applications where the hydraulic lift may be employed to good 
advantage. Sucli cases arc limited to a y^ry low ris(‘, not over 25 ft, and where the 
speed can be very low, usually not over 35 fpm. 

Material handling in modem manufacturing operations has, in recent years, been 
receiving increasing attention. An analysis of manufacturing costs shows that the 
cost of moviiig material is one of the largest single elements in cost analysis. In 
the past niuch attention has been given to speeding up machining operations involving 
the use of high-speed steel so that cost of cutting operations has been greatly reduced. 
The use of spraying with special spray guns combined with conveyors has greatly 
n^duced the cost of applying paint and flnishes. 

It is only recently, however, that the cost of moving material from one position to 
another has received serious consideration. During the Second World War, howTver, 
great impetus w'as given to the methods of material handling, resulting in increased 
use of power trucks and palletizing of material. The freight eirvator must be con¬ 
sidered one of the elements of a material-handling syst^'in, and many of the recent 
developments in iimterial handling have definitely affected the design of freight ele¬ 
vators and have imposed new requirements which must be met by this equipment. 
Fortunately, considerable development has taken place in freight elevators and 
inodem industrial freight elevators, if properly applied, will in many case^ con¬ 
tribute greatly to the efficiency of the material-handling problems of a manufacturing 
plant. 

ELEVATOR MACHINES 

The tradign machir^ came into use about 1900 and today has practically replaced 
the drum maclime except for a few^ specialized applications. In the drum machine 
the hoisting ropes, or cables, used for hoisting the car are wound up on a drum, one 
end of the ropes being attached to the car and the other attached solidly to the<bum. 
These machines have a number of serious Umitations w^hich the traction machine does 
not have. In the traction machine the ropes are attached to the car and pass over the 
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^aachme ^eave, or drum, tiie oppodte of the mpe being attached to the counter- 
WeigH. The car driven by the friction, or trantion, between the rope and the 
sheave. The traction machine is the safest type that has ever been evolved in that 
any danger of overwinding has been entirely removed. Should the car overtravcl 
at the topj the counterweights will rest on the bottom of the pit, traction will be lost, 
and overwinding thus prevented. The traction machine has great flexibility in that 
the same sheave may be used for say height of buildings Traction machines may be 
either geared or gearleaa. In the gearlcss machine the driving sheave is mounted 
directly on the motor shaft, the rpm of the sheave being the same as that of the motor 
armature. This typ»e of machine is the one most suitable for high-speed passenger 
dievators but is used for freight elevators only in special applications. Where heavy 
loads are to be lifted, the high torque requirements of the motor make it prohibitive 
in cost so that for freight elevators the geared-type machine is used. Figure 20-27 
iUustrates a geared traction machine of the type that is most generally used for freight 
elevators. In this machine the gear is mounted on the drum shaft, and the drum shaft 
with its gear and drum are supported by heavy roller bearings. Since the entire 
weight of the car, counterweights, and load is supported by this shaft, these bearings 
are made extremely rugged. This gear meshes with the worm, the worm shaft being 



Fig. 20-27. Worm-geared traction elevator inarhine. 

coupled directly to the motor shaft. The thrust developed by the gear is taken by 
substantial thrust bearing on the end of the worm shaft. In this machine the motor 
is flange mounted to the machine housing, which eliniiiiated any problem of aiigiimeut 
of the motor shaft and the worm sliaft. The essential characteristics of this machine 
are simplicity and ruggedness, making it well adapted to the requirements of freight 
elevators in modern industrial plants. 

The methods of roping used with traction elevators arc 1:1 (see Fig. 20-28), 2:1 
{see Fig. 20-29), and 3;1 (sec; Fig. 20-30). 

It is the usual practice to make the counterweight equal to the weight of the oar 
plus approximately 40 per cent of the rated load in the ear. V^'here the rise is more 
than 100 ft, it is the usual practice to bang compimsating ropes from the bottom of 
the car to the bottom of the counterweight so that the weight of the car does not 
change appreciably at different iwsitions in the shaft. 

Roping with a 1; 1 ratio is very generally used for passenger elevators where the 
load is comparatively light and the speed high. It is also usi'.d for freight elevators, 
but in this case the torque required by the drum shaft becomes very high for heavy 
loads, and a double reduction gear is required. This involves the introduction of 
Spur gearing between the worm wheel and the sheave and complicates the design of 
the elevator machine. In order to use the simple worm-gear machine, 2:1 roping is 
very extensively used for heavy industrial freight elevators. With 2:1 rqping the 
car speed is one-half the rope speed, but the load that can be lifted for a given pull 
on the rope is twice as great as 1:1 roping. Hoping with a 3:1 ratio is occasionally 
used where very heavy loads must be lifted and the speed is low. 

Traction drives may be further classified as single wrap and double wrap. The 
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ixaMcm id S^ystrated ^ Fig, MAl and ^ mme gemt^ <4kd^leir- 
istids ad 1^ angle wr^ alicmn in fig. 20-3$, but in ibis oaae tat ^itumal is 
made a^bnt th^ driving sheave, thus increanng the traction for driving, It ^sq 
doubles load in the riwve bearings, Ibe sheave groove in this case is kntmn as 
U grooving, as illustrated in Fig. 20-31. Tlds system is imeful for high-speed Irei^t 
elevators using a gearless machine. For freight elevators the single-wrap traction is 
generally used, in which case the grooves have an undercut, as shown in Fig. 2D-28. 
This particular shape of groove giv^ high traction and good support for the rope. 


GEARED HOISTING 



COUNTERWEIGHT 



DETAIL OF SHEAVE GROOVE 
FOR single wrap TRACTION DRIVE 

Tm 20-28 Single-wrap traction eleva¬ 
tor with 1 ■ 1 roping showing detail of 
ehoavD groove 


COUNTERWElG 



Fig. 20-29 Single-wrap traction elevator 
with 2.1 roping (Sheave grooves same as 
Fig. 20-28) 


Furthcrniorc, the traction docs not change as grooves wear, thus ensuring a long life 
of both sheave and rope. 

The car la hoisted by means of wire rope. Elevator hoisting rope is a rather 
complicated structure, composed of a number of strands of wire which are wound 
upon a hemp center, l^e hemp center forms a support for the strands and carries 
a lulnicant. The various strands must move freely with respect to one another to 
pwent internal wear. In order to obtain a satisfactory rope life, the ratio of sheave 
diameter to rope diameter should be kept as high as practicable. The Amerh^an 
ii^andaid Safety Code requires that the sheaves be at least 40 times the rope diameter. 
In practice, a ratio of 50:1 or more is usually used Wire rope is manufactured in a 
number of constructions. For traction elevators it is desirable to have the outside 
wdres in the strand large m order to prevent breakage due to wear from contact with 
the driving sheiwe. ^ 
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Fi«i. 20-30. Single-wrap traction elevator Fio. 20-31. Double-wrap traction elevator 
witli3;l roping. (Sheave grooves same aa with 2:1 roping showing detail of sheave 
Fig. 20-28.) groove. 


MOTORS AND CONTROL 

Both a-e and d-c motors aro used for elevator service. The simplest and most 
rugged type of motor is the single-speed squirrel-cage motor with liigh starting char¬ 
acteristics. Such motors are designed to give the maximum torque at starting. To 
obtain the high starting torque, a high rotor resistance is required so that the motor 
has considerable slip, and its speed regulation is not so good as that of thi' d-c motor. 
It is started by connecting it directly to the line, usually with a step or two of primary 
resistance, and is stopped by disconnecting it and bringing the cur to rest by the 
friction brake on the elevator machine. No speed control can be obtained so that 
this type of motor is limited to low-speed elevators, 75 to 100 fpm, and where accurate 
Stopping is not important and where self-leveling is not required. A modifiration of 
this motor is known as the two-speed motor, in W'hich the motor has two sets of poles, 
thus giving two speeds, or has the primary reconnected on slowdown so as to change 
the numl>er of poles. The starting chararteristics of such a motor must be the? same 
as for a single-speed motor, but by utdizing the greater number of poles the slownr 
speed is available for stopping. Such motors have been built with pole changers with 
6:1, 4:1 and 3:1 speed ratios and with reconnected primary with a 2:1 speed ratio. 
Such motors have been extensively used in the past os a means of obtaining higher 
car speeds or to obtain more accurate landing. In recent years, however, the devel¬ 
opment of variable-voltage control in smaller ratings gives much better perform¬ 
ance, more accurate control, so that the use of two-speed a-c equipment has greatly 
decreased. Variable-voltage equipment may now' be obtained in ratings as low as 
16 hp BO that there is very little need for an a-c motor for car speeds above 100 fpm. 

In varic^ble-vollajge control a d-c elevator motor is used, and the apeed and direc- 
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tioii ol roial^on of the zBOtar ar6 obtained by eontmUiog tbe field ^ 

In this case, thefe is a inotor^enemtor act for each elevator, mie goieralor b& 
driven by either an a-c or d^ motor, most of the drives being alternating current. 
The motor and generator are combined in one unit, or motoj^nerator net, which 
alfio includes an exciter. For speeds up to 200 fpm, which arc usual for frei^t 
elevators^ a compound-wound generator is used, compounding being obtained by a 
series field on the ^nerator used for the purpose of compensating for load and giving- 
good speed regulations both at high and low speed. The great advantage of variabk- 
voltage control for any kind of elevator service is the smoothness with which the 
elevator operates and the accurate speed control which can be used for m^^king land¬ 
ings. This good speed control is particularly necessary where automatic self-leveling 
is required, in that the car must be moved at a very low speed so as to obtain the 
requu'ed stopping accuracy. 

Variable voltage is recommended for all freight elevators above 100 fpm and for 
lower speeds with 10,000 lb capacity or greater. 

The control operating systems used for freight elevators are as follows; 

1. Collective 

2. Push button (single party) 

3. Car-switch control 

4 Constant-pressure push button 

The systciii that is the most serviceable and best adapted to freight-elevator 
service is collective operation. With this system there are up and down buttons in 
the corridor on each floor and a set of buttons in the ear corresponding to the floors. 
The car is started in rcsiKmse to the pressure of these buttons. With selective col¬ 
lective operation, ■which is the system moat generally used, the car on its up trip 
resj)onds only to up calls in the corridor and on the dowTi trip responds only to down 
calls in the corridor. As it travels through the hoistway, it automatically stops for 
the calls received and in the natural order of the floors. AH calls are stoi^ so that, 
after completing a trip in one direction, the car will automatically start and answer 
all the calls in the other direction in the natural order of the floors served. While 
making a trip in either direction the car v^-Hl also stop in response to any buttons that 
may be pressed within the car. When this system is equipped with an attendant 
service feature and annunciator in the car, it may be used with an attendant in which 
I'ase the corridor buttons do not start and stop the car but register signals on the 
annunciator. The attendant controls the car by means of the car buttons. This 
system may be equipped with automatic self-leveling so as to maintain the car level 
with the floor during loading and unloading. 

Where the service is lepis severe, push button operation of the single-party type 
may be satisfactory. With this system the car may be called to any floor by means 
of the corridor buttons or sent to any floor by means of buttons in the car. Since 
it responds to but one call at a time, it is limited to relatively infrequent service. 

Car-switch operation is a system in which the car is controlled by a lever in the 
far and requires an attendant. This system may be equipped with automatic self- 
leveling. In order to eliminate the need of an attendant, a modification known 
as constant-pressure push-button operation is sometimes used. It has an of button 
and a down button in the ear by means of ivhich the car is started and stopped 
and buttons in the corridor which also cmutrol the car. The car is not automatically 
stopped but stops when the operating button is released. It is therefore necessary, 
when calling the car from a corridor button, to observe the position of the car through 
a vision panel to see that it is at the floor le'vel. It is suitable only for slow-speed 
elevators where the service is not severe, 

MECHANICAL EQUIPMENT 

The or hoistway^ in which an elevator runs is a very important element 

in its safe operation. It forms part of the building structure and contains the guide 
raUs on which both the ear and countenveight travel. The enclosing walls and the 
landing doors should be fire resistant. The building structure itself must furniah the 
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8uffici«tti tttructUFfi to wh^h ii& ii^ttaicii' ikes ^ievutor 
guide raila. Tkm is parttoukriy importaat for freight eleratore where power trudke 
are tnao. oh and off the car and whore the car platform is subject to eccentric landing* 
At the bottom of Uie shaft, known as the pit, are located the terminal stopping devices, 
COilKsiaiig of control limit switches, a governor-rope sheave, and the car buffer. 

Car buffers may be either of the spring or oil type. Mo^ elevators below 200 fpm 
use Spring buffers, which covers a large number of freight dievators. For higher 
speeds an oil buffer is used. Oil buffers are designed to stop the car from governor 
tlipping speed with an average retardation of gravity, and the American Safety Code 
for Mevators requires that the maximum instantaneous retardation shall not exceed 
2}4 times gravity. 

The most suitable location for the elevator machine is directly above the hoist¬ 
way, as, in this case, the roping is simpler, and the load on the building structure is 
leas than when the machine is mounted in the basement. The building structure 
must be designed to support the weight of the loaded car and its counterweights, 
plus the weight of the machinery when located overhead. 

Every elevator is equipped with an undercar safety which grips the guide rails in 
case of broken hoist ropes or in rase of overspeed. This safety is actuated by a speed 
governor located overhead. There are two classes of safeties generally used: 

1, Instantaneous safeties 

2. Sliding safeties 

Where the car speed does not exceed lOO fpm, the instantaneous, or roller-type, 
safety is used. In the instantaneous safety a roller is wedged between the safety jaw 
and the elevator guide rail, and the Car is brought to rest with practically no slide. 
Where the speed exceeds 100 fpm, sliding safeties in a variety of forms are used. A 
very common type of safety is known as the wedge clamp. \^en the governor trips, 
the governor rope is brought to rest, causing a drum on the safety to turn, thereby 
applying the safety jaws to the rail. An improvement on the wedgc^-clamp safety is 
to make the jaws flexible so that the operation of the safely drum compresses a spring 
in the jaw mechanism, thus giving a uniform braking action which it is possible to 
adjust to any desirable value. 

Every elevator should be equipped wdth terminal slowdown and stopping switches 
which will act independently of the operator to slow the car down and bring it safely 
to rest at the limits of travel. 

All elevator doors should be equipped with electric contacts so that the car cannot 
be moved with the doors open. The doors should also be equipped with locks so 
designed that they cannot be opened on the outside unless the car is at the floor. 
Devices in which the lock and the contact are combined in such a way that the car 
cannot be moved unless the door is both cloi^d and locked are known as interlocks. 
A device in w^hich the contact can be made while the door is still unlocked, even though 
the locking mechanism is in a position to lock the door when the car leaves, is known as 
a contact and lock. American Standard Safety C/Ode for Elevators describes these 
devices and establishes rules for their design, approval, and use. 

APPLICATIONS OF FREIGHT ELEVATORS 

In selecting a freight elevator for a factory, warehouse, or other use, a number of 
factors have to be considered. The requirements vary over a wide range from lightly 
loaded, infrequently used elevators to heavily loaded industrial elevators which arc 
constantly kept in use in handling materials. The character of the material to be 
handled is the first consideration, taking into account its shape, density, and its 
distribution on the elevator platform. The way in which material is brought to the 
elevator has a great bearing upon the design of the elevator and the type to be ustid. 
Consideration must be given to the amount of material to be handled in a given time 
and the number of floors over which it is to be distributed. From a consideration of 
these factors, the general type of the elevator, its capacity, its platform sixe, the speed 
at which it is to be run, and the operating system and control may be intelligently 
determined. 
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rial earned by ,it(. The mkm of thia maie^ baaa great beid^ 

upon t^Kpiatform eiae lor a given ^ad, and the density of lining in pounds lor a 
square wt vary greatly. A large area may be neo^f|^ to handle bui^ 

objects 0^ though the weight of these objects is light. OlKthe other hand, the 
xnateriaf^iay be dense, and the loading per square foot very m$hi ns in the ease of 
elevatoi§'|;arrying castings, plate glass, and many forms of paB^^zed material. This 
great vi^tion in density of materials leads to necessity for os^ful conidderation of 
the use ^ the elevator over a long period of time. Large elevaW platforms designed 
for light^ading may be severely overloaded and may even become a hazard if their 
use is cl||nged to carry more dense materials. 

One the most important censidorations in selecting or specifying an elevator 
is the n^hod of loading. This also is related very closely to the general material 
handlindlnethodB used in the plant in which the elevator is to be installed. 

Frei^t-elevatqr loading may be classed as follows; 

1. l^^strial-truck loading 

2. Motor-vehicle loading 

3. Gihaeral freight loadi^ 

4. Pfti^miger loading 

Ihdi^IrhLl-tnick Loading. A method of material handling that has become Very 
generally used in modem industrial plants and warehouses is that of palletizing mate¬ 
rial and moving these pallets from place to place with x>ow'er trucks. 

Palleting came into very general use during the Second World War, and today 
material & stored on pallets, war rehoused, shipped, and sometimes consigned by the 
pallet load. In factories a form of platform frequently called a skid is often used. 
These skids may be of the box type and are loaded with bolts and mits and other 
hardware. PaUetized material is well adapted to stacking in tiers. Stock rooms are 
frequently arranged to store material on pallets or skids, thus greatly reducing the 
amount of handling required. The power trucks used to handle these pallets and 
skids are of the forked type and are powered, usually by storage batteries and in some 
cases by gaso’ine motors. Hiese trucks are very heavy, fretiuently welfjhing more 
than the load which they handle. Ju the usual design of such, a truck, the load is 
lialanced by the weight of the operating machinery, storage batteries, etc. ' Tbus when 
fully loaded, most of the weight of the truck and its load are supported On its two 
front wheels. This results in a very high concentration of loading, and whep elevators 
are loaded by this moans, the platform design must take this into consideration. 

A large elevator will handh; several truck or pallet loads of material, and the 
usual practice is to spot these palletized loads on the elevator platform hy driving the 
truck onto the elevator, depositing the load and driving it off again. Tto process 
is repeated several times until the elevator is fully loaded. Figure 20-32 ia an eleva¬ 
tion of a freight elevator being loaded with palletized material by means M a power 
truck. It will be noted from the figure that, as the truck is driven onto the elevator, 
the front wheels ai'e resting on the edge of the platform so that the weight of the truck 
imd its load are concentrated at this point. Therefore, an elevator that is ^ be used 
with industrial-truck loading m\iBt be structurally strong enough to support these 
heavy loads at a considerable distance from the center of the platform. The arrows 
in Fig. 20-32 show the diieation of „tlle leois^ous that ooeur ^t tha dervalor guide 
shoes These reactions represent the forces with which the guide rail resists tiie 
moment induced by the load at the edge of this platform. Therefore partimilar 
attention must be given not only to the design of the elevator but also of the guide 
rails and guide shoes. It will also be noted from Ilg. 20-32 that, just before the 
truck rolls onto the platform, it bad to pass over the trucking sill which is part of the 
elevator door. Special consideration must be given to this part of the equipment alhSf, 
and trucking si% for industrial-truck loa(Mng should be specified. Figure 20-33 
shows a plan view of a power truck and palletized load as it is bring run onto the 
elevator. It should be noted here that not only are the truck and its load supported 
on the edge of the platform but they are also considerably off Center and ooneriitrated 
on but one side of ear. This eoeentricity of loading sets up reactiom at the guide 
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Flo. 2Q>32. A power truck and its palletised load filtering an elevator. Muwt 0 / the 
weight of the truck and ita load are supported by the front wheela, which rest on the edge 
of the elevator platform. The arrows indicate the reactiDiia of the guides. 



Fio. 20-33. Plan view of a power truck and palletised load entering an elevator. This 
ffh owa that the load ia not only con cent rated at the edge of the platform but is displaced 
sidewise. 

rails which are at right angles to those shown in Fig. 20-32 and this too must be given 
proper consideration. 

It ia not sufficient that the elevator alone be proi>erly designed for thio severe 
hmding. It must be given considwation in the design of the building. Elevator 
guide rails can be no more rigid than the steel on which they are mounted, and a 
sufficient number of adequately designed guide-rail supports must be provided. 

These modern trucks are operate at considerable Speed and must bs stopped by 
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truckload of mateiinl on and off the elevator, perfect accural in diiving 
slivaya be expected. It ia therefore, not imueual for truck drivers to atiike the «&le 
of the car with a truck or the load, and elevator aide guarda must be deaigned to with- 
stand thi^ treatment. It is not unusual in factories and warehouses^ where elevators 
were not onginally designed for power>trurk loading, to see the side guards bent and 
bowed from this cause. A practice which is quite generally followed and whiidi has 
proved generally succ/eaaful is to mount wooden rubbing strips on the aides of the car. 
A very commonly used form of rubbing strip is an oak plank approximately % in. 
thick, bolted to the side of the car. These rubbing strips stiffen the car sides and are 
readily removable when they eventually become worn. 

When palletized material is loaded onto an elevator by means of power trucks, 
consideration should be given to the total load on the platform. Figure 20-34 i^ows 
the palletized load being deposited on the car, In this case the total load on the 



T'lik 20-34. Plan view of a loaded elevator as the last truck load is beiiis; depoaitfid on the 
platform. The total load on the elevator is the weight of the load plus moat of the weight 
of tlie truck. 

platform is equal to the total load to be hoisted 113 ^^ the car, plus the weight of the 
power truck. In many eases the elevator is called upon to hoist not only its load but 
also the truck by means of which the car is loaded. In this case the total capacity 
of the elevator must be equal to the weight of the net or payload plus the w'eight of 
the pow'er truck. 

Motor-vehicle Loading. In many large warehouses and some industrial plants, 
It is the practice to drive loaded automobile trucks directly onto the elevator. The 
truck and its load are then hoisted or lowered to a different level and driven off again. 
Special consideration must be given to this type of loading, but in general it is less 
severe than the case of industrial-truck loading. It is necessary that the platform 
be designed to support at least half the weight of the loaded truck on the edge of the 
platform, and it is necessaiy^ that the capacity of the elevator be equal to the weight 
of the automobile truck plus its load. 

General Freight Loadings There are many uses for freight elevators having a 
capacity of 8,000 lb or less in which the building is not adapted to the use of power 
trucks, and such elevators may he designed on the basis of hand loading. In this 
caw* material is moved on and off the elevator either by hand or by means of hand 
trucks. The weight of these wUl not, in general, exceed the weight of one-quarter 
the capacity of the elevator. Many such elevators arc iisc'd in small warehouses, 
department stores, and even for some applications in industrtai plants where power 
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1^4skis m autOrndbiie tni^ks are not us6d. In sud^ cttees g^eml freight loa^g may 

be s^adfied/ 

PManger Loa^iig. The paasenger load in multiple-atory manufacturing opera- 
irons must be given serious conrideration. The population density on the various 
floors for some kinds of mannfaeturing may be higher than for office buildings. In 
such it is desirable to have a bank of passenger elevators to take care of this 

traffic. There is considerable interfloor traffic, consisting of supervision, time-study 
people, manufacturing engineers, etc. A centrally located group of passenger ele¬ 
vators can usually take care of this interfloor traffic most effectively. It is seldom 
desirable to have the freight elevators centrally located because their location depends 
on the ^manufacturing operation being performed. The freight elevators, as part of 
a manufacturing operation, cannot be intferrupted for interfloor passenger traffic. 
However, it is frequently desirable to utilize freight elevators for passenger service 
during the morning and evening nish periods. It is often considered impractical 
to proride a sufficient number of passenger elevators to»^ake care of the incoming 
persomiel in the morning and take them out again at night. 

However, if the freight elevators are to be used as passenger elevators during 
the rush period, they should, from a safety standpomt, be considered as passenger 
elevators, and the rules of the American Standard Safety Code for Elevators as 
regards i^tform loading should be followed. This sometimeB gives the elevator a 
larger capacity rating than it would have if considered purely as a freight elevator. 
In such cases, the elevator capacity should be selected on the basis of its passenger 
rating. Because of the tripping hazard, horizontal sliding doors are ronsidered safer 
for passenger service than are center-parting counterbalanced doors. Counter¬ 
balanced doors are best suited for freight elevators because of their trucking sills. A 
method that has been used to obtain the required safety and still utilize the counter¬ 
balanced door is to interlock the hoistway doors with the car gate so that the car gate 
will not open until the hoistway doors are fully opened. This can be easily installed 
where power-ojicraled doors arc used. 

It is difficult to establish any rules for selecting a freight elevator that apply in 
all eases, as the elevator must be considered as a part of over-oil material-handling 
operation, A few general considerations, however, may be pointed out in connection 
with all heavy industrial or warehouse elevat(»rs. 

1. The capacity in pounds and the size and shape of the car should be selected 
after a careful study of the material to be handled, taking into account its bulk, weight, 
and the way in which it is packaged. 

2. Consideration should be given not only to the material handled by the elevator 
but also to the forces imposed on the car in loading and unloading if x»ower trucks 
are used. If the truck is to be hoisted with the material, the rated capacity of the 
elevator should be made equal to the weight of the truck plus its load. 

3. The walls of the car shoidd be kept as smooth as possible by recessing the 
operating mechanism, such as car-switch or push-button station, and avoiding projec¬ 
tions that may become damaged. 

4. The sides of the ear should be protected by rubbing strips. 

5. Suitable trucking sills should be provided on hoistway doors capable of taking 
the severe loading imposed by power trucks. 

6. Careful consideration should be given to the building structure, particularly 
at the points at which guide rails are supported. 

7. The control and operating system should be selected on the basis of obtaining 
the most efficient service and the greatest flexibility. Collective operation with 
prorision to by-pass, with an attendant service feature and an annunciator, is the 
most flexible system as it can be used either with or without an attendant. 

8. Self-leveling is u ually required to correct the stretch of the hoist ropes as 
heavy loads are run on and off ihf cor. Variable-voltage control gives the bt,*St per¬ 
formance for large freight elevators and the most accurate self-leveling. 

9. Power-operfiled hoistway doors and car gates should be used where the serricc 
is Severe, particularly with large doors. 

It is possible, where the service has been carefully studied ahd the conditions 
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20-35. Standard elevator sizes. With front and rear opeuing.s dimensions E, and 
// apply at bath ends 

Note A; Platform loading per auiutre foot must comply with local code requirements, 

5. Select car size and capacity to handle the particular material involved. Figures 
20-35, 20-36, and 20-37 show the dimensions of freight elevators that have been 
, 5 enerally used in industry. 

6. Select the car speed, based upon the height of the building. 

The following is an indioation of what should be used. 

Table 20-24 

Floor4 Speed, fpm 

3 75-100 

4 -^ 150 

3-10 200 

If one of the floors exceeds 20 ft in height, the next high^ i^eed is demrable. 

The time required to make each trip of the elevator is made up of the folLqwims: 

1. i2un.m7i^ Time. Running time is equal to the distance traveled divided by the 
car speed. 

2. A cederatit^ Time. Accelerating time consists of the additional time requited 
to accelerate and retard the car for each stop» multiplied by the number of sUqis 
made. 
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3. ikior Time. Door lime is eqiij4 to the time required to open and eloae the ear- 
fate imd ludatway doors, multiplied by the numb^ of stops. 

4. hooding Time. Loading time is the time required to load and unload the car 
and varies greatly with the type of material to be handled and the method of hori¬ 
zontal material handling used. 

Suppose that it is desirable to know how many pounds of material per hour can 
be handled with an elevator having a capacity of 10,000 lb and a car speed of 150 fpm. 
Tliis particular elevator has variable-voltage control with automatic self-leveling and 
has power-operated counter-balanced doors 8 ft high. It is to handle palletized 
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Fig. 20-36. Machine-room requirements. 

Note A: Dimension M based on minimum standard length car with single entranre and 
regular counterhaJauced doors. With deeper cars consult manufacturer. 

Note B: Dimension W based on minimum standard width car. With wider car consult 
manufacturer. 

material, and the platform size is such that it can be loaded with four pallets, each 
weighing 2,500 lb, or three pallets weighing 3,000 lb. 

It will he necessary to know from the analysis of the cycle about what the average 
load win be and how the material is to he lUstributed over the floors. Let us assume 
that the elevator is serving a five-floor warehouse. Let us also take the case where 
the material is brought up to the elevator with power trucks and that in the particular 
cycle considered most of the material will be taken from the third and second floors 
and delivered to a loading platform on the first floor and the distance between floors 
is 17 ft. 

Tlie elevator, then, will travel a distance of 34 ft in each trip from the first to the 
third floor and will make a ^Aop at the second floor in the down direction only. Let 
us assume that the average load will l>e throe pallets, averaging 2,800 lb in weight. 
Then the following calculations can be made; 
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BAiiiiuikg time 
Accelerating time 
Door time 

Loading time at sec per pallet 
Total 


' (2X34X«0)/150 arsec 
a X ^ 7H see 

3X9 ^ 27 sec 

3 X 15 ^ 45 8eq 

106^'^ see 


Add 20 per cent, giving a round-trip time of approximately 128 sec. 

Trips per hour * 3,600/128 see « 28 

C Capacity load =* 3 X 2,800 lb = 8,400 lb 

Capacity per hour = 28 X 8,400 lb * 235,200 lb 

In the above calculations the item that requires the greatest study of actual 
conditions is the loading time. It is obvious that this -will vary over wide limits, 



Fig, 20-37. Top clearance and pit requirements. 

Note A: P based on 8 ft 0 in. door height. With 9 ft 0 in. door height, P » 5 ft 0 in., 
where table shows less than 6 ft 0 in. With 10 ft 0 in. door height P =» 6 ft 
6 in., where table shows less than 5 ft 6 in. 

Note B: Dimension 0 based on 8 ft 0 in. clear cor height. Increase dimension O by any 
iocrease above 8 ft 0 in. clear height. 

Add 2 ft 0 in. to 0 dimension for car siae 5 ft 4 in. by 7 ft 0 in. 

Add 1 ft 0 in. to 0 dimension for car siae 5 ft 4 in. by 7 ft 0 in. 


• Height, 7 It. 6 in. from floor to ceding or trolley beam over machine. 


depending upon the number of power trucks usedj the distance from which the 
material must be brought up and the method of loading employed. there is a 

continimus flow of materid^ very satisfactory results can be obtained with two 
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so tlmt 01 ^ eleV8$tor b being loaded while the other b being moloeded* Im 
thb cnee the meterial that the elevator will handle can ea^ly be made equal to the 
amount of material that can be brought up with the power trucks. 

ELEVATOR MAINTENANCE 

Mevators may be well designed and carefully selected for a partieidar service^ 
but the best performance and long life can be obtained only if they are properly main¬ 
tained, The objects of elevator maintenance are 

1 . To provide a maximum of uninterrupted service 

2 . To ensure long life of the equipment 

3 . Tp ensure sale operation 

An elevator is an assembly of many difficult kinds of mechanism^ some of which 
are quite intricate. Therefore, good adjustment, cleanliness, and adequate lubrica¬ 
tion are prime Ossentbis. Certain parts are subject to natural wear and tear and 
should be replaced from time to time before the failure causes an interruption to 
service or creates a hazard, 

Good maintenance may be referred to as protective maintenance, as dbtinguished 
from mere trouble shooting, w^hirli corrects a fault only as trouble develops to a point 
where it causes faulty operation or a shutdown. Under protective maintenance, 
wearing parts, such as contacts, guide shoes, contact or shunts, and other similar 
parts are regularly inspected and replaced when it appears that they are approaching 
the end of their reliable life. 

There are certain requirements that must be followed if good maintenanee is to 
be obtained. One of the most important of these requirements is to have a main¬ 
tenance staff with a thorough knowledge of the equipment. Unskilled persona may 
often do more harm than good by improperly diagnosing a fault and applying a wrong 
corrective. The symptoms of trouble should be recognized quickly and the basic 
source of,the trouble immediately corrected. Lack of knowledge and skill leads to 
long shutdowns while trouble is being located and to improper steps taken in the 
correction of it. 

To ensme a miniinuin of shutdowns, a regular schedule of maintenance is desirable. 
This schedule lists all the work that is to be done such as oiling, cleaning, inspecting, 
adjusting, etc. These step,? should be regularly and periodically taken. Regular 
inspections at scheduled times should be made. 

It is uaeftil to make a log of all the troubles that occur. It is seldom that main¬ 
tenance is perfptJt, and some trouble and oerasioiial shutdowns may occur. If these 
troubles are recorded, together with their true cause, and a statement of what was 
done to correct it, a record will eventually he had which will be very useful as a guide 
for inspection and replacement. 

It has been pointed out that the replacement of wearing parts should be made 
before they become so badly worn as to cause a shutdowm or an unsafe condition. 
Every elevator should be equipped with a mileage recorder and a stop recorder in 
order that there be available a record of just how much service is being obtained. 
This service record, together with the trouble log, may be uBE*d as a basis for a sys¬ 
tematic replacement of wearing parts before they become troublesome. In the 
replacement of parts experience with a particular installation, if systematically 
recorded, will furnish the best guide. 

It is needless to say that, to accomplish all this, an adequate organization is 
necessary- Where there are a large number of elevators, a staff of maintenance men 
tinder good supervision may be employed continuously for elevator maintenance. 
Where there are only a few elevators, it usually becomes necessary cither to maintain 
them by personnel who also maintain a great deal of other equipment about the plant 
or to have the maintenance done by others. Practically all elevator manufacturers 
keep a regular organization for maintaining elevators of their own mamifactiire. 
These manufacturers will enter into maintenance contracts of various types depending 
Upon the nature of the installation. In considering the maintenance of an elevator or a 
group of elevators, such maintenance contracts should receive serious consideration. 
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INDUSTRIAL PROCESS AIR CONDITIONING 

BY Alfred B. Wason 

AssisUifU Manager^ Heating and Air Conditioning Department^ and Manager^ Industrial 
Air Conditioning Section^ of the Westinghouse Electric Corporation^ Biurteoani Division 

INTRODUCTION 

Industrial process air conditioning conveys so many different concepts in the mind 
of the industrial engineer that the expression requires clarification. The industrial 
engineer is primarily concerned with the atmospheric conditions affecting the manu¬ 
facture! preparation, process, storage, and preservation of material, equipment, and 
commodities. The fundamental basic factors which control these conditions are 
temperature, relative humidity, air circulation, and air purity, of which one or more 
may be the govennng factor or factors. The optimum atmospheric conditions to be 
maintained depend upon the physical and chemical characteristic properties of the 
product, generally hygroscopic, and the nature of the process of manufacture. 

Industrial process air conditioning may be defined as the art of simultaneously 
controlling the temperature, relative humidity, ventilation, cleaning, and movement 
of the air within an enclosure intended for the manufacture of a product sensitive to 
atmospheric conditions. 


PSYCHROMETRY 

Psychroinetry is a branch of physics relating to the measurement or determination 
of the pln^sinal properties of atmosphere air, with particular reference to its moisture- 
vapor properties. 


Fundamental Definitions, Laws, and Principles 

To understand induBtrial process air conditioning, it is essential to have a general 
knowledge of the atmosphere surrounding the earth, which we call air, its most impor¬ 
tant physical projwirties, and the relations between these properties under variable 
conditions, and further, a practical knowledge of the instruments commonly used for 
measuring these properties. The composition of air is a physical mixture of vapors, 
gases, and dust which may be considered divided into four separate classifications, 
as follows: 

1. Tlie major constituents of air by volume arc nitrogen, 78.1 per cent; oxygen, 
21 per cent; and a small volume, 0.9 per cent, of inactive gases, principally argon. 
These constituents are present in the air in almost constant proportions. 

2. Air includes accidental or foreign gases, such as toxic gases, odors, sulfur dioxide, 
ammonia, and carbon dioxide, which affect the air required for ventilation to more or 
less a degree in process air conditioning. 

3. Air contains water vapor, moisture in gaseous state, which is the most important 
factor in considering atmospheric-sensitive products for manufacture. 

4. Air eontaiiiB soUd-raatter dirt, carbon particles, smoke bacteria, or any foreign 
particles generally termed dust which are suspendt‘d in the air. 

The effects which the various componoiit^ of tli(‘ air have on industry are tre¬ 
mendous, particularly in the economies of manufacture and in personnel and healthful 
conditions. Especially is this true of water vapor present in the air. Fortunately, 
the above factors are to a large extent controllable l)y means of suitable equipmc nt, 
properly operated and regulated to maintain the desired air conditions as required for 
manufacture. 
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Phy9^al Pro^ertlea of Air 

AtnuiBpiieriis air haa six physical properties mosl^ applicable to process air eon* 
ditiomng. These are density or weight, pressure, temperaturer hefit content, humidity 
or moisture vapor, and velocity. 

Density. Density is defined as the weight of a Unit vohune of a substance. The 
density of air is measured in pounds per cuImc foot under specified conditions of tem« 
perature and pressure. Thus the density of air at 6&°F and atmospheric pressure is 
_ - 0X75 lb per eu ft. 

SpeHfjc mLume is the reciprocal of density. 
It is defined as the volume occupied by the 
unit weight of a substance under spcadfied 
conditions of temperature and pressure and 
is measured in cubic feet per pound. Thus 
the specific volume of air at and atmos¬ 
pheric pressure is 13X cu ft per lb. 

The atmospheric air totally envelops the 
earth, moving with it, and would remain 
stationary with reference to terrestrial objects 
except for local changes in temperature and 
moisture content, effecting change in density 
and producing winds, rain, snow, and storms. 
Pressure differences reflect these changes. 


I 



Pressure, Air has appreciable density and constantly exerts an atmosphme 
,u(*e8ure, termed “barometric pressure,” which exerts a force which is equal to the 
’•►’eight of a column of air 1 sq in. in section through the whole layer, variously esti¬ 
mated at from 40 to 200 miles in depth, above which is interplanetary space. The 
normal or standard “barometric pressure” at sea level is 20.92 in. Hg, (slightly less 
at the equator), which corresponds to a pressure of 14.7 psi or, expressed another way, 
to the pressure of a column of water 34 ft high. As the altitude above the sea level 
increases, the atmospheric pressure decreases, w’hich amounts to about J-j pal for 
each 1,0()0 ft rise for the first mile in height. 

Barometer. The “barometer” is an instrument for measuring the pressure of the 
atmosphere. The standard instrument for this purpose is the mercury barometer 
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whicb k designed to balance automatically tbe pre^re of the atmosphere against 
the weight of a vertical column of mercury. A tube containing a column of mercury 
is invert, and the open end is sunk in a cup containing mercury, which k exposed 
'td the pjfmkure of the atmosphere. The upper end of the tube is closed, a vacuum 
exists between it and the column of mercury. The difference in height between the 
level of mercury in the eup and in the tube k the *'height of the barometer’'—a 
direct measure of atmospheric pressure (see Kgs. 21-1 and 21-2). 

Baches of mercury are readily convertible to pounds per square inch Since 1 in. Hg 
is equivalent to 0.4912 pai, nr conversely, 1 psi ia equivalent to 2.03^ in. Hg. 

Pressute, Gauge preasure is ihe pressure measured above atmospheric 
pressure as a base, expressed in pounds per square inch (see Fig. 21^). 

Ahsd'ute Pressure. Absolute pressure is the sum of the gauge pressure and 
barometric pressure, or the total pressure above a perfect vacuum, expressed in pounds 
per square inch. 

Vacuum, Vacuum is the pressure measured below atmosphere as a base, expressed 
in inches of merc\iry (see Fig. 21-4). 




Fru. 21-5, Industrial 
thermometBr 


Temperature. Physics defines temperature as a measure of molecular activity, 
which is closely associated with the heat content of a substance and is measured by 
a conventionai thermometer (see Fig. 21-5). It k generally termed the dry-bulb 
temperature. The temperature scales most generally used are Fahrenheit (F) and 
centigrade (C), the former being the most common. 

C = s^(F - 32) F = -h 32 

AhRoluie Temperature. Absolute temperature is obtained by adding 459” to the 
Fahrenheit temperature or 273” to the centigrade temperature. 

The relationship of the three preceding physical properf.ies of air—ilensity, 
pressure, and temperature--and their performance may be further explained by the 
fundamental laws of perfect gases. 


Law of Gases 

Density of air varies with changes of temperature and pressure and perforres prac- 
tically in accordance with the fundamental Jaws of perfect gases which are 

1. At a eiwistaiit temperature the volume varies inversely as the absolute pressure 
(Boyle's law). 

^ At a constant pressure the volume varies directly as the absolute temporature 
(Charles’s law). 

3. At a constant volume the pressure varies directly as the absolute ttuni> -.'al uro 
(Charles’s law). 
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tjm ftbove th^ SQiiet:0i relfttiDiu^p beetles 

PV - KT 

where P » abeolute preeaure, psi 
V « volume, cu ft/lb 
iC = a constant (for air 0^70) 

T = absolute temperature, deg F 

Beaaity of air at atmospheric pressure, 29.92 in. Hg, at 68®F, and 50 per eenf 
relative humidity is approximately 0.075 lb per cu ft. This figure is generally aeeepted 
for fan-rating-table performances. 

Physiuil State of Matter. All matter cmsIs in ore or another of three di^^mt 
states as a solid, liquid, or gas. ^ . 

Water (H^O) can exist as a solid (loe), as a hquxd (waterl, and as a gas (aqueous 
vapor or steam). The physical change in state of water with variations in tenipera- 
ture and pressure in combinations with air are the factors involved in psychiometry. 

To illustrate, rompare the relative amount of space occupied 1>y a given weight of 
water in the three physical states, as shown in Table 21-1. 


Table 21-1 


Phyaical state, atmospheric pressure 

Densktv. wpiBlit 
per ou ft, lb 

Relative volume 
ocrupird by equiva¬ 
lent w eight of water. 

I’ll ft 

Solid (ice at iTF) 

57 5 

1 09 

Liquid (water at 50"J') 1 

52.37 

1 00 

Gas (steam at 2l2°h) . ...... | 

Aqueniis water vapor at 6S°F and 5U per ci nt i 

0.037 

1 

1.600 0 

rcdativo humidity 1 

1 0 00054 

1 

115,500 0 


Note the amazing difference in volumes between 1 eu ft of W'ater (liquid) and the 
same weight of water vaponzeil (gas) at atmospheric conditions. 

Heat. Heat is a form of physical energy existing within a substance because of 
molecular actmty. Heat is one form of energy. There are many others, and nil 
are mutually convertible under the laws of conserv^ation of energy. The quantity of 
heat per pound of a material is generally expressed in Btu (British thermal unit). 
Water is taken as the standard unit of heat, and 1 Btu is defined as the heat required 
to raise 1 lb of water 1°F. The French thermal unit is the calorie, which is the heat 
required to raise 1 kg of water l°C. 

1 Btu — 0.2520 calorie 1 calorie = 3.968 Btu 

Mechanical energy is measured by the foot-pound, which is the amount of work 
required to raise 1 lb weight 1 ft vertically against gravity. Expressed in heat 
equivalent, 1 Btu — 778 ft-lb. Power is the rate of doing work expressed in horse¬ 
power. C^e horsepower is the power to do work at the rate of 33,000 ft-lb per min, 
Exjiressed in heat equivalent, 1 hp = 42.42 Btu per min, or 2546 Btu per hr. Work 
and power are frequently expressed in elertrical terms, the unit of work being the watt- 
hour or kilowatthour and the unit of power being the watt or kilowatt (1,000 watta). 

1 hp “ 746 watts 1 kw * 1.341 hp 

Specific heal is definod as the number of Btu required to raise the temperature of 
1 Ib of a substance 1®F or the number of calories required to raise 1 kg Water is 
taken os the unity of standard for specific heat, e^fpressed 1,0. The specific heat of 
air at constant pressure and at ordinary temperature is 0.2375, uaiially figured as^.24. 

iSeifwihte hec^ is the heat represented by a change in dry-bulb temperature either 
added to or Bubtrncted from a substance. 

Latent Heat of Fusion. To change the physical state of a substance such ^as ieor 
an appreciable amount of heat must be added. Suppose 1 lb of ice is heated imder 
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atmosphere conditions (29.^in. barometer) from 0 to 32'’F; 15.4 Btu will be required 
ainee the apecifie heat of ice is 0.48. Further addition of heat will cause the ice to 
melt, the temperature remaining constant. To molt the whole pound of ice will 
requhe 144 Btu at 32'’F. This 144 Btu is called the ''latent heat of fusion of ice.'' 

H&iA of the Liquid. When the pound of ice is all melted, further addition of heat 
will cause the temperature of the water to rise until the boiling point is reached at 
212'’F. The amount of heat required to raise the temperature of water from 32°F to 
any given temperature is called the "heat of the liquid." The heat of the liquid is 
determined by multiplying the temperature degree rise times the specific heat of the 
liquid. The heat of the liquid for water from 32 to 212°F is 180 Btu. 

Laiemi Heat of Vaporization. Further addition of heat to the pound of water at 
212‘*F will cause boiling, the temperature remaining constant, until all the water is 
evaporated. To vaporize the whole pound of water wUl require 970 Btu. This is 
defined as the "latent heat of vaporization." Water will vaporize at temperatures 
below the boiling point under various conditions, and the^ower the temperature, the 
higher the latent heat of vaporization. Thus to evaporate 1 lb of Water from a 
humidifier at 60 “F requires 1058 Btu. 'Whenever evaporation takes place, heat 
must be supplied either from some source added to the air or by heating the 
water. 

Total Heat of Steam. The total heat of steam is the amount of heat required to 
convert 1 lb of water at 32“F to 1 lb of steam at any given temperature and pressure. 
For example, total heat of dry saturated steam at 212'’F is 180 + 970 = 1150 Btu 
per lb. 

Saturated and Superheated Steam. If the process is continued and additional heat 
is added to the I lb of steam, completely evaporated, the temperature will rise, and 
the steam will now become "superheated," or "dry saturated.” Should any particles 
of free moisture be carried into the space containing the steam vapor and the space 
thus contain all the steam vapor it can hold, the condition is called "wet saturated." 

The preceding explanation of the physical change of state of water from ice (solid), 
water (liquid), steam, or vapor (gas) is generally understood; however, this same 
process takes place at atmospheric presmires at ordinary temperatures and thus 
explains the fundamental process of psychrometry. The air-wa,sher type of spray 
humidifier is frequently referred to as a "boiler at atmospheric pressure." The process 
of evaporation under normal atmospheric temperatures and pressures is similar to 
the evaporation process of the ordinary boiler at higher temperatures and pressures 
within a closed space. 

Total Heat. In atmospheric air, water vapor exists in varying amounts simul¬ 
taneously with temperature variations. Total heat is the sum of the latent heat of 
the water vapor plus the sensible heat of the air mixture (air and water vapor). The 
wet-bulb temperature is the measure of the total heat. At a constant wet-bulb 
temperature the total heat remains constant irrespective of any change in tempera¬ 
ture or relative humidity (see Table 21-3, page 1469). 

Wetrhulh Temperature. W^et-bulb temi)erature or thermodynamic wet-bulb 
temperature is the temperature at which a liquid (water), by evaporating into the 
surrounding air, can bring the air to saturation. The wet-bulb thermometer is an 
ordinary dry-bulb thennomete.r with a clean piece of cloth or wick covering the bulb. 
This bulb, wet with water and with vigorous movement of air across the wick, will 
cause evaporation from the wetted surface of the wuck, lowering the temperature below 
the dry-bulb temperature in direct proportion to the amount of moisture in the air. 
The difference in reading between the dry-bulb and wet-bulb temperatures is termed 
the "wet-bulb depression." This is a direct means of determining the wet-bulb 
temperature, a measure of the total heat of the air. The wet-bulb depression is the 
temperature at which the air would saturate without a change in total-heat content. 

Sling Peychrometer, The slin-g psychrometer, thee standard instrument adopted 
by the United States Weather Bureau, is the most reliable device for determining the 
dry-bulb and wet-bulb temperatures, from which readings determination of the dew¬ 
point temperature and relative humidity can readily be obtained by reference to 
psychromettic tables or charts. This instrument consists of a pair of Standard ther¬ 
mometers, with one bulb covered with a silk or muslin cloth, mounted and attached 
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to a handle. After wetting the wet-bulb wick, the liistimnent is s^ung rapidly 
causing the thennometers to respond quickly and accurately tO the dry-bujb and wet- 
bulb temperatures* CaW^on: the wick must be clean. 'This is the most practical and 
accurate method in determining the psychrometric conditions of the air and is u£Kd to 
adjust or calibrate other atmospheric reading instruments and devices (see Figs. 
31-6, 21-7, 21-8 and 21-9). 

Saturated Air, Dew Point, Vapor Pressure, and Evaporation* Baiur<Ued 4.ir. 
Water vapor has one most important physical characteristic different from all the 
other components of atmospheric air, t.e., the temperatuTe is the sole determining 
factor of the weight of water vapor which can exist in a given volume of space. When 
the given volume of space contains the limiting maximum of water vapor (expressed 
in grains per cubic foot), this condition is termed *‘saturated air.” Temperature is 



Fiu. 21-6. Ilumidiguide—wot-bulb and dry-bulb temperatures with revolving humidity 
tables at the vertical center for computing the relative humidity. 

the only factor affecting this maximum condition, and the amount of water vapor 
each cubic foot can hold will increase and decrease with the temperature. Thus the 
presence of the air in a space has no effect on the maximum amount of Vapor in that 
8p.<ice. For example, in a perfect vacuum the maximum amount of vapor per cubic 
foot within the given space will be determined solely by the temperature. The same 
condition W'ould exist with air present at the same temperature (see Table 21-2, page 
1168). 

Di^ Point. The temperature corresponding to saturation for a given moisture 
content is termed the ” dew-point temperature.” When water vapor is jne^nt 
in the air to a lower extent than saturation, it is termed “superheated” since the 
temperature may be lowered vrithout condensation. Should the temperature of the 
air be lowered to the point corresponding to the saturation point for the wei^t of 
vapor present per cubic foot, the temperature at which saturation occurs is termed the 
“dew point.” 

Vapor Pressure. The pressure exerted by the water-vapor component of the 
existing atmospheric pressure is termed vapor pressure and is measured in inches of 
mercury. Water vapor tends to saturate the surrounding space and exerts a pressure 
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Fig. 21-7. Slmg psyrhronieter- .standard 
type with carrying ra.ip. Adopted by tlie 
United Statea Weather Bureau. 



Fig. 21-8. Sling p&ychrnmetcr pocket 
type. This sling is oue-balf the size of sling 
shown by Fig. 21-7. 



Fig. 21-9. Sling psychrometer—band-aapirated type with psychrometrie slide rule for 
computing the relative humidity. 
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whif^ VATWA wiHi the •of ih^^yaf^oi*. At b> f^vm tem^mturo^ yaptoar |ii^- 

^re may vary -^ith th« amouut of vapor present c&ami eKee^ tbe 
which exIatB when the Bpaoe is sattiratcd. Vapor pressure increases as the tsempm'atee 
inereaseu* > 

Evaporation. The phymcal characteristic of evaporation of water or vapoi^atitm 
is due to opposing molecular forces tending to come to equilibrium. The rate of 
evaporation may be slow, as at ordinary temperatures, or may be rapid when water 
is actually boiling. The temperature is the eontrollmg fat^ as to the larndmuln 
possible weight of vapor per cubic foot. However, the atmospheric preSBura will 
affect the rate at which evaporation of aater takes place. For example, in a peirfect 
vacuum, water would instantly “flash*' into vapor and diffuse within the contained 
space. As water vapor increases in partially saturated air, the vapor preeaure 
increases until equilibrium between the vapor pressure and the evaporative force is 
established at saturation. To obtain complete saturation, the atmosphere must be 
confined in a closed space; otherwise vapor will diffuse rapidly to less humid surround*- 
mg areas. This is also true for areas ivhere partial saturation is maintamed within a 
confined space. 

The factors affecting the rate of evaporation of water from a frEie surface^ are 
a rise in temperature, an increase in surface area, and an increase in air velocity oVer 
the surface area. There are other factors that will increase the rate of evaporatton 
under control of normal atmospheric conditions, such as a decrease in atmoapherio 
pressure or a reduction in the amount of vapor present in the surrounding air. 

The terms “atmospheric pressure," “barometric pressure," “vapor pressure/’ 
“water vapor," and “steam" should be clearly understood. The expressionB “wategr 
vapor" and “steam" are synonymous, but customarily water vapor or aqueous vapor 
refers to atmospheric moisture, whereas steam refers to water vapor within a eloeed 
space, immixed with air, more particularly at temperatures at or above the boiling 
point. 

Humidity. Humidity refers to moisture or water vapor mixed with atmospheric 
air in the form of vapor. 

Absolute Humidity. Absolute humidity refers to the weight of water vapor per 
mill volume fv'apor density) expressed in grains of winter vapor per cubic foot. This 
icrin, “absolute humidity," is precise as to the weight of water vapor per unit volume 
ingarillcss of its temperature or whether or not the air is saturated. 

Relative Humidity. Humidity as above defined refers to moisture tw water vapor 
mixed with atmospheric air. It therefore foUow's that relative humidity implies the 
degree or amount of moisture vapor present within a given space. Then relative 
humidity may be defined as the ratio of the aetual weight of water vapor per cubic 
foot (vapor density) to the maximum weight of water vapor per cubic foot at satura¬ 
tion at the same temperature expressed as a percentage. Thus saturated air has a 
relative humidity of 100 per cent. Since the laws of perfect gases apply to vapors 
(gases), the volume of 1 lb of aqueous vapor at a constant temperature varies inversely 
with the vapor pressure. The vapor pressure, therefore, is always proportional to 
the w^eight of water vapor per Cubic foot (absolute humidity) at a given temperature. 
For every temperature at wdiich saturation occurs (dew point), there is a corresponding 
viiJiie of vapor pressure. Therefore, the relative humidity may be expressed in terms 
of the ratio of the actual vapor pressure in the air to the vapor pressure at saturation 
fit the same temperature, expressed as a percentage. Thus relative humidity may 
be expressed by a ratio of either vapor density^ absolute humidity^ or vaprrr pressure. 

The amount of moisture present in the air is solely a function of the temperature, 
it therefore follows that the presence of air has nothing to do with the relative hiunid- 
ity in a given space. Relative humidity is frequently spoken of as “humidity,” 
meaning per cent of saturation or degree of saturation. The tremendous effect 
1 emperature has on the capacitv of air to hold moisture vapor may be illustrated by 
the follow^ing example: air at d5®r saturated contains 2.38 griiins per lb; aar at 
saturated contains 20.34 grains per lb, or more than eleven times as much. 

Humidity Uedio. Humidity ratio is the weight of water vapor per pound of dry 
air, sometimes called specific humidity, expressed in grainfl per pound of drymr. 
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Humidity Percentage, Humidity percentage is the ratio of the actual weight of 
water vapor nuined with 1 lb of dry air to the weight of saturated water vapor mixed 
with i lb of dry air at the same temperature, expressed in percentage. 

Relation of Dry-bulb, Wet-bulb, and Dew-point Temperature and Relative Humidity 

The relation between the dry-bulb and Wet-bulb temperature, dew point, and 
relative humidity are of eoncem to '^psychrometry/’ PhyEdcal properties of atmos- 
pheiio moisture should be thoroughly understood in order to have a clear conception 
of humidity. As previously explained, the wet>bulb temperature is lower than the 
dry-bulb temperature owing to cooling by evaporation, except at saturation, when the 
dew-point, dry-bulb, and wct-bulb temperatures read exactly the same. As previously 
stated, wet-bulb temperature is the function of the total heat of the air (air and mois¬ 
ture) ; thus when the dry-bulb and wet-bulb temperatures are known, the dew point 
and relative humidity corresponding to those conditions can be readily determined. 
It further follows that, when any two of the four factors—dry bulb, wet bulb, dew 
point, and relative humidity—are known, the other two are fixed and are readily 
determined from reference to psychrometric tables or charts. It is generally more 
convenient and practical to use the psychrometric chart because the graphical presen¬ 
tation substantially aids visualization, and degree of accuracy is ordinarily within 
practical application for most calculations. There are many types and arrange¬ 
ments of psychrometric charts in use, such as those prepared by W. H. Carrier, E. V. 
Hill, General Electric, Sturtevant, and Westinghouse, all of which have merit. For 
convenience, charts of the Sturtevant and the Westinghouse "Psychrograph'' are 
given for reference applications (see Figs. 21-10 and 21-11). 

With careful study of these charts, proficiency and accuracy can readily be obtained 
in converting and interpreting these physical factors of psychrometry to the particular 
problems of process air conditioning. 

Directions for Using the Sturtevant Chart (Fig. 21-10) 

If any two properties of air are known, all Numerical values of properties may he read 
others may be found. direutly. 



74 “ 

.P.R 


Sensible heating and cooling is represented by a horizontal line between the limits 
of the process. All the properties of air change except the moisture content. 

IhcAMFLE: Air initially at 90“ dry bulb is heated to 105® dry bulb. 
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Fia« 21-10, Bturteyant paychrometric chart. 


Huniidifymg and Dehumidifyiug with no change in bulb is represented by a 
vertical hue between the limits of the process. 


Exabiple: Air at 90° dry bulb and S4 grains par lb is humidiiled without change of tem¬ 
perature to 128 grains per lb. 




Initial 

Final 


Initial 

1 Final 

Drj bulb 

90“ 

90" 

Dew point . . . . 

. 62 4 

74 3 

W et Vmlb 

71“ 

78“ 

Vapor pressure 

0 562 

0 854 

Relative humidity. 

40% 

B0% 

Enthalpy 

84 83 

41.42 

Graina/lb. 

84 

128 

Cu ft/lb. 

14.12 

14.26 













Btoc. mi iNBusTMiAi pmvsm Am 

£^l|foratiiig eooHng ia luiconipliBbed by passing airtbrongb a spray or 6nely divided 
curiam idf recirculated titter, and m represented by a line of constant wet-bulb tem- 
peratux^ ^Sensible heat is absorbed in evaporation, thereby increasing the moisture 
content while the total heat remains constant. 

ExabcpIib: Air at dry bulb and 40 per cent relative humidity is passed through a 
spray of recirculated water. The water temperature will approach the wet-bulb tempei- 
ature oT the air which remains constant. 




■ 

Initial 

Final 

Initial 

Final 

Dry bulb. 

90" 

72" 

Dew point . 

62 4 

70 S 

Wet bulb. . 

71“ 

71" 

Vapor preaeiire.. 

0 .<>62 

0 747 

Relative humidity. 

40% 

95% 

Enthal^. 

34.63 

34 83 

Gralns/lb ... . 

84 

112 

Cu ft/lb. 

14.12 

13.74 


Temperatures of a Mixture. Find the final wet- and dry-bulb temperatures of a 
mixture of 3,000 cfm at 60“ dry bulb and 46“ wet bulb and 5,000 cfm at 80“ dry bulb 
and 63** wet bulb. Read from constant-volume lines on chart, 



3,000 cfm 60“ dry btilb 46“ wet bulb 

5,000 cfm 80® dr 3 ^ bulb 63“ wet bulb 

3,000 5,000 

=* 228 lb/min = 361 lb/min 

228 361 * 589 total wl; of air per min 


13.17 cu ft/n> 
13.85 cu ft/ib 


Dry^bulb tcmperattire of the mixture 

(228/589) X 60 = 23.25“ (361/589) X 80 = 49.10“ 

23.25 + 49.10 = 72.35“ final dry bulb 


W^t-bulb temperature of the mixture 

Enthalpv at 4G“ wet bulb = 18.12 at 63“ wet bulb = 28.48 
(228/589) X 18.12 = 7.01 (361/589) X 28.48 = 17.45 

7.01 + 17.45 = 24.46 enthalpy of mixture 
Corresponding wet-bulb temperature = 57“ final wet bulb 

Application of the Fundamental Law of Saturation. The fundamental law of 
Batmration is expressed as “cooling by evaporation,” which is cooling the air by the 
evaporation of moisture. This has practical application to humidifiers of all spray 
types when recirculating water at ordinary temperature. When passing air through 
a spray-type humidifirr, in which no heat is added or subtracted from the air, the air 
will saturate at the vrUering wci-bulh temperature, the function of the total heat of tfao 
air. The process of saturating the air has been an exchange of heat by lowering the 
sensible heat by exactly the latent heat gained by the evaporation of moisture. This 
is an adiabatic condition of saturation at constant wet-bulb temperature. Since 
there is no change of total heat, the dry bulb, dew point, and relative humidity Will 
vary until saturation occurs. The application of this fundamental law of saturation 
to spray-type humidifiers simplifies calculations for determining the leaving humidifier 
conditions (fixed dew point, moisture content of the air) for process air conditioning. 

For calculations of spray-type humidifiers requiring the addition of heat or cooling 
by artificial source (well water or refrigerated chilled water), the above statement 
does not apply. 

Velocity. Velocity expresses movement of air, generally flowing through a large 
duct, under low heads and provides the mechanical means of conveying^ the.cou^ 
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tioned air, a.nd sk a^ifBdeat ^ at a'Pi^y litna llie materials hi 

proeesa bemg treated. The uttiiftate effec^Veaess ifeed efflcieiMy of ihdtmtrial ^f^deert 
air-eondi^ioniiig operations depends upon tins ali-important lactor—air droii^tioli. 



Ftg 21-} 1. Westinghouse psyclirograpb 


Measurements of velocity pressure and static pressures are generally made with a 
pitot tube to determine the velocity, expressed in feet per minute or feet per seeond 
(see Figs. 21-13 and 21-13) 
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T*M« 81-1. SropertiM of Air Satuntsd with Water Vapor 
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^ROJ^TT tikASAdrisisitcs of iuntiai^ 

IffidoBtiul^ocess Air vonditKHdng oovecS a broMl field Bid w&eqneBtlF eoBfSMd 
with the preeeas dryinf materMla. The dktiitetioa moet be deader defin^ ao 
tbiit the mafikufactarer hA&dling ^kneapbeno-sefiBltive prodtieta wi^l understSBli thtt 
fundflaaiental priBciplea mvolved between proceea air eonditioiiing land |ifoeeas dffdng 
of materials, thus enabling him to classify the process proeeduie adequacy, 
the distinction between these process classifications may be stated as fbSows: pfocess 
air ecmditioning means controlled humidity of tlie air conJkr^fllmg &y& etm^ 

terd within the induct, whereas process drying means renmal of wtMr t&fdmJk by 
evaporation Within the product. The discussion in this text will be limited to psn^ess 
air conditioning. 

Physical Combination of Water with Solids. Water associates with solicb in 
various combiiiations, e,g.^ free moisture on the surface of a subetance, water 
held within the pores or iutersilces of a solid, particles suspended in the watery 
and crystallme formation, or a subs lance which absorbs or retains moisture. 
The last is known as the hygroscopic charactpristic of a substance. W'ater com¬ 
binations with materials may be in one or more of these physical states. The 
last, hygroscopic material, is the must common combination met in procei^ sir 
conditioning. Hygroscopic materialB are those wliich readily absorb and retain mois¬ 
ture and at a fixed temperature have the quality to absorb a fixed percentage of their 
own weight of moisture from the surrounding atmosphere containing a fixed amount of 
water vapor. 

Process Classification. Products for manufacture may be classified as chemical, 
crystalline, metallic, fibrous, or hygroscopic materials. Process air conditioning may 
be broken down into control of rate of chemical reactions, control of rate of crystalliza¬ 
tion, control of corrosion of metals, moisture control of fibrous or hygroscopic material, 
and elimination of static electricity. 

Conliol of Chemical Reactions, The control of chemical reactions is primarily the 
function of controlling the temperature, thus regulating the rate of the chemical reac¬ 
tions, although some chemical products require control of Iwth the temperature and 
humidity. For example, rayon maiuifacturc would be a typical illustration in the 
mercerizing process inhere temperature controls the rate of reaction and relative 
humidity coni rols the rate of evaporation. The dough room in the baking industry 
is a typical example of biorhemical reaction. The temperature controls the rate of 
fermentation of yeast, and the lelative humidity prevents crusting of the surface of the 
dough, allowing caihon dioxide gases formed by fermentation to pass freely through 
the surface of the dough. 

Cfmtrol of CrystaUization. Crystallization is the process of forming crystals by 
controlling the rate of cooling of a saturated solution. The temperature controls the 
size, whereas the relative humidity coiitroLs the rate of evaporation, regulating the 
density of the solution. The coating of pills is a typical example. A heavy solution 
of sugar is added to the tumbler, and as the water evaporates, crystals of sugar form 
on the surface of the pills, Close control of temperature produces a fine, clear, smooth 
roating on the pills, and the relative humidity regulates the rate of evaporation. 
This process is frequently referml to as control of the dry-bulb and wet-bulb tempera¬ 
tures, since the product tenipcsrature approaches the surrounding wet-bulb tempera¬ 
ture owing to evaporation. 

Control of Corrosion of Afeials, Manufacture of precision instruments requires 
['lose tolerance limitations, protection against corrosion, imiformity, elimination of 
dust and injurious gases, and improved employee efficiency. The manufacture of 
gauges is a typical example where accurate contiol of temperature assures uniformity 
of tolerance standards, toolmg, assembly precision, calibration, reduction of 
clean air avoids spoilage or rejects from dirt particles; removal of gases harmltijl to 
health and low relative humidity reduce corrosion caused by perspiration from worker's 
hands; nomfortable conditions increase employee accuracy of workmanship and 
personnel efficiency. 
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CimM of MmstuTo Cmdemi of a Fibrom or Hi/gracopic MaUrial, Moisture content 
of a hygroscopic material is a general term and refers to either free-moiature csontent 
(wet doth) or hygroscopic moisture (regain) which varies with atmospheric condi¬ 
tions. To darify this ^tinction be Ween moisture content and moisture regain, 
suppose, for exaiinple, a piece of cloth is soaking wet. The moisture content may be 

per cent of the total weight. If the cloth is hung up to dry, the free moisture will 
run off or evaporate, and the cloth eventually will be dry with no apparent surface 
moisture. However, there is still hygroscopic moisture present in the cloth. The 
amount will be proportional to the prevailing conditions of the surroimding atmos¬ 
phere. If this cloth is placed in a heated dry atmosphere, it will continue to lose 
weight until an equilibrium point is'reached, No further loss in weight will occur. 
This final constant weight is the '‘dry weight” frequently referred to as ”the Ixine-dry 
weight.” Then the moisture content is the sum of free moisture and hygroscopic 


Table 21-4, Regain of Hygroscopic Materials* 

(MoistUTB oontent exprossed in per cent of dry weight of the Hubstonce at various relative humiditiee— 

temperature, 75°F) 




Description 



Relative humidity, per cent 




nudfiGation 

Matenai 

10 

20 

30 

40 

50 

60 

70 

80 

00 


Katiiral textile 

Cotton 

Sealfiland, roving 

2Ji 

3.7 

4.6 

5A 

6.6 

7.9 

OA 

11.6 

14.1 

HartshnTOB 

fiben 

Cotton 

American, doth 

2.6 

3.7 

4.4 

5A 

5.6 

6.8 

8.1 

10A 

14A 

SchkieBing 


Cotton 

Absorbent 

4.8 

9.0 

12.5 

15.7 

18.5 

20.8 

22.8 

24A 

25.8 

Fuwa 


Wool 

Atutralian me¬ 
rino, didn 

4.7 

7.0 

B.9 

10.8 

12.8 

14.9 

172 

19.9 

23.4 

Hartshorne 


Silk 

Raw chevennes, 
skein 

3.2 

5A 

6.0 

8.0 

8.9 

lOA 

U.D 

14R 

18A 

Schloesdng 


Linen 

Tabledotb 

1.9 

2.9 

3.6 

4.3 

6.1 

0.1 

7.0 

8.4 

lOA 

Atkinson 


Linen 

Dry apiui, yam 
Average of sev¬ 
eral grades 

3.6 

5.4 

6.5 

7.3 

8.1 

8.9 

9.8 

11.2 

13.8 

Sommer 


Jute 

3.1 

6.2 

6.9 

8.6 

10 A, 

12A 

14.4 

17.1 

20.2 

Btorch 


Hemp 

Manila and sUial, 
rope 

2.7 

4.7 

6.0 

7.2 

BA 

9.9, 

11.6 

13.6 

16,7 

Fuwa 

Rayons. 

Vueose uitrocoUu- 
lo8e cupranio- 
niiim 

Average skein 

4.0 

5.7 

6.8 

7.9 

9.2 

10.8 

12.4 

14.2 

16.0 

Robertson 


Celluluse acetate 

Fiber 

0.B 

1.1 

1.4 

1.9 

2.4 

3.0 

3.6 

4A 

5A 

Robertson 


Nylon 

Fiber 

1.1 

1.4 

1.7 

2.3 

2.8 

3.4 

4.1 

5.1 

6.7 

du l^nt 

Paper. 

M. F. newsprint 

Wood pulp, 24% 
asli 

2.1 

3.2 

4.0 

4.7 

6.3 

6.1 

7.2 

8.7 

10.6 

IT. B. B. of 6. 


H. M. F. writing 

Wood pulp, 3% 

awli 

3.0 

4.2 

5A 

0.2 

7.2 

8.3 

9.9 

11.9 

H2 

U. S.B. ofS. 


White bond 

Bag, 1 % sail 

2,4 

3.7 

4.7 

6.5 

6.5 

7.6 

8.8 

10.S 

13.2 

U.S.B.ofS. 


Com. ledger 

75% rag, 1 % ash 

3.2 

4.2 

5.0 

6.6 

6.2 

6.9 

8.1 

lOA 

13.9 

U. lS. B. of 8. 


Kraft wrapping 

Coniferous 

3.2 

4.6 

B.7 

6,6 

7.6 

8.9 

10.6 

12.6 

14.9 

U. S. B. of S. 

JdiscellAneoua 

Leatha 

Sole oak, tanned 

5.0 

8.5 

11.2 

13.6 

16.0 

18.8 

20.6 

24.0 

29.2 

Fhdps 

ttganic ma^ 

Catgut 

Racquet stringa 

4.6 

7.2 

8.6 

10.2 

12.0 

14 A 

17A 

19.8 

21.7 

Fuwa 

terialB 

Glue 

Hide 

3.4 

4.8 

5.8 

6.6 

7.8 

9.0 

10.7 

11.8 

12.6 

Fuwa 


Itubber 

Solid tire 

0.11 

OM 

0.32 

0,44 

0.54 

0.68 

0.76 

0A8 

0.99 

Fuwa 


Wood 

Timber (averagej 

3.0 

4.4 

5.B 

7.6 

9.3 

HR 

14,0 

17.6 

22.0 

FnreBtF.Labb 


Soap 

White 

1.9 

3.8 

6.7 

7.6 

10.0 

12.9 

16.1 

19.8 

23.8 

Fuwa 


Tobacco 

Cigarette 

5.4 

8.6 

11.0 

13A 

16.0 

19.5 

25.0 

33.6 

50.0 

Ford 

Foodstuffs.... 

White bread 


OA 

1.7 

3.1 

4.5 

6.2 

8.5 

11.1 

14.5 

19.0 

Atkinson 


OraoksEB 


2.1 

2A 

3A 

3.9 

BJQ 

6.6 

8A 

10.9 

14.0 

AtkinaiiD 


Maeansu 


6.1 

7.4 

8.8 

10.2 

11.7 

13.7 

16.2 

19.0 

22.1 

Atkinson 


Flour 


2.6 

41 

6.3 

6.5 

8.0 

9.9 

12.4 

16.4 

19.1 

Bailey 


Starch 


2.2 

3.9 

5.2 

6.4 

7.4 

8R 

9.2 

in.o 

12.7 

Atkinson 


Gelatin 


0.7 

1.6 

2.8 

3.8 

4.9 

0.1 

7.6 

9.3 

11.4 

Attinson 

MisoelUneous 

^sbestofl fiber 

Finely divided 

0.16 

QA4 

0A6 

0A2 

0.41 

0.51 

0.62 

0.73 

0.84 

Fuwa 

inorganie 

Silics gel 

.. 

5.7 

9.8 

12.7 

15.2 

17.2 

1B.B 

202 

21A 

22.6 

Fuwa 

matetiala 

Domestic coke 


0.20 

0.40 

0.61 

ORl 

1.03 

1.24 

1.46 

1.67 

1.89 

SeWig 


Activated eharooal 


7.1 

14A 

22.8 

20J 

28.3 

29.2 

30.0 

31.1 

32.7 

Fuwa 


Sulfuric add 

HfSO« 

33.0 

4U 

47A 

62A 

67.0 

61.6 

07.0 

73A 

B2A 

Masop 


* Courtsw of th« Amencan Sodc:^ of Heatiog VentilatiBg En^asen. 
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PmPSBTt CHA^VfEBI8TlC8 €^ PmCESB MA^TS&lAM 

TiJil«'8i4* T«iiiperfltism and Itelftdve to MNMIi 

Air CottdftteAlng 


l^-Wb I Relftti-vv 


Iniluatry and procoaa 

temp, 
deg F 

humidity, 
per cent 

Food prt>ducta 

BaldnK 

80 

78^80 


OfMis 

85-90 


70-90 

eo-70 


70-90 

60-70 


70 

50 


65-75 

55-65 


32-45 

60-75 

Breweries 

44-50 

SO-BO 


60 

30-45 

Confectionery 

75-80 

45-BO 

Chocolate candy 

66 

45-50 


60 

58 


35-45 

80 


65-68 

46-50 


61-67 

40-50 


65-68 

46-50 


68-70 

40-50 


75-^5 

45-50 



45-50 


70 

50 


66-70 

45-50 


80 

57 


72 

35 

Cereala 

Preparation....... 

60-70 

38 

Drugs 

Coffee svibetitutes, packing and storage.... 

75 

36 

Headache powders. 

80 

40 

Pills, tablets.. 

70 

20-30 

Packa^ng tablets. 

80 

40 

Storage of powdersi talilete.... . 

70-80 

30-40 

Fruits 

Storage of citrus fruits 

Lemons..... 

58 

84-88 

Grapefruit. 

60 

86-88 

Oranges. . 

58 

88-00 

Bananas 

Storage. 

62-65 

50 

Ripening.. 

70-76 

90 

Meats 

Ripening of sausage. 

40 

80 

MiscellaneoUB food productn 

Fleur mill... 

80-85 

60-65 

Gelatin.-. 

70-80 

65 

Nuts. 

30-^2 

75-80 

Ceramic products 

Grinding wheels. 

75 

40 

Molding powders. 

80 

30-60 

Chemical products 

Explosives 

Powder mixing....... 

80 

00 

Fuse loading..... 

70 

55 

Cellophane. 

70 

6 

Matches 

Manuincturing... 

68-72 

50-55 

Storage. 

60 

30-40 
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Sac. m sm rntfummim 

1j0U i^ti^e Appliimbte ta Jniib^ttlftiPFm^a 

Air Cm^aXMxtg (Coni) 


Industry and ijrucege 


Cbemieal products {Coni ) 
Rufabec 

Mn^ufnoturiDK 
Cementing 
Ynnush drying 
Drying of lacquers 
Drying of paints 
Hygieiuc tubes 
HUeotrioal products 
Toll-cable cooling and sturagi 
Insulation winding 
Transformer testing 
Fur products 
Storage 

Leather products 
Shoes, milling 
Storage 

Metal produets 
Cold beating 
Needles 
Ball bearings 
Precision instruments 
Photographic products 
Fi)m drying 
Storage 

Pnntmg products 
Color printing 
Gravure 
Sensitizing 
hjngraving 
Etching 

Layout and iransfc] 

Color gravurt 
Drying room 
Retouching 
Preasroein 
Ldthograiihing 
Pressroom 
Binding 
Storagf* 

Storage of j-ullci> 

Paper prudiir ta 
Sandpaper 
Sealed containers 
Textile produph 
Cotton 
Carding 
Combing 
Rot mg 
Spinning 
WeaMn^ 

Linen 

Jute 

Hemp 

Rayon inanufat turc 
ViBLDse process 
Spinning 

Textile dcpartineiitN 
Acetate process 
Spinning 

Textile departments 
Cupramnionium process 
Textile departments 


x^n PiJiip 

tem)i 
dee 1 

neiame 
humidity, 
per cent 

75-80 

25-80 

80 

25-10 

70-00 

25-SO 

60-00 

26-50 

45 

SO 

BO-lOO 

S-10 

120 

20 

80 

60-80 

28^0 

60-65 

90-110 

65-00 

•io-eo 

40 60 

86 

70 

80 

20-30 

80 

30-40 

80 

20-40 

70-75 

00-70 

66-70 

65-65 

72-75 

60-55 

68r75 

45-60 

68 70 

46 

68 70 

4o 

68 70 

4p 

68 70 

45 

73 

50 

75 

38 

7 V 80 

50-60 

73 80 1 

o0-60 

70-80 

4u-«0 

73 80 1 

45-60 

70-00 

38 50 

yo 100 

40 

70 

60 

80-05 

50-66 

80-05 

50-00 

80-05 

"iO-OO 

80-90 

6J-65 

80 85 

85 

80 90 

65 

80-00 

66 

80-90 

66 

75-86 

80-85 

72-80 

70-80 

75-85 

75-85 

72 80 1 

70-80 

75 80 

1 70-80 
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paoPEUfY fmsmi kArastAiE 

TsU«ai^. ilwidieotlk^npli^^ ki^ttitriil 

Air CMidilkMsii^ <C0titr> ^ 


Indimti) and iVTOcean 

Dry^iillh 

I temp 
' deg^ 

Itdaiive 
humidity, 
per oimt 

Twtile prodacte {Cot\i ) 



.SOk 



Bplnmng 

JMMIO 

58-60 

Throwing 


56-60 

Weaving 

BO- go 

60-65 

Wool 



Cording 

B0-»o 

50-55 

Preparatary 

1 80-90 

56-60 

Spinning 

1 80-90 

66^ 

Weaving 1 

1 80-00 

60-65 

MiaoeUaneniia textiles I 



Rayon drasB gnode 



Preparation ' 

[ 80-00 

55 

Twisting 

80-90 

55-60 

Weaving 

80-00 

60-65 

Inspection, doth room 

80-95 

50 

FuU^aflhioned hosiery, women « 



Meuaufacture machine room 



Silk 

80-00 

60 

Nylon 

70-80 

50 55 

Tire fabnci 

80-00 

60-65 

Draperies rayon 

1 80-00 , 

0(V65 

Einbroidenng tponling and weavniK 

1 80-00 i 

60-65 

Knitting 

1 80-00 1 

i 50-60 

Aralac milk fiber 

76-85 

80 

Tobacco jiroducts 



Cigan 



Sweat room 

* 90 

85 

Bin and preparation room 

70-80 

70 

Stemming and atnpping 

7VB5 

70 

Binder and wrapping 

70-85 

70 

Filler 

70-85 

70 

Machine room 

1 7t>-8o 

70 

Banding and ps>cking 

75-85 

65 

Storage 

1 08-71 

60 410 

Cigarettes 

1 


Sweat '’jom 

90 

85 

Preparatury storage 

1 75-85 

65 

MaohiUti room 

, TVgj 

58-60 

Packing 

7,5-85 

58-60 

Storage 

1 76-85 

58-60 

Misrellaneoua produrte 



Hats 

1 


Forming 

1 y^'Oo 

6^75 

Blowing 

75-00 

65-70 

Blxing 

75-90 

70-75 

Safety glass 

90 

)0 

Optical lenses 

80-90 

50-60 

Lenses fusing 

1 

45 

Feathers 

70-75 

46 55 

Linoleum 

1 80 

40 


irciwture containisd m a ina<eri<\l, expressed as a percentage of the grons weight of 
the material The regam is the hygroscopic moisture only contained in a material, 
expressed aa a percentage of the bone-ilry weight of the material The regam of a 
hygroscopic material will depend upon the physical characteristic of that material, 
the temperature, and cspeciallv upon the relative humidity of the surrounding atmos¬ 
phere The temperature and relative humidity control the hvgros/'opic moisture 
content of materials and eorrospondmgly affect the phvsieal properties of a material— 
weight, strength, pliability, flexibility, softness, Stretch, quahtv, appearanee, and 
facility of process of manufacture Different materials contain vamua percentages 
of moisture after ooiitinued exposure to atmosphere Likewise, the rate of absorption 
or loss of moisture varieB with the Ihickne^ and density of the material. The fact 
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Bms. m 


INDfJSTBlAL PWCmS AIR CONDmONING 


th&i li^grosesopie ma^teri^ odme mto eqiiiiEbiiiim with the surroun^ng air ie the 
fundamental basis for the control of the physical properties during the process of 
manufacture {see Table 21-4). 

Oassiflcation of Industry. Industrial process air conditioning concerns the 
atinoi^heric conditions required for the process and preservation of materials for 
manufacture. Requirements within the range of human comfort may be maintained 
within the manufacturing areas, but when atmospheric conditions are not within the 
range of human comfort, special consideration must be made, within a closed Space, 
for maintenance of required conditions. The most favorable temperature and rela¬ 
tive-humidity requirements may range as low as 5 per cent relative humidity in cer¬ 
tain applications to a condition approximating saturation in other applications. 
Variations of maintained atmospheric conditions will often occur within the same 
industry, depending upon the process of manufacture, and frequently a compromise 
is required where the employee’s health and comfort are concerned. The ideal atmos¬ 
pheric conditions have been established for many industrial applications, but when 
the requirements are unknown, special laboratory tests will be required to determine 
the optimum atmospheric conditions (see Table 21-5). 

LOAD SURVEY AND CALCULATION OF REQUIREMENTS 

The standard of industrial process air conditioning, as previously defined, is 
simultaneous control of temperature, relative humidity, ventilation, air purity, and 
air movement. The design of an air-t'.onditioning system for any treated space must 
conform to these standards. Before designing a system for process air conditioning, 
it is necessary to organize and assemble all available information and data. This 
information will include geographical location, building plans, outside atmospheric 
conditions, inside temperatures and relative humidity desired for summer and winter, 
layout of machinery, internal heat loads, number of occupants, lighting, machinery 
horsepower, and all other heat-producing factors, as well as a study of the removal 
of obnoxious fumes or gases for proper ventilation, elimination of dust, moisture gain 
or loss within the treated area, air distribution, an analysis of the economic situation, 
and any other factors affecting the design. For convenience refer to Figs. 21-14, 
21-15, and 21-16, which give a summary of information desired before preparing 
calculations. This format was primarily designed for an existing building but is 
equally applicable to assembling data for a new building project. Since the entire 
subsequent estimate is based on the data shown on the survey sheet, it follows that 
a careful study and analysis must be made before an accurate engineering determina¬ 
tion can be calculated to meet load requirements. 

CALCULATION OF LOAD REQUIREMENTS 

The deedgn objective is to determine the capacity of the air-distributing equipment 
to balance the peiformance of the heat- and moisture-producing factors. The summer 
load requirement is most frequently the controlling load-determining factor, since 
winter requirements are invariably smaller. Determination of the summer load cal¬ 
culations are somewhat involved owing to the variable contributing load factors, the 
maximum effect of which may not occur simultaneously. Considerable judgment must 
be used to determine the various load relationships, e.g., the heat-transmission differ¬ 
ence between day and night, fluctuations in solar-heat load, lighting loads within the 
building, monitor construction or saw-tooth type, intermittent machinery operation 
for design heat-load requirements, and load location within the conditioned space. 
The air-conditioning system must be so designed that variable load factors will not 
affect maintenance of desired atmospheric conditions, 

The summer internal heat load is determined by calculating the heat load produced 
from five major factors: 

1. Heat transmission through the building structure 

2. Solar-heat transmission 

3. Heat produced by occupants 

4. Heat produced from the lights 

5. Heat produced from motors, steam, and all other heat-producing sources 
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,7aU«IL<4.. l>«ii|B.0qr>u4W«l-tn^Tan^ataMi|.<, 

<Wmd vdocitiw wadi wiad fUmWlcm for Jlwm, July,, AttgiuU tad fieptamlMr; abo bvence x»miaa«r -of 
4«yi per year that outvde tami>eraturee eioeed deelgn tewpenttim; tempentutw, deg S> 


State 

City 

Dengn 
temp, deg 

F 

Mta temp, 
degF 

Nd. days 
per year 
exceeds 
design 

Sum> 

mer 

wind 

Veloc¬ 

ity, 

mpfa 

Prevail' 

ing 

summer 

wind 

direc- 

Uen 

Alti¬ 

tude! 

ft 

Dry 

bulb 

Wet 

bulb 

Dry 

bulb, 

normal 

year 

Wet 

bulb, 

normal 

year 

Dry 

bulb 

Wot 

bulb 

AU. 

BirminKhain 

95 

78 

101 

81 

1 

8 

5.2 

S 

504 


Mobile 

96 

80 

106 

81 

1 

4 

8.6^ 

SW 

10 

Aim . ... 

Pfa oenia 

105 

76 

110 

78 

2 

2 

6.0 

W 

1,108 

Ark. 

Little Rock 

95 

78 

103 

81 

1 

ID 

7.0 

NE 

324 

Calif. 

Los Angeles 

90 

70 

109 

75 

B 

8 

6.0 

SW 

261 


San Franeisoo 

90 

65 

101 

66 

0 

2 

11.0 

SW 

50 

Colo. 

Denv er 

95 

64 

99 

87 

1 

5 

6.8 

B 

5,221 

Coon. 

New Haven 

95 

75 

101 

81 

2 

6 

7.3 

B 

23 

Del. 

Wilminaton 

95 

78 





9.7 

BW 

25 

D.C. 

Washington 

95 

78 

102 

81 

3 

6 

6,2 

B 

72 

Fla. 

Jacksonville 

95 

78 

99 

81 

2 

7 

8.7 

SW 

18 


Tampa 

94 

79 

98 

81 

2 

5 

7.0 

E 

25 

Ga. 

Atlanta 

95 

76 

101 

81 

2 

7 

7.3 

NW 

975 


Savannah 

95 

78 

105 




7.8 

SW 

42 

Idaho. 

Boise 

95 

65 

109 

71 

4 

• 6 

5.8 

NW 

2,706 

Ill. 

Chicago 

95 

75 

104 

80 

3 

5 

10.2 

NE 

594 


Peoria 

95 

70 

103 

81 

4 

4 

8.2 

8 

602 

Ind . . 

Indianapolis 

95 

70 

101 

81 

2 

10 

9.0 

SW 

715 

Iowa. 

Dus Moines 

05 

77 





6.6 

SW 

BOO 

Kana. 

Wichita 

100 

73 

110 

79 

7 

4 

11.0 

s 

1,300 

Ky . 

Louisville 

95 

76 





8.0 

SW 

459 

La. 

New Orleans 

95 

79 

95 

81 

1 

9 

7.0 

SW 

9 


Shreveport 

100 

78 

102 

81 

1 

8 

6.2 

B 

197 

Me . 

Portland 

90 

73 





7.3 

S 

47 

Md.. . 

Baltimnre 

95 

78 

97 

81 

2 

3 

6.9 

SW 

07 

Masa. 

Boston 

92 

75 

96 

78 

3 

2 

9.2 

BW 

48 

Mioh. 

Detroit 

95 

75 

101 

79 

2 

2 

10.3 

BW 

619 

Minn. 

Minneapolis 

95 

75 

103 

76 

2 

2 

8.4 

S£ 

839 

Miss. 

Vicksburg 

95 

78 

104 

81 

2 

8 

6.2 

SW 

226 

Mo. 

Kansas City 

100 

76 

109 

79 

4 

3 

9.5 

S 

741 


8t. Louis 

95 

78 

108 

80 

0 

1 

0.4 

SW 

465 

Mont. 

Helena 

95 

67 

98 

70 

1 

1 

7.3 

BW 

4,090 

Nebr. 

Lincoln 

95 

75 

108 

78 

6 

1 

9.3 

S 

1,180 

Nev. 

Reno 

95 

65 

102 

66 

3 

1 

7.3 

w 

4,493 

N.H. 

Manchester 

90 

73 





5.6 

NW 


N.J. 

Trenton 

95 

78 

103 

81 

2 

2 

10.0 

BW 

56 

N.Y. 

Albany 

92 

75 

97 

78 

2 

1 

7.1 

B 

19 


Buffalo 

93 

76 

93 

75 

0 

1 

12.2 

SW 

604 


New York 

93 

75 

100 

81 

2 

5 

12.0 1 

SW 

29 

N. Mer. . .. 

Santa Fe 

90 

65 

97 

68 

8 

6 

6.5 1 

SE 

6.994 

N.C. 

Asheville 

90 

75 

99 

79 

7 

5 

5.6 

SE 

2,192 


Wilmington 

93 

79 

94 

81 

0 

2 

7.8 

SW 

25 

N.D. 

Bismarck 

95 

73 





8.8 

NW 

1,070 

Ohio. 

Cincinnati 

95 

78 

106 

81 

5 

2 

6.0 

SW 

553 


Clevdand 

95 

75 

101 

79 

2 

2 

9.9 

B 

651 

Okla. 

Oklahoma City 

101 

76 

106 

79 

4 

4 

10.1 

B 

1,254 

Ore. 

Portland 

90 

65 

99 

70 

1 

7 

6.6 

NW 

06 

Pa. 

Philadelphia 

95 

78 

103 

81 

2 

2 

9.7 

aw 

149 


Pittsburgh 

D6 

75 

98 

79 

2 

3 

9.0 

NW 

742 

R.I. 

Providenoe 

93 

75 





10.0 

NW 

11 

6.C. 

Gharleaton 

95 

80 

100 

61 

2 

2 

9.9 

BW 

13 


Oreenville 

95 

76 





6.8 

N£ 

982 

fl.D. 

Sioux Falls 

93 

75 

108 

76 

5 

1 

7.6 

S 
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TiAivU;^ 33«riCil Ofy>'«sd W«tibiili^€Mapefdbu«t' ^CotU.) 


State 

City 

Deedgn 
temp, deg 
F 

Max temp. 

No. days 
per year 
exceeds 

desiEe 

Sum¬ 

mer 

wind 

veloc¬ 

ity. 

mph 

Prevail¬ 

ing 

summer 

wind 

direc¬ 

tion 

Alti¬ 

tude, 

ft 

Dry 

bulb 

Wet 

bulb 

Dry 

bulb, 

normal 

year 

Wet 

bulb, 

normal 

year 

Drv 

bulb 

Wet 

bulb 

Tenn , . 

ChatUnooEft 

95 

77 





6 5 

SW ’ 

669 


Memphia 

95 

78 

103 

81 

4 


7 5 

SW 

271 

Tttkas 

DfiUas 

loo 

78 

105 

80 

4 

J 

9 4 

s 

460 


El Paao 

100 

69 

101 

72 

1 


6 9 

E 

3,720 


Galveatoa 

95 

80 





0 7 

6 

6 


Houston 

95 

78 

100 

81 

1 

.1 

7 7 

B 

52 


San Antonio 

100 

78 

HL> 

81 

2 

2 

7 4 

BE 

646 

Utah 

Salt Lake City 

92 

63 

1U2 

70 

8 

5 

8 2 

BE 

4.222 

Vt 

Burlington 

no 

73 





S 9 

6 

308 

Va 

Norfolk 

05 

78 





10 9 

B 

11 


Richmond 

95 

78 , 




\ 

6 2 

BW 

162 

Wash 

Seattle 

85 

65 

1 86 

68 

1 , 

4 

7 9 

B 

14 


Spokane 

90 

65 

106 1 

68 

5 1 

I 1 

6 5 

fiW 

1,879 

W. Va 

Parkersburg 

.95 

75 





5 3 

SE 

615 

Wia 

Madison 

95 

75 





8 1 

SW 

938 


Milwaukee 

95 

75 





10 4 

s 

619 

Wy 

Cheyenne 

95 1 

65 





9 2 


6 139 


Th€ clasfiijfication of heat loarlfl (page 1476) all affect the sensible-heat gam within 
the treated space. There are other factors to be considered, such as the latent-heat 
gain caused by increasing the moistui'e content within the conditioned space. 


Outside Design Conditions 

The outside design atmospheric conditions vary for different geographical loca¬ 
tions. The Weather Bureau records show- that maximum summer dry-bulb and wet- 
bulb temperatures occur for a relatively short duration, usually in midafternoon. 
The peak transmission heat load on a building has a delayed effect, time lag, owing tri 
the residual heat stored within the massive weight of the building structure. The 
practical design dry-bulb- and wet-bulb-tempera turn conditions, taking into considera¬ 
tion peaks and prevailing-wind velocities, are given in Table 21-6. 

Table 21-6 is applicable for industrial process air-conditioning systems when 
lefrigeration or chilled water is required to maintain specified conditions. For 
evaporative cooling and humidifying systems not requiring refrigeration, the design is 
based on the maximum outside wet-bulb depression for that particular geographies; 
location; therefore, the dry-bulb temperatures given in this table should bo used. 
To obtain the maximum wet-bulb depression, refer to the local United States Weather 
Bureau for that geographical location. 

Heat TransmisBion. The heat transmission through the building structure is 
computed by determining the area of each t>pp of room surface—^w^alls, windows, 
partitions, floors, ceilings, or roof. Having deternuned the area on which transmission 
heat gain is to be figured, multiply each typo of construction surface by its proper 
coefficient of transmission to obtain the Blu per hour per degree difference. Tb* 
sum of all the transmission factors, when multiplied by the temperature difference 
lielween outside and inside design dry-bulb tenipenitures, will give the total Btu 
per hour. 

Heat-transmission coefficients common to null- or plant-type construction are 
given in Table 21-7. 
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immUTum m,w4Mf Mtmmmmm ^ 

tattett-T. gyt^ tina i WB i ii i i o a <i»iaWiMa»atf#iiaaaK HatiMMiy* t ■> t 


Sxtcnor Wultn 
Mgaonrv cofistruciioa 


Monoiirv aide walls 


Umnanlated 


Insutated 

Thick¬ 
ness m 

Flam 
uali« 
no finiab 

H in 
I]luat«T 
on u alls 

FLuter 
on gyp 

aimi 

lath 

furred 

i 

H-m 

plaster, 
> 5 -in. 
rigid in¬ 
sulation 
fulrred 

pUster, 

l-UL 

ngid m- 
euiation 
fdrred 

ptaaiar 
gypsum 
Uth, 
l-im flex¬ 
ible iD- 
gulaitton 
fumd 

■■ ' ' "7 ' . 

JBnck 4r-in hard reuminder com 

8 

0 50 

0 46 

0 30 

0 22 

0 10 

oii 

111 on 

12 

0 35 

0 34 

D 24 

0 19 

0 14 

19 


1« 

0 28 

0 27 

1 0 20 

0 16 

0 13 

0 u 

Hollow tile aturio exterior 

8 

0 40 

0 37 

1 0 26 

0 20 

0 16 

0 IS 


12 

0 30 

0 29 

0 21 

0 17 

0 13 

Orl2 


16 

0 25 

0 24 

0 10 

0 15 

0 12 

0 11 

Limestone or sandatone 

8 

0 70 

0 «4 

0 36 

0 25 

0 18 

0 10 


12 

0 57 

0 53 

0 33 

0 23 

0 17 

0 15 


l6 

0 49 

0 45 

0 30 

0 22 

0 16 

0 14 

( on ere be monnlitli < 

6 

0 79 

0 71 

0 39 

0 26 

0 19 

0 16 

1 

10 

0 63 

0 58 

0 34 

0 24 

0 18 

0 16 


12 

0 58 

0 S3 

0 33 

0 23 

0 17 

0 15 

Hollow concrete hlmka Era%el 

8 

0 56 

0 52 

0 32 

0 22 

0 17 

0 15 

aggregate 

12 

0 50 

0 46 

0 30 

0 19 

0 16 

0 14 

4 in brick \eneer holinu tih 

6t 

0 35 

0 34 

0 24 

0 18 

€ 14 

0 13 

backing 

at 

0 34 

0 32 

0 23 

0 18 

0 34 

0 13 

4 in bnuk veneer concrete Imck 

8t 

0 59 

0 54 I 

0 33 

0 23 

0 17 

0 16 

mg 

at 

0 54 

0 50 

0 31 

0 23 

0 17 

0 15 

4 in cut-stone Miieer huUuw tile 

6t 

0 37 

0 35 

0 25 

0 19 

0 i5 

0 13 

backing 

at 

0 36 

0 34 

0 24 

0 10 

0 15 

0 18 

4 in cut^tone veneer tone rcte 

6t 

0 63 

0 58 

0 34 

0 24 

0 18 

0 15 

balking 

at 

0 o7 

0 53 

0 33 

0 23 

0 17 

0 16 


t ThirkmttH of harking 

Note* Cpettiriegta arL cz^naed in Btu per hour per square foot per deg 1 difference in lempemture 
helweeu the air op the t^o udeB and with a imiid veiouty of 15 mpu 


> runic ooustnittion 


1 xf.erior a alls j 


Type of sheathing 




Gypsum 

Plvwood 
* 1 B in 

Wood 

Insula 

Exterior finish 

Intr nor finish 

>2 in 
thick 

paper 

tmn ^ a 
in thick 

Wood Biding (clapboard; 

Metal Idth and plaster 

0 33 

0 32 

0 26 

0 ao 

Civpsuiii board 

0 32 

0 32 

0 25 

D 20 


Woo 1 or g) psuin lath ami pl<u<ter 

0 Jl 

0 31 

0 2 j 

0 19 


Fl> L od 

0 30 

0 30 

0 24 

0 10 


InsulaUng board lath in and 

plaster 

0 22 

0 22 

0 19 

0 16 

^ < d ahingles 

Metal lath and plaster 

0 25 

0 23 

6 26 

0 17 

Gypsum board 

0 23 

0 25 

0 25 

0 17 


Wood or gypsum lath and plaster 

0 24 

0 24 

0.25 

0 16 


Plywood 

0 24 

0 24 

0 24 

0.16 


Insulating board lath H 
plaster 

Metal lath and plaster 

0 19 

0 18 

0 19 

Old 

liru k veneer 

0 37 

D 36 

0 28 

0 21 


Oypsuin board 

0 36 

0 36 

0 23 

0 91 


Wood or gyiMuni lath and plaster 

0 33 

0 34 

0 27 

0 20 


Plywood 

0 34 

0 33 

027 

020 


Insulating board lath M m 
plaster 

0 24 

0 24 

0 20 

0*10 


Noie Cncfficienta are expreaaed m Btu ptr hour wr sqnar<a foot per dug F diffdrtiiEEe i& ie«k|)er'« 
alurt between the air on the two sides*and vnth a wind ^elocitjr of 15 mph 
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Bjbo. 2ij iNDUSmiAL PBOCE8JS AIB cmDlTIOmNO 

&eftt-tniiisiiii88|»ii CoBf&dentB of Btiildiiig llatorUls* (CorU,) 


WindoWB and akyli^fata Bolid wood doort 



Deieriptitm 

Coeffieiewl 


Coefficient 

fiinglB. 


1.13 

Nominal 



Double.,.. 


0.45 



IViple. 


0 281 

thickness, in. 

Exposed door 



Hollow^laBB-block walls 



door 



1 

o.eo 

0.42 






0,59 

0.38 


Deaeripiton 

CocJ/icienf 

IW 

0.52 

0.35 

Bmooth-aurface blocks (7^ X 7H X 


IK 

0.51 

0.35 

SKin.). 


0.49 

2 

0.40 

0.32 

Ribbed-aurfaoe blocks [IH X 7H X 


2M 

0.38 

0.28 



o.4e 

3 

0.33 

0.25 


Nora; Coefficienta are expreuaed in Btu per hour per square foot per doR F difference in temperatun 
between the air on the two sides and with an outside wind velocity of 15 mph. 


Interior B’offs 


Masonry partitions 


Type of ffnish 



Thick- 

No finish 

Plaster 

Plaster 



(plain waUs) 

one side 

both sides 

Hollow tile, clay. . 


0.60 

0.47 

0.43 



0.45 

0.42 

0.40 

Hollow gypsum tile. 


0.35 

0.33 

0.32 



0.29 

0.28 

0.27 

Hollow concrete tile or blocks, cinder aggregate... 


D.50 

0.47 

0 43 



0.45 

0.42 

0.40 

lightweight aggregate. 


0.41 

0.39 

0.37 



0.35 

0.34 

0,32 

Common brick. 


0.50 

0.46 

0.43 


Noth: Coefficients are expressed in Btu jjer hour per square foot j>er deg F difference in tenjperature 
between still-'air conditions on both sides. 


Frame partitions (wood and studs) 


Interior finish 

Single partition 
(finish on only 
one side of 
studs) 

Double partition 

No insulation 1-in. llanket 

between studs between studs 

Metal lath and plaster (K in.)_ 

0.69 

0.39 

0.16 

Qypsum beard (H ie-). 

0.67 

0,37 

0.16 

Wood lath and plastw in.).... 

0.62 

0,34 

0.15 

Oypaam lath [H in.) fd^tered_ 

0.61 

0.34 

0.15 

Plywood (H in,) plain. 

0.59 

0.33 

0.15 

Insulating board (^4 in.) plain_ 

0.36 

0.19 

B.ll 

Insulating board (H in.) plastered 

0.36 

0.18 

0.11 

Insulating board (1 in.) plastered,. 

0.23 

0.12 

0.082 


Komi; Coeffioiente are exprossed in Btu per hour per squai« fpot per deg F difference in temperature 
between atiff-oir eonchtiona on bolh aides. ^ 
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T»fal» 21-T. Hart-tcMwaritiJpii Ctwttctea^ ^ BnjMHtat Wiitltte* «7w^) 

Fioart and CaHingM 


Concrete oonatraBtioik 


Type of oeiling 

Thick' 
ness of 
eon- 
rrete, 
in. 

Type Of floming 

No 

flooring 

(bare 

con¬ 

crete) 

Tile or 
terraxso 
on con¬ 
crete 

H\n. 

battle- 

ship 

linoleum 
on cun- 
Crete 

Parquet 
flooring 
in mas¬ 
tic on 
con¬ 
crete 

Dtmble 
wbod 
floor in 
deepers 

No ceiling. 

3 

0.60 

0.65 

0.45 

0.45 

0.25 


6 

0.39 

0.56 

0.41 

0.41 

0.23 


10 

0.50 

0..48 

0.36 

0.36 

0.22 

yi in. plaster applied directly to und«side 

3 

0 62 

0 59 

0.43 

0.43 

0.24 

of concrete 

« 

0 54 

0.52 

0 39 

0.39 

0.22 


10 

0.46 

0.44 

0.34 

0.34 

0.21 

Suspended or furred metal lath and plaster 

3 

0 3B 

0.37 

0.30 

0.30 

0.10 


6 

0.35 

D.34 

0.23 

0.2B 

O.IB* 


10 

0 32 

0.31 

0.26 

0.26 

0.17 

Suspended or furred gypsum board and 

3 

0 36 

0 35 

0.28 

0.28 

0,19 

plaster 

6 

0 33 

0 32 

0.27 

0.27 

O.IB 


10 

0 30 

0.20 

0.24 

0.24 

0.17 

Suspended or furred insulating-board lath 

3 

0.25 

0 24 

0.21 

0 21 

0.15 

and plaster 

6 

0.23 1 

0.23 

0.20 

0.20 

0.15 


10 

0.22 

0.21 

0.10 

0.19 

0.14 


Note; Coefficienta are expreaaed in Btu per square foot per deg F difference in temperature between 
the air on the two Bides, and with still air on both sides (no wind). 


Frame eonttruetion 




Insulation between or on joists—no 

flooring above 


With 

flooring 



Insulate 

Blanket or bat 

Vermiculitc in- 

Mineral-wool in- 



Type of ceiling 


ing board 

insulation be- 

Bulation between 

Bulation between 

« 1 



Nuue 

on joists 

tw'een joists 


joists 

1 


joiste 


'a« 

3 VI 

1 ? ? 




1 

1 

2 in. 

3 in. 

2 

3 in. 

4 in. 

2 in. 

3 in. 

4 in. 

“i: 

iQ e 
k 



in. 

in. 

in. 



in. 










0 37 

0.24 






1 




0.45 

0.34 

Metal lath and plas- 















ter. 

0.69 

0.26 

0.19 

0.19 

0.12 

0.093 

0.18 

0.14 

O.ll 

0.12 

0.092 

0.066 

0.30 

0.25 

Gypsum board (?a 






i 









in.). 

0.67 

0.26 

0.18 

0.19 

0.12 

0.092 

0 18 

0,14 

O.io 

0.12 

0 092 

0.066 

0.30 

0.24 

Wood lath and plas¬ 















ter . 

0.62 

0 25 

0.18 

0.19 

0.12 

0.092 

0.17 

0.14 

0.10 

0.12 

0.091 

0.065 

0.29 

0.24 

Gypsum lath and 















plaster. 

0.81 

0.25 

0.18 

0.19' 

0 12 

0 092 

0.17 

0.14 

0.10 

0.12 

0.091 

0.065 

0.28 

0.24 

Plywood (W in.)... 

0.50 

0.24 

0,18 

0.19 

0.12 

0.09 

0.17 

0.14 

0.10 

0.12 

0.09 

0.065 

0.28 

0.23 

Insulating board 















in.). 

0.37 

0.19 

0.15 

0.16 

0.11 

0.082 

0.15 

0.11 

0.092 

0.11 

0.082 

0.060 

0.22 

0.10 

^ 2 -in. insulating- 















board lath and 















plaster. 

0.35 

0.19 

0.15 

0.15 

Q.IO 

0.081 

0.14 

0,11 

0.091 

0.10 

0.082 

0.060 

0.21 

0.18 

l-in- insulating- 















board lath and 















plaster. 

0.23 

0.15 

0.12 

0.12 

0.0S9 

0.072 

|0.12 

0.097 

0.080 

0.069 

0.072 

0.055 

|0.ie] 

|D.14 


Note; Coefficients are expreeaed in Btu per hour per square foot per deg F differenee in tempemtun 
betwemx the air on the two and witli still air on both sides (no wind). 

Ground Floora. Until more complete data are available, it is recommended that a eoefficieBt of 0.10 
be used for all types of concrete floors on the ground, with or without insulation. For bsaement walls 
below erade, use the «ame average ogeffioient (0.10). , « ^ 

For basement walla below grade, a ground temperature oi 32'’F is recommended. For naaement 
floors below grade, a ground temperature of from 40 to SS^F, depending on geographic loeatiim. should 
be used. 
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g«r. iwi AiB conDiTitmim 

TtUe 21'*?; - Co^d^ta tf Bttfldli 4 f Materials* (Con^) 


Rmja 


I'int roof*, concrete and frame conatruction 


flat roofs covered with built-up roofing 

Without ceiling, underside 
-roof exposerl 

With ipetal lath and 
plaster oeilings 


1 Thifknesa 

f No 

M-in. 

I'in. 

No 


I'in. 

Type ot roof dedt 

' of too! 

insula- 

rigid in- 

rigid in- 

I insula- 

rigid in- 

rigid in- 

deck, in. 

tion 

sulatiou 

1 

hLiluti tin 

tion 

eulation 

Bulation 

Precast cement tile. 

iH 

0 84 

0.37 

0.24 

0.43 

0.26 

0.10 

Oonemte. 

2 

0 82 

0.37 

0.24 

0.42 

0.26 

0,19 


4 

0.72 

0.34 

0.23 

0.40 

0.25 

0.18 


e 

0.65 

0.33 

0.22 

0.37 

0 24 

0.18 

Wood. 

1 

0.49 

0.28 

0.2D 

0.32 

0.21 

0 16 


' VA 

0.37 

0.24 

0.18 

0.26 

0.19 

0.15 


2 

0.32 

0.22 

0.16 

0.24 

0 17 

0.14 


4 

0.23 

0.17 

0.14 

0.18 

0 14 

0.12 

Flat metal roofs. 


0.04 

0.39 

0.24 

0.46 

0.27 

0.19 


Noth: Bare corrujEated iron, without roofing has a coefficient of 1.50 haaed on the projected area. 
CoeffioientB are c^xpresaed in Btu per hour per square foot iter deg F difference in tempK^ralure betw'fen 
the air on the two snides and with a wind velocity of 15 inph. 


Pitched roof!-., frame coiiRtmction 


Type of riiofing and aheatlung 


Wood Hhirngles on 1*X 
4-in. wood strips 
spaced 2 in. 


Asphalt shinglBH or roll 
rooting on solid wood 
sheathing 


Slatfi or tils on solid 
n ood sheathinK 


Type of ceiling 
(applied to roof rafters) 


Insulation 
between rafters 


IiiMulntinn 
bcfneen rafters 


InHulalion 
lietween rafters 




Blanket or bat 


Blanket or bat 


Blanket or bat 


None 

1 in. 

2 in. 

3 In. 

None 

1 in. 

2 in. 

3 in. 

Nnne 

1 in. 

2 in. 

3 in. 

No rpiling. 

0.48 

0.15 

0.11 

0 083 

0.63 

0.15 

0.11 

0 085 

0.55 

0.16 

o.n 

0.065 

Metal lath and planter. 

0.31 

0.14 

0.10 

0.082 

0.33 

0.15 

0.10 

0.083 

0.34 

0.15 

0.11 

0 083 

Gypsum board {% in.). 

0.31 

0.14 

0 10 

0.082 

0.32 

0.15 

0.10 

0.082 

0.34 

0.15 

0.11 

0 083 

Wood lath and plaster ... 

0.30 

0.14 

0.10 

0.080 

0.3J 

0.14 

0.10 

0.082 

0.32 

0.15 

0.10 

0.082 

Gypsum lath and plaster_ 

0.29 

0.14 

0.10 

0.080 

0.31 

0.14 

0.10 

0.082 

0 32 

0.15 

0.10 

0 082 

Plywood (^8 in-). 

0.29 

0.14 

0.10 

0.080 

0.30 

0.14 

0 10 

0.060 

0 31 

0.14 

0 10 

0 082 

Insulating board in.)_ 

insulating-hoard lath {A in.) 

0.22 

,0.12 

0.09 

0.073 

0.23 

0.12 

0.093 

0.074 

0.24 

0.18^ 

1 

0.094 

0,076 

.plastered.. 

InrolatingxboarU lath (1 in.) 

0,22 

0.12 

0.09 

0 073 

0.22 

0.12 

O.OtiO 

0,073 

0.23 

0,12' 

0.003 

0.074 

plastered. 

0 10 

0.10 

1 

0,077| 0.005 

B 17 

0.10 

0.077 

0.005 

«,,r 

0.10 

0.IJ80 

O.066 


Note; Coeffirienta are pxpica.sod in Bln i»er himr ixr aquare foot wr deg F diffeir^neein temperEtdre 
between fJie air on the two wnJwt and with a wind velooity of 15 mph. 

VE permiBBioD of the American Society of HoaUngdiad VentilatiHg Engineers, ‘'ASH A 
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Afl « word of ^oAutiojOr wlioo a,n 4>ui]dit)e matoml, in a^aoa 

tiontaet with- humidified Wi the oaiaterial mmt bo Wpervioiia to the ^^eiietratiott si 

Sdhr-hetd TrmemiaBwn. The solar-hea^ tranemisiaionr effect, thmii^ 

building structures is difficult to determine ^wing to the periodic character txi |i^ 
ffow, variiitions in radiation, intensity on differently oriented surfaeoa, geogFaphteal 
location, and further effective time lag due to the mass of the matemhi. 

The more generally accepted thesis is that the sun’s i^ays will heat the outer surface 
of the walla and roofs and thereby give the same effect aa an increase in temperature 
difference between inside and outside conditions. The sun’s rays strike the roof 
nearly perpendiculai'ly and strike the walls at various^angles. Hence the root surface 
is raised to a higher temperature than the walls. Thl^ effect of the sun’s rays on ^ass 
differs in another respect. A small amoiuit of heat enerii^ is reflected, Some is absorbed 
with slight rise in glass temperature, but the greater portion of the radiant heat energy 
passes through the glass and is absorbed on interior surfaces. This heat is quickly 
given up to the surrounding air, raising ike temperature in the treated space. It is 
quite apparent that a barrier to solar heat’s direct rays of the sun must be employed 
by means of awnings, white shades, paint, or blinds. Common mill practice is to 
paint the glass white. This presents an opaque nontransparent surface to reflect 
or absorb the radiant heat from the sun’.«s rays. 

There is some difference of opinion among recognized authorities as to how much 
of a heat load is imposed by the sun. However, one practical method, considered 
good engineoring practice, is to calculate the sun effect separately by figuring 
increased temperature difference on roofs and ]5°F temperature difference on walls 
for northern hemispheres and increasing these factors to 35°F on roofs and 20°F on 
walls in southern latitudes. In tropical climates these temperature differences would 
be further increased, and proper factors would be determined by the judgment and 
experience of the design engineer. 

Heat Load from Occupants. The heat and moisture given off by persons vary 
with the activity of the individual and in a proportional degree are affected by the 
temperature and relative humidity. The total heat given off by a person is the sum 
of the sensible and latent heats and is practically a constant depending upon the 
activity of that person. 


Table 21-8. Heat of Persons, Btu per Hour 


Deaign rnDiu 
ieiuperature 

Activity A per moving slonly | 

Acti^ 1 ty B i>er porsun working rapidly 

1 . __ 

Suniaiblc heat 

1 Latent heat 

Total heat 1 

Sensible heat 

Intent heat 

Total heat 

76 

2r)6 

144 

400 

270 

390 

S«0 

78 

240 

160 

400 

240 

420 

660 

80 

220 

180 

400 

210 

450 

660 

82 

200 

200 

400 

180 

480 

660 

84 

IBO 

220 

400 

1 150 

510 

S6Q 


A practical basis of design in process air conditioning is to figure a heat-load factor 
of .500 Btu per hr total heat per person. 

Heal Load from Lighting. Lighting is a usual source of heat generation in ttesign 
calculations for process air-conditioning systems. The total lighting load requires 
analysis and good judgment to determine the effective lighting load factor. When 
considering a btiilding with a saw-tooth or monitor roof, it is not necessary to figure 
both sun load 4^ light bad simultiimeously. The greater of these two factors should 
be figured. Flash watt of lighting consumod represents a heat load of 3.41 Btn per 
hr h^ gain in the oonditioned spaecu ^ 

Heat Load from Motors. The powsec generated by all i^achinery mobors ^wi^hin 
the treated space is dissipated in the form' of heat withb that space. The ei^iikeeriiMS 
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INiyUBfRlAL PmCE^B AIR 0O^DlTIONim 


mtiftt el^aiiiAte the motor^iorBepowei* {actor and oonneeted hors^ioweif within 
the treated B^aeej i.e., the total horsepower may be effective continuoiiB operation, 
or the motors may operate iDtermittently. It is frequently permissible to figure less 
tK«.n connect^ horsepower in operation at one time; on the other hand, it is 
advisable at times to increase the internal motor-horsepower load owing to overload 
operatioDfl. Electric motors are generally rated in units of horsepower output: 1 hp 
is equivalent to 2,545 Btu per hr. The following is a basis for calculating horsepower: 

It When motor and driving load are located within the treated space, 

Heat generated, Btu per hr — 3.41 X watts input 

2545 X (actual brake horsepower) 
motor efficiency 

2, When motor is outside room and driving load is within the treated space, 

Heat generated, Btu per hr » 2545 X (actual brake horsepower) 

3. When motor is driving fan supplying air into the treated space through duct 
work, the heat equivalent in energy, applied to the air, is transmitted to the room. 

Heat generated, Btu per hr = 2545 X (actual brake horsepower) 

Customary practice is to add 10 per cent to the previously calculated sensible-heat 
load to provide for the fan-horsepower heat load. Then after the fan has been 
selected and actual brake horsepower determined, a back check is generally advisable. 


Table 21-9. Motor Efficiency Ratings 


Hating, hp | 

EfliciBney 
average, pet cent 

Multiplying 

factor 

Equivalent 

Btu/hp«hr 

H-i . 

SO 

1.25 

3170 (input) 

1-10. 

B5 

I.IB 

3000 (input) 

10 and above. 

88 

1.14 

2900 (input) 


Other Heatrloadr-'prodiiciTig Factors. Heat-producing appliances, giving off heat, 
either sensible or latent heat, or both, must be determined and included in calculations. 
The generating sources may be uncovered steam pipes, hot surfaces, gas-fired heaters, 
electric generators, steam-heated cylinders, or open vats giving off moisture to the 
treated areas. All must be carefully analyzed and the heat produced taken into design 
calculations, or else these heat sources must be hooded and heat or moisture exhausted 
to atmosphere. 

It is obvious from the foregoing discussion that the determination of the heat-load 
calculation is rather complicated by reason of the variable character of the contributing 
load components. A careful survey of the legitimate sources of heat loads will reveal 
in practice that it is not necessary to lump together 'ignorance” and add safety fac¬ 
tors sufficient to increase the apparatus and equipment capacity in exaggerated pro¬ 
portion to the economic actual requirements. 

Ventilation. Ventilation requirements are determined as follows: 

1. Sufficient fresh outdoor air is introduced into the room so that a slight static 
air pressure will be maintamed within the conditioned space; losses are outward; there 
is no infiltration. 

2. Sufficient fresh outdoor air to maintain adequate air for the occupants, keeping 
the dilution of obnoxiotis gases, when present, to the requirements of safety standards. 

3. Sufficient fresh outdoor air must be provided to make up for air exhausted from 
manufacturing processes, in addition to requirement 1, to maintain a balanced air 
pressure within the treated space. 
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The estimaticm of fre8h-oiitd!oor-«ir roquifo^onta to makitatii im air inwure 
the treated area ia generally calculated hy the *^air-ehange method/' which is ^ 
determination of air leakage outward by roughly assuming a cmtain itumber of air 
changes per hour for each treated area, this assumption l^ing dependent upon the 
type, use, and location of the building and whether it is an old wooden structure or a 
new modem brick or windowless type of building. This method, predicated upon 
actual experience records tabulated from many successful appUcaiions, has proved 
practical and reliable, thus eliminating the exhausting method of determining air 
leakage through doors and window cracks, with variable prevailing-wind pressures* 
This latter method may be used when more accurate and exact calculations are 
required, 

Air-diange Mukod. Air changes per houx under average conditions to maintain 
an air pressure within the treated room may be taken as shown in Table 21-10. 


Table 21-10 


Location and type (one or all four sides exposed) 

Assumed air changes 

Minutes per 
air change 

Changes 
per hour 

Old WDoden-niill-type construction. 

30 

BO-90 

120 

2 

Average luUl-type constructinn. 

New brick modem or windowless bull ding 


To determine ventilation requirements, divide the cubical contents of the treated 
area by the assumed minutes per air change. This gives air-volume requirements 
directly in cubic feet per minute. Except in extreme cases, this air volume is generally 
sufficient and well above the cubic feet per minute per person required to meet the 
ventilation health standards for the occupants. 

To determine ventilation requirements when obnoxious gases are present, refer to 
Table 21-11. The amounts and rate of production of the obnoxious gas are &6t 
determined, and then sufficient fresh outdoor air is introduced to keep the dilution 
concentration well within the standards of safety. 


Table 21-11. Maximum 



Cu ft per mtl- 

Oases 

lion cu ft of air 

Arsine.. 

. 1 

Ammonia. 

. 100 

Carbon monoxide . .. 

. 100 

Chlorine. 

. 1 

ForirtaLclehyde.. 

. 20 

Hydrogen cyanide.. 

. 20 

Hydrochloric acid. 

. 10 

Hydrogen fluoride. 

. 3 

Hydrogen sulfide. 

. 20 

Nitrogen dioxide. 

. 10 

Ozone. 

. 1 

PhoBphine. 

. 2 

Sulfur dioxide. 

. 10 

Affl per eu w of 

MelaUie fumes 

air 

Cadmium.. 

. 0.1 

Chromic acid.. 

. D.l 

Lead. 

. O.IS 

Manganese. 

. 30,0 

Meroury.. 

. 0.1 

Zinc oxide fumes....... 


* From "Toxic Fumes in Massachusetts Indusl 
pational Hygiene. 


Concentration of Toxic Fumes* 


Cu ft per miL- 

Solvimta lion cu fl of air 

Amyl acetate. 40D 

Aniline. S 

Benspiie. 76 

Butyl acetate. 400 

Carbon bisulfide . 15 

Carlmn tetrachloride. 30 

Diohlorbenzeue. 75 

Dichlorethyl ether. IS 

Ether. 400 

Ethylene diehloiido. 100 

Methanol. 200 

Monochlorbenzene. 76 

Naphtha, Kasoline. 1000 

Nitrobensetie. 5 

Tetrachlorethaue. 10 

Tetrachlorethylene. 200 

Toluene. 200 

Trichlorethylene. 200 

Turpentine. 200 

Xylene, coal*tax naphtha. 200 


’,** published by Massachusetts l>iviaion of Qcen- 
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Air Pwnly. Dust suspended in air consists of solid particles of any material, all 
considered contaminative and generally most objectionable in process manufacturing. 
The Control of air purity is one of the functions of process air conditioning. The con¬ 
trol of dust consists of collection of the dust at the point of entry to the air-conditioning 
apparatus and the separation and elimination of the dust entrained in the air stream. 
The industrial dust problem is generally limited to solid particles larger tjtan 10 
microns, Thus this discussion will exclude fumes, smoke, and odors which are con¬ 
trolled by electric precipitation. Relative sizes of various dusts are shown in Tabic 
21 - 12 . 

Industrial dust control has always been a problem in process manufacturing, and 
only in recent years has extensive research been conducted. 

Dust problems may be classified as follows: 

1. Dmt nuisance —Causing damage to machinery, contamination^ injury, of 
spoilage to product, and unclean working area. 
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w burn imder eartain concentratibiui; a potential hazai<d from expioekm eaut i 
3. OmtpeMond dismm —^HeaitJi of worloeTB iB im^Bired by vtn^iiB types d^uite 

and in most states the elimination of the hazard ts recpiired. ^ 

Duat varies in aiae, specific gravity, and shepe. Siee ie the most important variftble 
and is usually given as a mean diameter measured in microns or in screen sizes. A 
micron is one milUonth of a meter, or 1/25,400 in. in size. Screen sizes are given in 
mesh or the number of openings per lineal inch of standard screen. Table 21^12 
shows the U.S. Bureau of Standards standard test screens and their opening size in 
both microns and decimal parts of an inch. 

Dust is rarely all of one size, and dust samples will be found to have a wide range 
of sizes, with the percentage of different sizes varying. J t is thus impractical to specify 
a dust size by one number. The usual description of a dust includes the percentages 
of the dust in various size groups (either micron or mesh sizes). The determination 
of dust concentration nr measurement of dust count is involved and many times 
rather complicated. Some of the methods of determining dust count are impinge¬ 
ment on a prepared viscous surface, collection on filter paper, electric, precipitation, and 
by direct analysis of samplcB by laboratory methods. The filter-paper method, by 
which air passes through AIUt paper for a Imown time period, is a convenient method 
of sampling, counting, and determining for analysis of the dust problem in process 
manufacturing. 

Fits and Explosion Hazard from Dust. Dust explosions are caused by ver>’ rapid 
burning of air-borne dust, causing a rapid pressure rise. The explosion is generally 
the result of a limited concent,ration of dust in suspension in rontact with some source 
of ignition. The re-sulting increase of pressure freipiently dislodgcjs large accumula¬ 
tions of dust within the building, resulting in secondary and more violent explosions. 
Thus the process air-conditioning problem is to prevent accumulations of inflammable 
dust in explosive concentration, to know rate of dispersion and the moisture content, 
and to determine the explosive pressure in known air eonrjontrations. The minimum 
explosive concentration of air-bdrne dust generally ranges from 0.01 to 0 5 oz per cu ft, 
or 10 to 500 g per cu m. The industrial process air-conditioning engineer's problem 
primarily is dealing with hygroscopic dusts, moisture content, and elimination of 
static spark-ignition hazard by maintaining proper relative humidity within the 
treated space, thus prevent fire and resulting explosion. 

Air MovemerU. The design of an industrial process air-conditioning system for 
ultimate effectiveness and efficiency depends upon an ample amount of air l>eing 
circulated within the treated area to balance the internal heat-load gains. Since the 
treated or conditioned air is the mechanical carrier of heat and moisture to, or away 
from, process materials, sufficient air must be circulated and distributed uniformly in 
proportion to the load requirements encountered and varied with the variations of the 
heat load to maintain constant atmospheric conditions. The method of diffusing 
the air from supply oixtlets within the treated space is primarily a consideration of the 
material in process. Some products are very sensitive to direct air contact, suffering 
breakage or hardening of the surface, whereas other products reqiure a direct air blast, 
e.g., cr>'stallization process. Types of supply outlets may be classified on a basis of 
outlet velocities, e.g.^ low velocity (grille outlets), medium velocity (slotted outlets), 
and high velocity (nozzle outlets). The terms low, medium, and high are relative and 
vary wdth practical considerations of the problem involved. The higher the velocity, 
the greater the-induction of room air. 

Table 21-13. Relative Comparison of Supply-outlet Vdocitles 


Vdooity Fpm 

I 4 C 1 W.....tp 000 

Mediuni... • • *... ■ ■ • ■ 000^ 1,200 

High. Alwvp 1,200 


There are many variations of supply outlets—slotted grilles, fishtail diffusers^ 
horizontal and verticaJ slots, and rectangular or circular nozzles. Their selection all 
depends upon practical experience and judgment in application to the particular 
problem under consideraUon. The ultimate decision and results to be obtained are 
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to maaBtain ui^orm air coaditiona throu^out tho treated area without damage to 
the prooesa materials, spoilage, delays, and resultant loss of labor. Conditioned air 
supply and dif^usiDn are very import^t factors in process air conditioning. No system 
u better than ite air-dis^nbutitm system. 


Calciilatlona of Typical Process Air-conditionliig Systems 
UcAHPiiB It Erai>orativB ooDling—humidifying, heating, and ventolating system—no 
refrigeration requirad. 



Fig. 21-14. Fidd survey, page 1. 


The atmospheric conditions required in the treated area would be as follows: 

1. Summer —Constant relative humidity, varying drj'^-bulb temperature 
2 Winter —Constant dry-bulb temperature and relative humidity 
Basis of Design. Refer to Figs. 21-14, 21-15, 21-16, and use these given factors as a 
basis of design. Then calculate the heat tranBmission through the walls, windows, and 
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roof on' A per-degree ieiDpcratutB difference (see Fig»; 21-17, 21-18). Note th«ttjbe 
outeide eiimmer Btniospheric conditions are figured nt the maximun^ w^hulb depre^PU 
because the transmission through the building wiU be the greatest und^ these condit«ottS« 
theTsl^ requiring the maximum air volume to balance the aensible^heat load^ BememdMir 
the fact, as previously explained, that the summer requirements are the Sontrolling fat^^or 













imwsrmAi i^cebs air aoNDinoNim 


Stjc. 2^] 

Imlb fat mj wwirf.tirA. Th« <leciietk for this load faotor in the aummer requires afl outside fmh 
air through the hvimidifier for oooling by evaporation, thereby providing anxpte ventiliitiOfn; 
in fast, pifessure-relief damx>i^s in the outside walla must be furnished to release this ak to 
atmosphere. The relative humidity in the ^ated area will remain a eonstant, but the 
in^de dry-bulb temperature will vary with the outside wet bulb. The reason that the 
relative humidity remains a constant is based on the psychrometric pherwmenon, that, for a 
given relative humidity, there is practicaUy a constant wet-bulb depression within the 
operating range of atmospheric conditions generally encountered in industry. The winter 
operation functions the same as for summer, except as the outside wet-bulb temperature 
drops below the winter dew-point temperature, air is automatically recirculated from the 
treated area, with a higher wet-bulb temperature, to the inlet side of the humidifier, so that 
the wet bulb of the mixture will maintam a constant winter dew-point temperature leaving 



Plan 1st floor 

Fig. 21-16. Field survey, page 3. 

the humidifier. Winter ventilation is adjusted to a miniinuin based on the njr-i-hange 
method. Generally the heat in the return air from the treated area is sufficient, so that 
no fresh-air heaters are required. In the summer, the atmospheric conditions in the treated 
area are maintained by varying the volume of supply air by means of a hygrostat, thereby 
controlling constant relative humidity. The dry-bulb temperature varies with the outside 
wet bulb. In the winter, the atmospheric conditions iu the treated area axe maintained by 
ciontrollmg the dew-point temperatuie leaving the humidifier and the dry-bulb temperature 
of the room. Thus the corresponding relative humidity and wet bulb axe maintained. 

The evaporative cooling (cooling by evaporation), humidifying, heating, and 
ventilating system is applicable to many types of industrial produpts in process of 
manufacture where relative humidity is the controlling factor. 

Exampi^h 2: Cooling, dehumidifying, humidifying, heating, and ventilating system, 
requiring refrigeration. 
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THhib «^moepb«r£c conditidiid required in th^ crea W 0 u)d bte as foUm? 

1 . S«tmm 0 r-‘’*<kmBtaiLt dry-bulb temperature and rel&tive humidity 

2 . fr«neer^ConBtant dry 4 >ulb ieiaiiperatuTe and relative humidit^^ 

Baste of Design- Assume the same ^ven factors as in Baample '^at theemh- 

mer inside dry-btilb tempmture must not exceed in other words. Obnstant 
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Fig. 21 - 17 . Typical calculations of an evaporative cooling and humidifying system'—no 
refrigeration. Example 1 , page 1 . 


round atmospheric conditions, in the treated area. Since the heat transmissian Was 
calculated on a per-degree ddferenee, the same calculations will apply, oorreeted for the 
temperature difference between outside and inside eonditions (see Example 2 and Fig. 21 ^ 19 ) < 
Mechanical refrigeration cools chilled water which is sprayed in the air washer, termed 
the dehumidiher. Air is drawn through, thereby cooling the leaving air to saturation ftt 
the designed dew-point temperature required for the treated space or slightly below to ahow 
for latent-heat gain within the conditioned space. The air volume is determined as before, 
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Egured on the senaiMe-heat rise between the dry-bulb tein]>eraiure leaving the dehu- 
and the conditloned-rooin dry-bulb temperature. To ecanomiac on refrigeration, 
the outside air is calculated on the minimum requiremente sufficient to maintain an air pree- 
aure within the tiionditioued space and consistent with proper ventilation standards. The 
refrigeration load calculations are the sum of the total sensible heat plus the latent-heat 


mn^Awr General Work Sheet 

Doe mos/eey mills » 


Greensboro, hc. _ ^ 

Full FashioneD'Dvapor^tive CooLiNo n* 

W» tJ 'SMJTM Pat- ^ ^ ky Dato _ 


VAPORATIVE C0OUN6 ‘f/UMIDlFYmMAT/NG P VENTfLA TING SYSTEM 


FanZi 


fWHWlFI 




Capacity 


» Sun Effect 

- 94 885 


' People /ooxSoo 

= 50, 000 


Lights 5okwx34io 

= 770,500 

rt 

Motor HP 90 k 3000 

= 270. 000 


630, 365 

Fa n- Motor BHP -f-10 7 q 

63, 035 


Total Sensible Hea t Load 

693, 400 

Bjv/hr 


Fan Si Humidifier Capacity 






WINTER 


50OSk(&0-I0)- 350,420 B.TU /HR 


60x43,575 _ 

Room Temp 80""i‘7.4°= 87.4° Delivered Air Temp. 

&74-65''DR (Sat Winter)^ 22.4^Temp. RiSE Total 


Thru Rehea ter 


(No Credit Taken For Internal Heat Load) 


Latent Heat Gain NE0LI6IBLE-May 8e Omitted 


* I CUBIC Foot / 


SPECIFIC heatX Density ,2^15 x ois 


.\i B.TU Will Heat ICFM 55.2^(TEMP. Rise 



Fig. 21-lS. Typical calculations of an evaporative cooling and humidifying systetri—no 
refrigeration. Example 1, page 2. 


load and the heat of the outside air from the outside wet-bulb temperature to the inside wot- 
bulb temperature. When the InteiiVheat load within the treated areas is high in propor¬ 
tion to the sensible-heat load, correetidn in the dew-point temperature leaving the dehu- 
midifier must be calculated to compensate for the moisture gain within the conditioned 
space. 

The above methods of calculation are applicable to mimy types of industrial-process 
products of manufacture, where both the dty-bulb temperature and relative humidity are 
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the controlling factgrs. When the cliaracteristii^ pro|>ortJies of the process n^ptOTials 
control of dry-bulb temperature and relative humidity within Umiting variatiooa, 
expansioiL or chiUed-wator cooling coiIb may be used in plwse of the S{^ay4ype dehumidiw. 



I'lo. 21-19. Typical calnulatiaiis of a cooling, huinidifyiuK, and dehumidjfying system 
with refrigeration. Exainide 2. 

Design of Supply Ducts. To a]ip]y fans rorror tly and economically to proeesa 
Mlr-conditinning systrmH, it is iieccsaary to understand what governs system losses, 
since the toliil syaiem rrsistam e solely determines the point at which a fan will opiate 
on its (ihanu teristic rurve. The system losses in general are caused by two distinct 
lai*tor8--frictional losses from viscosity aetion of the. air and losses from accelerations 
anil doech^rations of the air stream. The trade eoinmonly uses various terms to 
specify system resistance, total-pressure loss, and static-pressure loss. Fwi per¬ 
formances are selected from performance curves or tables on fan total pressure or fan 

mB 


















































mDvm^mAL pwcesm ajr conditioning 


eMie ptmmtdf ^ latter being the mogt eoa&mon^ The procedure to detennine the 
atntie pressure of a is as follows; 

X. J^xn up idl component total-jiiressure losses of the parts of the system, including 
tbefre8h*«ir inlet, apparatus, and equipment, losses in ductwork, and velocity pressure 
at the discharge outlets of the system. 

2, Deduct the fan-outlet velocity pressure (determine from a preliminary fau- 
sue sdection). 

3. Kck a fan for the resulting static pressure. 

The system design in practical application is to keep the total static pressure to a 
miniintim (approximately 1 to in. static pressure), thereby economizing on operat¬ 
ing-horsepower requirements. The frictioual-resisiaiice losses through apparatus and 
equipment are generally given in catalogues and published literature of equipment 
manufacturers; however, the pressure losses in supply ducts must be calculated. 

Pressure Losses in Supply Ducts. The conventional engineering procedure in 
calculating duct friction loss is based on ^‘equivalent round-duct pipe sizes’' and a 
loss, equal to one velocity pressure, in a duct length equal to a stated number of pipe 
diameters. In practice, the number of pipe diameters for tho less of one velocity 
pressure varies from 40 to 70, depending upon the caution and experience of the indi¬ 
vidual making the calculations. There is little doubt that the figure 40 is exceedingly 
safe and that the allowance of one velocity pressure loss in 70 diameters is sufficient for 
a duct of good commercial workmanship. Tliis explanation means that the losses in 
ducts are calculated in terms of velocity pressure of flow (in inches of water). Thus a 
friction loss in pressure in 70 diameters of length of duct is equivalent to the velocity 
pressure in inches of water. 

This procedure assumes that the friction loss varies as the square of the velocity, 
and the standard table values for equivalent round ducts are based on this assumption. 
Experiments have proved that this assumption is too high and may safely be reduced. 
Having determined the pressure loss, tables may be prepared on a basis of “equaliza¬ 
tion for constant friction,” which means the friction pressure loss in inches of water 
(gauge) per 100 ft of duct remains a constant. The layout and design of a duct 
system requires that the over-all duct resistance be kept as low os practicable within 
reasonable limits. In practical application, this method enables the engineer to 
select his total duct resistance and design the system to operate within those Limits, 

The formulas for round ducts have been thoroughly tested and may be used with 
safety. The whole concept of transferring these results to “rectaiigular-duct-sizo 
equivalent” is a fallacy unless used with reasoned caution. There are no engineering 
data that give the length (one velocity pressure taken for round ducts as 70 diam¬ 
eters) and the eqtiivalent length for rectangular ducts since the cross section and 
perimeter may vary. Therefore, while the physicist labors for greater exactness, 
the engineer must design with the material at hand and use sound judgment. 

Good engineering practice suggests procedure as follows: 

1. Table 21-14 may be used, assuming the finest sheet-metal workmanship. 

2. For rectangular ducts, the aspect ratio (i.e., the long side to the short side) 
should not be greater than times the equivalent round-duct size. 

Examplh: In the use of Table 21-14, assume that the supply-duCt design was limitsd 
to 0.4 in. static pressure and that the longest run of duct was 200 ft. Then the eauslization 
for constant friction for 100 ft would be one-half 0.4 in. static pressure, or 0.2 in. static pres¬ 
sure. Allowing caution for workmanship, refer to the column headed 0.13 in. static-pres¬ 
sure loss. This column gives the carrying capacity in cubic feet per minute of air for round 
ducts for diameter shown on the right. The corresponding ‘'rectangular equivahmt” 
ducts, having the same pressure loss per unit length when carrying the same volume, cubic 
feet per minute, and having the same density, are shown in the columns on the right. 

The above conventional procedure, therefore, has very great virtues of consistency, 
^mplicity, and practicability in sizing of duct systems, and experience has proved the 
^curacy of this method. 

TYPES OF PROCESS AIR-COHDITIONIITG SYSTEMS 

The fundamental factors governing the type or selection of apparatus depend upon 
the characteristic performance of the apparatus and equipment best suited to meet 
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the payclirometric eh»rftctedatics o! the i^tKjess mtiierial. Therefor^^ a kiiovHb4se 
of the assembled arrangement of vanous types of equif^ent is essential* The 
classiiiGations of types of air-conditioning systems are ''mntaxy’’ and '^central sta-* 
tion/' Since the functions of unitary and eentrsl-station systems are the same, the 
dividing line is somewhat arbitrary. In general, however, a unitary system means 
factory-built and -assembled equipment, shipped complete as a unit to perform some 
specified function, e.y., humidifying unit.” The central-station type of system may 
be defined as factory-built functional apparatus, assembled, erected, and fabricated 
in the field in a large plant centrally located to perform some specific lunctlons* 

Unitary System 

Unitary apparatus is designed for horizontal- or vertical-assembly arrangement, 
for ceiling or floor mounting, the capacity being governed by the practical size, within 
reasonable limits of dimensions, weight, and convenience of handling and shipping. 
Generally, in process air conditioning, the unitary system is applicable to the silver 
installations, as the name ‘‘unit” implies. 

Central-station Systems 

Central-station systems are classified in accordance with the function performed, 
i.e., evaporative cooUiig, cooling, humidifying, dehiimidifying, heating, and ventilat¬ 
ing. The comparative effectiveneas of the type of system selected depends upon the 
sensitivity of the process material to atmospheric conditions. Some process materials 
require close control of atmospheric conditions throughout the year, whereas other 
materials maj’’ permit variations of either dry-bulb temperature or relative humidity 
within stipulated limits. The general t3^pes of equipment for central-station systems 
may be modified to effect greater flexibility, improve performance, provide accurate 
control of conditions, or effect greater economy of operation without affecting the 
fundamental basic functions. I^me types of equipment are applicable to all types 
of systems, whereas some equipment has a limited application. 

The most commonly encountered types of central-station systems for process air 
conditioning are outlined in the following paragraphs. 

Systems Not Requiring Refrigeration. For systems not requiring refrigeration, 
use an evaporative cooling system, the functions of which are cooling by evaporation, 
humidifying, heating, and ventilating. The atmospheric conditions in the treated 
area would be as follows: 

1. Summer —Constant relative humidity, varying drj^-bulb temperature, cooling 
by evaporation, ventilation 

2. Winter —Constant dry-bulb temperature and constant relative humidity, heat¬ 
ing, and ventilating 

Systems Requiring Refrigeratian with Spray-type Dehumidifier. For systems 
requiring refrigeration with a spray-type dehumidifier, use a dchumidifying cooHng 
system, the functions of which are cooling, dchumidifying, humidifying, heating, and 
ventilating. The atmospheric conditions in the treated area would be as follows: 

1. Swmmcr^Constant dry-bulb temperatvirB and constant relative humidity, 
cooling by chilled water, refrigeration, and ventilation 

2, Winter —Constant dry-bulb temperature and constant relative humidity, heat- 
ng, and ventilating 

System Requiring Refrigeration with Direct-expansion or Chilled-water Coding 
Coils. For a system requiring refrigeration with direct-expansion or chilled-water 
cooling Coils, use a surface dehumidifier, the functions of which are cooling, dchumidi- 
fying, heating, and ventilating. The atmospheric conditions in the treated area 
would be as follows: 

1, Summer —^Blight variations of dry-bulb temperature and relative humidity 
within reasonable limits; cooling by direct-expansion or chilled-water cooling coils, 
refrigeration, and ^ntilation 

2. Wilder —Constant dry-bulb temperature, with special provision for humidUfylng 
when required, heating, and ventilating 
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Table 21-14. Air Ducts Equalized for Constant Pressure 
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Table 21-14. Air Ducts Equalized for Constant Pressure {Coni.) 
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Table 21-14. Air Ducts Equalized for Constant Pressure [Con *) 
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Proper reUtioftship bet^reen equipment sheeted and the internal heat load must 
be obtained because the eoolmg-load maximum capacity may operate at a small 
percentage of the year, and the winter heating load may operate Under design coudi* 
turns only a few days of the year or during shutdown periods. Tt, therefore, is essential 
that good partial-load performance be obtained for low operation tsosts. 

Functioiial Equipment for Central-station System (without Refrigeration). 
Bmporativs Cooling System. The evaporative cooling system cools by evaporation, 
humidifies, heats, and ventilates. lliiB type of system is used with hygroscopic 
materials requiring close control of relative humidity and varying dry-bulb tempera¬ 
ture within specified limits. 

The functional equipment for an evaporative cooling system includes 

Supply fan, motor, and drive 
Humidifier, air-washer spray type 
Humidifier pump and motor 
Preheating, reheating, booster heating coils 
Hot-water heater or steam ejector 
Air^leaning equipment, filters, or precipitators 
Automatic controls 

This equipment is fabricated with 

Casing connections and ducts, normally of sheet metal 
Piping—^water, steam, air 
Electric wiring 

In Fig. 21-20 are sho>\n fans of the Imrkwanl-curve blade type, self-limiting horse¬ 
power characteristic. These fans are particularlv suitable for industrial applications 
where high efficiency and reduced jiower are esBciitial. 



Fig. 21-20. Hdentyane fan of the backward-curve blade type. 


The humidifier shown in Fig, 21-21 is of the air-w'asher spray type. It cleanses, 
purifiaa, humidifies, and saturates the air that passes through. It is also suitable as 
a dehumidifier. It is suitable where precise control of humidity and cooling by 
evaporation is required. Velocities of 500 fpm are recommended. 

The filler-Tvasher type of humidifier (Fig. 21-22) is especially adaptable for 
humidifying and evaporative cooling and employs a bank of mineral-wool or glass- 
fiber filter pads in conjunction with water sprays to clean, hiiinidify, and saturate the 
air with an extremely high degree of efficiency. It will remove dust, dirt, and solids 
down to micronomic fineness. The high efficiency is acconiplLshed by spraying water 
againat a bank of filters so positioned as to offer miminuiu resistance to air flow 'with 

150Q 
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a mioiinum amount oi water recmmlated. Thus a substantial savini; in fan mad 
pump operating horsepower is effected. Velocities of 700 fpm are recommended* 

A sketch of an evaporative cooling system, general arrangement, is shown in 
Fig. 21*23, Arrangement 1. 

Functional Equipment for Cental-station System (with llefrigexathm). D^u- 
midijymg Cooling System, The dehumidifying cooling system cools, dehuinidifies. 



I'lo. 21-21. Air-washer spray typo—humidifier or dehumidifier with outenue baffles 
removed. 



Fig. 21-22. Filter-washer—humidifier with side casing and entering eliminators removed. 

huiuidifies, heats, and ventilates. This type of system is used with process materials 
icquiring precise control of dry-bulb temperature and relative humidity at all times. 

The functional equipment for a dehumidifying cooling system includes 

Supply fan, motor, and drive 

DehumiiUfier, air-washer spray type, spraying chilled water, well water, or 
with direct-expansion cooling coils or chilled-water cooling coils located in 
the spray chain her 
Dehumidifier pump and motor 
Preheating, reheating, booster heating coils 
Hot-water heater 

Air-cleaning equipment, filler, or precipitators 
Automatic control 
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Hefrigenit^zi BysUsm—pompreiieoi: witk motor, eonde^jaer, wster 9faiBeP| flUd 
aH aujdJliaEy equipment 

*Xh3B equipment ie fabricated with 

CSa^K connections and ducts, normally of sheet metal 

Fiiniig—^water, steam, air 

Electric wiring 

Supply fans (see page 1500) 

Behumidifier (see page 1501) 

The dehumidifier air washer is similar in detail in aH respects to the humidifying 
air washer, except that a greater volume of recirculatod water is required for cooling. 



Pig. 21-23. Diagrammatic airaiigemeiit of an evaporative co<jling, humidifying, heating, 
and ventilating system. Arrangement 1. 

Application: Hygroscopic product requiring preoiee control of the relative humidity with 
varying dry-bulb temperature permissible within limits. 

In some applications a third Vjank of sprays is desirable, and the length is intoreased 
accordingly. 

A sketch of a cooling humidifying and dehuinidifying system with refrigeration 
general arrangement, is shown by Fig. 21-24, ArrangeiiiejEit 2, and Fig. 21^25, Arrange¬ 
ment 3. 
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‘^CMIed water cooler 

^iG. 21-24. Diagrammatic arrangement of a cooling, humidifying, dchuraidifying, heating, 
ind ventilating eystem with refrigeration. Arrangement 2. 

Application: Prooesa material requiring precise control of the dry-bulb temperature and 
dative humidity within very close limits. 


-Zone "A"- -♦f*- Zone T?' 

___/\ _ 


Treated area same os arrangement No. / 


Fresh akintet -11 fL—_ 

sired for fan copocitv/ ^ , 1P j! _ _J * ” 

-wy. ** 

. ^ ... I- ■ ■ —I ^Surface dehumfdtfter wid! 

\ ^ I y —■■'' direct expansion cooling 

split mm and max. I ^ ^ coils or chilled water 

Preheater''^^^ ^PP^rotus room ^ogfing cats with 

Filter —PIqp circulating pump 

Refrigeration system complete^ 

Fig. 21-25. Diagrammaticarrangenieiifc of a cooling, humidifying, dehinnidifying, heating, 
and ventilating eysteiu with refrigeration using dirert-expaudioii or rliillod-water rooliiig 
roils. Arrangement 3. 

Application: Process material permitting slight variations iu dry-bulb temperature and 
relative humidity within limits. 


Refrigeration System 

The function of the refrigeration system is to cnol and dehumidify the air supplied 
to the treated area. The methods, arrangement, and design have so many ramifica¬ 
tions that the subject is covered thoroughly in Sec. 9. 

Other types of functional equipment applicable to dehumidifying and cooling 
s'.'Stems for process materials include 

Refrigeration compressors (Fig. 21-26)—^The compressor illustrated is her¬ 
metically sealed with a refrigerant-cooled motor. It is designed for Freon-12 refrig¬ 
erant for use in air-conditioning and industrial refrigeration applications requiring 
suction evaporating temperatures ranging from 10 to 50“F. 

Water-cooled condenser (Fig, 21-27)—The water-cooled condenser is of the shell- 
and-tube type with the water tubes constructcjd with integral copper fins for high 
Capacity. Water headers are removable for inspection and cleaning of the tubes. 

Aquamiser (efvaporative condenser) (Rg. 21-28)—The Aquamiser ia a Freofi*^!? 
condenser which, in a single, compact, econamical unit, combines the derixable 
features of a water-cooled condenser, an air-oooled condenser, and a oOoUng iower. 

1503 














Stoc. 21] 


IMDV8TMIAL PWCESS AIR CONDiTIONINtI 




Water-Boolud condenser—shell- and tube-typo. 



Fio, 21-28. Aquamiaer—evaporative- 
condenser type. 



Fig. 21-29. Water- 
chilling unit—vertical 
type 


coat than a eooUn* tower used 

Water-chiUing umte (Kg. 21-29)-'n.o wateMhiUing nnit fllustrated in Kg 21-20 
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rrms op f^mcBss Ain^NDiTiomm btjstems ^< 2 ^*^! 

ia a aemiflooded type of 1 *^ 0011-12 vertical design. Water is oxFcnlk^tod through tlio 
eoU tubes which ai^ cooled by refrigerant gas evaporating around the outside ol the 
tubes within the steel shell. 

Central-plant-type imitairc (Fig. 21-30) —CJenlral-plant-iype ah* conditioners 
(unitaires) are completoly aelf-i^oiJtaincd, with all tlie component parts of an air- 
conditioning system, and are designed cspcrially for installation with supply and return 



Fiq. 21-30. Unitaire air conditioner—centi al-plant type. 

air ducts. The compressor is hcrnietirally sealed, direct connected, equipped with 
50 per cent unloador, with waierHJooled condenser, direct-expansion Freon-12 cooling 
coils, supply fan, motors, and drive equipped with complete automatic control. 

*Sur/acp dehumidifier (Fig, 21-31)—Tlic surface dehumidifier is designed with either 
direct-expansion or chilled-w'ater coils placed directly in the air stream with spray 
water directed against the coils on the air-entering side. The spray ivater is carried 



Fig. 21-31. Surface dehumidifior, entering end, with cooling ooila and recirculating wati^ 
pump. 

through the coils so as to ivet the entire surface. This arrangement keeps the coils 
clean and results in practically saturated air leaving the coils. The Surface dehu¬ 
midifier is applicable for process materials where the finesse and accuracy of tho dry- 
bulb temperature and relative humidity are not so essential as in arrangement 2 
(Fig. 21-24), slight variations being permissible. 

Direct-expansimi md ChUled-water Cooling Coils, Diagrammatic sketch of appara¬ 
tus for arrangement 3 (l^ig. 2J-25) will be the same as for arrangement 2, except that 
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dir^sctnejEiMaiBtoii tuc ehiUed-Wator odk are flubstituted in place of dchumidi£er au* 
wasbefl^. Birect^paiv^on cooling coils have distributing headers giving equal 
refrigerant distribution to all circuits, whereas the chilled-water cooling coils employ 
two tj^ea: {!) with tubes individually assembled into tbe headers to permit cleaning 
and (2) with, continuous tubing (see Fig. 21-32). 

Anwgemetit 3 is applicable for process materials requiring control of the dry-bulb 
temperature within limiting variations and low relative humidities varying but not 
exceeding prescribed limits. 

The preceding arrangements of central-station systems with refrigeration may 
be varied in design to suit different manufacturers’ equipment with many rami¬ 
fications. The essential fact, however, is that the degree of accuracy of maintain¬ 
ing the atmospheric conditions desired will be. governed by the process material and 
the selection of functional equipment. The degree of accuracy In maintaining precise 



Chilled-water cooling coila— eon- Direct-expansion Booling coils 
tinuous-tube type with header with dj,strihuting headers, 
reuiovod. 


Fig. 21-32. 

atmospheric control will be in the order of: (1) spray-type air washer; (2) surface 
dehumidificr; (3) direct-expansion or chilled-water rxioling coils. Jilach type of 
fiuictional equipment has a logical application solely judg^ by the characteristic 
properties of the process material in sensitiveness to atmospheric conditions. 


CONCLUSION 

Industrial process air-conditioning engmeering today is one of the most specialized 
fields of engineering and is indispensable to modern industry. Thousands of manu¬ 
facturers in hundreds of industries in ever-broadening fields have benefited from the 
practical application of the fundamental laws and underlying principles of this new 
and exacting science. Industries whose products in process of manufacture are 
affected by changing atmospheric conditions demand climate made to order, vhich 
means increased production, belter quality, ample ventilation, clean, improved, 
healthful^ and comfortable roiiditions for workers. It improves personal efficiency 
and results in less loss of time, less labor turnover, and greater profits to the manu¬ 
facturer. Industrial process air conditioning has progressed to be a large and well- 
established industry, accepted by the leading and progressive manufacturers as a 
basic necessity. 


Partial List of Industries Employing Industrial Process Air Conditioning 
Food products Fermentation—dough room 

1. Baking Proofing—proof boxes 

Mixer cooling Loaf cooler 
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cooler—pie cmst 
Cake icings 
Storage—sugar, flour 

2. Breweries 

Fermentaticn room 
Storage of grains^—prevents 
sprouts 

3. Confectionary 

Hard candy 
Chocolate candy 
Dipping 
Molding 
Wrapping 
Enrobing 
Packing 
Storage 
Cocoa 
Caramels 

Chewing gum—chicle 
Coated gums 
Marshmallows 
Salt-water taffy 
Lifesavers 

4. Cereals 

Oatmeals 
l*repH ration 

6. Drugs 

Coffee substitutes 
Headache powders 
Pills, tablets 
Antitoxirie 

Storage of iioi^^'clers and tablets 
Tablet coinpresaing 
Vaccines 
Packaging 
(i. Fruits 

Storage of apples 
Storage of citrus fruits 

7. Meats 

Ripening of sausage 

8. ^liscellaiieouH food products 

Almond nuts 

Yeast 

Bananas 

Macaroni 

Butterine 

Dry milk 

Dextrine 

Milk sugar 

Gelatin 

Flour min 

Popcorn 

Ceramic products 

1. Grinding wheels 

2. Molding powders 

3. Storage 
C'hemical products 

1. Artificial pearls 


2. Aftiicial jewdry 

3. Artificial leather 

4. 

Dynamite 
Powder mbdng 
Fuse loading 

5. Celluloid 

6. Cellophane 

7. Fibredoid 

8. Dyes 

9. Crystals 

10. Matches 

Manufacturing 

Storage 

11. Rubber 

Manufacturing 

Cementing 

Storage 

12. Russian cement 

13. Paint pigments 

14. Powders 

15. Pharmaceuticals 

16. Salts 

17. Mica insulation 

18. Varnish dr^dng 

Drying of lacquers 
Drying oil paints 
Spray drying 

19. Hygienic tubes 

Electrical products 

1. Toll-cable coolmg and storage 

2. Insulation winding 

3. Manufacture of cotton-covered wire 

4. Filaments—lamps 

5. Storage of electrical products 

6. Transformer testing 
Fur products 

1. Storage 
Leather products 
1. Shoes 
Taps 

liOStS 

Soles 

Shoes 

Metal products 

1. (Cartridges 

2. Gold beating 

3. Needles 

Inspection 

Packing 

Storage 

4. Enameling 

5. Oirtain rods—spray painting 

6. Scales (w^eighing)—spray painting 

7. Ball bearing^" inspection 

8. Typewriters 

9. Precision instruments 
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Photo^ephic products 

1. Derdoping of film 

2. Drying 

a. Printing 

4. (^Hitting 

Printing products 

1. Color printing 

2. Decalcomania 

3. Gravure 

Sfnisitiziiig 

latching 

I^ayout 

Transfer 

Printing 

Color gravure 

4. liotoprint 

5. l*reaH room 

(). Lithographing 
Press rOAjni 
Hiiidery 
(’ard room 
Boxing 
Storage 
Paper products 

]. Papi('r-fnacli6 

2. Sandpaper 

3. Cum paper 

4. Seiilftd containers 

5. Envelopes 

(i. C'arton paper 
Textile pix)duets 

1. (’oiton 

Carding 
(hinbing 
Roving 
Spiiming 
Weaving 

2. Linen 

3. Jute 

4. Hemp 

0 . Rayon “-mriiiufacturc 
Viscose process 
Acetate process 
Cupramonium process 
Staple rayons 
Each process 

Chemical storage 

Spinning 

Twisting 

Heeling 

Spooling 

Inspection 

Storage 

fi. Silk 

Spinning 

Throwing 

Weaving 


7. Wool 

Clarding 

Preparatoi'y 

S)>muiiig 

Weaving 

8. Miscellaneous textiles 

Rayon dress goods 
Preparation 
Twisting 
Weaving 

Cloth room—^inspection 
Stockings—worn en ’« 
Full-fashioned hoisery 

Manufacture—iiiarhiiic room 
Ex^acting and storage 
Dyeing and finishing 
t'lircidar knitting 

Print cloth and finishing 

Mercerized cotton 

Tire fabrics 

Embroidery 

Knitting goods 

Draperies 

Clothing 

Testing laboratories 
Tobacco products 

1. Cigars 

Sweat room 
Bin-storage 
Mh chine room 
Packing 
Storage 

2. Cigarettes 

Sweat room 
Pulling-up room 
Storage 
Machine room 
Packing 
Storage 

Miscellaneous products 

1. Hats 

Forming 

Blowing 

Sizing 

Blocking 

Starting 

2. Fiber silk 

3. Aralac—milk fiber 

4. Cork seal 

fi. Wood finishing 

6. Safety glass 

7. Optical lenses 

8. (ilup 

9. Catgut 

10. Ceme,Hta 

11. Feathers 

12. Linoleum 
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PNEUMATIC CONVEYING, DUST CONTROL, 
AND FUME EXHAUST 

BY IIOWABD M. XlC'HOLS 


COXTKNTS 


PiKMimatip oonveyiiif! 

A. Low-velncity mt ronvoyow; air rpquire- 
meii is 

B. High-velority coiurying 

C. rneumatic-tuhe ronvi'xirh 
Dutft I'ontrol 

A. General sneeifiefltjoiia fur [jiiuuk 

B. ExploHive duatE 


III, Fume exhauet 

A. Ax^erage air TloriKps 

B. Fan rt'qiiirer tents 

1. Air x’oliUT 

2. Fan press 

H. J*ipe friet .. 

C. Pressure drr. due to fhaiiges in vein 
itics; other rreaaiirc drops 

IV. Reference 
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PNEUMATIC CONVEYING, DUST CONTROL, 

AND FUME EXHAUST 

BT Hovabb M. Nichols 

Amstanl Manager, Industrial Department, Westinghouse Eledric Carp., 
StuTtevani Dtm'eion 

PNEUMATIC CONVEYING 

There are three general types of pneumatic conveyors: low-velocity air conveyors, 
high-velocity air conveyors, and pneumatic-tube conveyors. 

Air conveyors of these types are adapted to the conveying of bulk materials and 
find their widest field of usefulntiss in those situations where mechanical conveyors 
are restricted because of structural difficulties, lack of room, or excessive first cost 
compared with the quantity of material to be conveyed. The characteristic advan¬ 
tages of air-conveyor systems are usually lower initial (iost than mechanical conveyors 
(where moderate quantities of material are to be carried a considerable distance), 
low maintenance expense, and a flexibility of plant whereby all obstacles such as 
roads, rivers, railroads, buildings, machines, etc., can be overcome without difficulty. 
The air conveyor will shoot the material around corners, up or down, anywhere the 
pipe is laid. Other advantages are automatic features, economy in labor, elimination 
of spillage, elimination of dust and its harmful effect on employees and machinery 
alike, protection of the conveyed material from exposure and loss while in transit, 
reduction of accident and fire hazards, reduction of the number of moving machine 
parts, and the concentration of these parts at some convenient place where they can 
be most easily taken care of. Balanced against these many advantages are the facts 
that air conveyors usually consume more power than mechanical conveyors and are 
restricted in the types and sizes of materials that can be conveyed. As an illustration, 
sticky materiaJis, friable materials, and materials containing large and heavy lumps 
are types best handled by other methods. However, air conveyors are successfully 
handling a wide variety of materials ranging in size from sawdust to wood chips and 
blocks and in weight from feathers to metal chips. However, air conveyors arc limited 
to the handling of bulk materials, and they are also restricted to such materials as will 
pass through the piping system without clogging and to such materials as can be 
readily separated from the conveying air at the discharge end. 

Air-conveying systems of both the low- and high-velocity types include the fol¬ 
lowing elements: an air mover w'hich may be a centrifugal fan; centrifugal compressor, 
or positive-pressure bloAver; a conveying pipe; a feeding device or suction nozzle; and 
finally a discharge device wffiere the material is separated from the conveying air. 
The discharge may be an open end of pipe, a screened bin, a cyclone separator, or a 
rotary valve or air locks. 

Low-velocity Air Conveyors. Low-velocity air conveyors are usually of the fan 
type and are particularly adapted to handling light bulky materials such as raw cotton, 
wool, wood shavings, sawdust, shoddy, cut rags, waste paper, rubber scrap, jute, 
hemp, granulated cork, asbestos, leather buffings, cast-iron chips and borings, crushed- 
ateel chips, aluminum chips, and brass chips. Materials which have a tendency to 
stick in the conveyor pipes or fans and materials wliich are easily damaged require 
special care in the application of pneumatic conveying. Also, hygroscopic materials 
such as salt and raw sugar and such materials as silk, rayon, unscoured grease wool, and 
wool heavily loaded with oil emulsions all have a tendency to adhere to the pipe and 
fan. Fan wheels which have cone backs of smooth eonstniction and which an’ free 
from crevices and fins are required to convey cotton, ’ttt)ol, papei’ trimmings, and 
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ramilaf BiAteriate througli tins Ian. %)ecial (iare is ]:«Bquiced to have ek»e^ J&te biN^nt^ie^ 
the arms and blades of the fan as i&aterials d this ty|>e wUl eatch in atty Wvioe and 
build up until the ait passages are blocked. In the kade this t^rpe d fan vrbsil is 
known as a ^‘wool wheeland is furnished of cast iron, cast* bronse, or strueiiufal 
sted. Naturally, the cast wheels are preferable from a smoothness standpoint, but 
fail speeds are often such that built-up steel wheds are required. 

Materials can be conveyed equally well by a suction or a pressure system siiicfi ^ 
conveying efiect is due to the air velocity or the carrying power of air in motion. ’ 



Fkj. 22-1. Blow-through conveying syiiteiTi. 


The moat common and aimplest type of air conveyor is the blow-through system 
(Fig. 22-1) w'here the material is fed into a hopper in the suction pipe and is then 
carried by the air stream through the fan and delivered, together w’lth the conveying 
air, to the collector or separator. At this point, the material is separated from the 
air, the conveying air being discharged to the room or atmosphere, while the conveyed 
material is delivered to storage or process by means of a gravity spout. Materials 
such as wool and wastepaper are usually taken through the fan and blown directly 
into storage bins, which have the upper portion covered with coarse screen (Ji-to l-in. 
mesh) to allow' the escape of the conveying air. 

In draw-through conveying systems (Fig. 22-2), the fan comes after the collector, 
w hich consequently is under euction or vacuum and hence requires an airtight seal in 




Fig. 22-3. Draw-through conveying sys¬ 
tem with secondary filter collector. 


the material discharge spout, usually provided by a rotary valve. If intermittent 
discharge is satisfactory, seal can be maintained by attaching to the discharge spout 
an airtight storage hopper with blast gates at top and bottom of hopper. Normal 
operation is with upper gate open and lower gate closed. Collected material is dis- 
chained without breaking the vacuum by closing the upp^ gate and opening the lower 
gate. 

In the conveying of materials containing fine light dust particles which are to be 
removed from the conveyed material or wMch would constitute a dust hasard if dun 
charged at the delivery end of a cyclone collector, the use of a secondary 01teT eolleetof, 
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fihcmti by Fig» 22-3; i« required. This secondary collector may bo a cloth-screen 
arrestor, electric precipitator, air washer, scrubber, or other comparable device. 

In bbw-through pressure-feeder conveying systems (Fig. 22-4) the material is 
fbd into the air stream by means of an airtight rotary valve located in the dischargo 
line near the fan outlet. As in the regular blow-thrn\igh system, the material is dis¬ 
charged from the iM)llcct^»r by means of a gravity s|jout. 

Where materials cannot be passed through the fan and blow-through feeder or 
draw-through arrangements are unsuited to the material, an injector feeder (Fig. 22-5) 
may be used. Paper strips and wool are types of materials that are sometimes con¬ 
veyed by the injector method. While the injector method is well adapted for con¬ 
veying materials wdiich cannot be successfully fed into the system by mechanical means 
and wliich cannot be handled through the fan, the mechanical efficiency is much lower 
than with any of the other types of air conveying. The power requirements are 
usually five times the power required by the conventional air-conveyor methods, and 
thus this system is limited to special cases where the advantages outweigh the draw’^- 
back of greater power consumption. 



Fig. 22-4. Blow-through presHurp-ieeder Fio. 22-5. ligector couveyuig 
oonve3'uig system. 


Air RequiremenU, Two factors are involved in the design of low-velocity air 
conveyors, tnz., necessary air velocity to keep the conveyed material in suspension 
and in motion in the air stream and quantity of air (cfm) necessary to move the given 
amount nf material. Both the air velocity and the quantity of air per pound of 
conveyed material depend on the density and physical conditions of the materials 
If either the air velocity or quantity of air per pound of mate^rial falls below the mini¬ 
mum value, the material will start to settle out in the bottom of the horizontal pipe, 
and at the foot of the risers, and the system will soon plug and become inoperative. 

Conveying velocities are dependent on a number of factors, the more important 
being the size and shape of the particles to be conveyed, the density of the material, 
and its surface condition. 

The theoretical air velocity required to lift a snuKith spherical particle is 
y = ,5.000 

where V — air velocity, fpm 

G * specific gravity of the material 
d » particle diameter, in. 

This formula is useful only in making a rough check of air velocity, since in practice 
conveyed materials are not spherical or of uniform size. How’ever, it will be observed 
.from the formula that the air velocity increases with an increase in density of the 
material and that it also increases with an increase in the particle size. This general 
relation holds for all types and sizes of materials. 

Experience is the best guide in determining which air velocities should be used, or 
a similar sy.stcm may be available for actual tests of air velociti(*s and air volumes. 

In practice, it is customary to make no distinction between the velocities requi^eil 
for vertical and horizontal transport of materials. It is usually desirable to maintain 
a minimum velocity of about 3,000 fpm. 
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Materials that are ciommonly eimveyeil by a low-velcwity fan system tiiBnally.kave 
sufiioient surface area to he successfully conveyed by the velo«^ties given in Fig. 224. 
The curve in thfe illustration is based on tme variable only, i.c., the bulk weight of a 
cubic foot of the material in the condition in which it is to be conveyed. If this 
xnatcrial happens to be chips with many voids in a cubic foot, the bulk weight will be 
much less than the density. Also if the material is of a sticky nature, special con¬ 
sideration must be given to the problem. If the material contains moisture, the total 
weight including the moisture is used in determining the air constants. 

It w'ill be noted that the conveying curve gives no (onsideration to the size of the 
particles, and for that reason, if there are unusually large pieces of material, a check 
of the theoretical conveying velocity should be made, ^suming an equivalent sphere 
of the largest piece. Actual conveying velocity should be M per cent over this 
theoretical velocity, or nir^’^e velocity, wdiichever is greater. 



I 

•E 

k 

u 

I 

I 


Fig. 22-6. Average velocities and air volumes for roiiveyiiiK material. 


There is no theoretical approach to the determination of the amount of air required 
to convey a pound of material, and consequently it is necessary to depend upon experi¬ 
ence and spot checks of existing systems. Experience lias demonstrated that with 
low-velocity systems (3,000 to 7,500 fpm) the cubic feet of air required to convey a 
pound of material varies from approximately 90 ft of air per lb for light fluffy materials 
such as opeji cotton to around 35 to 40 cu ft of air per lb for heavy compact materials. 

The curves in Fig. 22-6 are based on an even feed of material to the systems. If 
th(» feed is uneven, sufficient air must be provided to convey the maximum quantity 
of material which may be fed to the system during any .short interval. 

Within the range of low-velocity conveying, velocities higher than normal do not 
appear to have much effect on the quantity of air required per pound of material: 

A special branch of low-velocity conveying is concerned with the removal of chips, 
saw'dust, or other refuse material from production machines. The most prominent 
application is in woodworking plants where the machine cutters produce shavings 
and sjiwdust in such large quantities that, unless the waste material is tvmoved by a 
8U(‘tioii system as fast as it is made, it soon clutters up the machines and surrounding 
floor space, thus necessitating frequent stops to clean the machines and clean away 
the refuse. 

The design of refuse-removal systems for machines is usually governed by the 
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tequirdmeiita tlaat suffid^ai suction fuid exhaust must be provided around the 
.cutter to draw chips or shavings into the conveyor jnpe, These conditions require 
excess air over the amount required to convey the material once it is gotten into the 
conveyor pipe, ^milarly, if the conveyor pipes are not more than 20 to 25 per cent 
greater in area tfian the area of the pickup ducts, the required suction at the cutter 
hood usually results in sufficient conveying velocity. 

In woodworking plants the size of connections serving the cutter hoods and the 
suction maintained at these connections will vary with the quantity of shavings made, 
kind of lumber, its condition, whether dry or wet, speed of the cutters, etc. 

The suction required at the hoods varies from 2 to 5 in. of water, depending upon 
the type of plant, high- or low-speed machines, depth of cut, size of chips, and kind 
and condition of the lumber. 

Two-inch water suction is sufficient for finish mills such as found in the East. 
Suction of 2M to 3H in. is used for heavy manufacturing, while heavy-duty planing 
mills manufacturing lumber on the Pacific coast use suctions up to 5 in. 

In Table 22-1 are listed sizes of hood connections euitable for average conditions 
in finish mills, general manufacturing, and similar applications. 

On very heavy-duty jobs it is desirable to check the air volume and velocities in 
accordance with the data for straight bulk conve^dng. This applies particularly to 
exhaust from hogs and relay systems. 

High-velocity Conveying. High velocity or high-pressure pneumatic conveying 
has a much smaller field of economic application than the conventional low-velocity 
fan type and is used principally for the direct delivery of dry bulk materials such as 
soda ash, caustic lime, fullers earth, etc., from cars or boats to storage and process 
bins. Since the pickup nozzles can be arranged to be self-feeding, this method of 
conveying is particularly adapted to such materials as soda ash and the hke which are 
extremely disagreeable to work around. Grain is also handled by high-velocity 
pneumatic systems, but since mechanical methods are more economical in power 
consumption, the high-velocity pneumatic systems find their principal fields of use¬ 
fulness where special conditions control, such as unloading barges, picking up spills in 
grain elevators, etc. 

In its simplest form, the high-velocity pneumatic conveyor consists of a positive 
pressure exhauster or centrifugal exhauster, a material collector or receiver, and the 
necessary conveying duct, terminating in a flexible hose with a suction nozzle for easy 
manipulation in the car or storage pile. 

An important part of the equipment is the suction nozzle which should be light to 
allow for easy manipulation by the operator and should have some means of allowing a 
‘'free-airinlet, making it impossible to choke the nozzle by burying the open end. 
It is an advantage to be able to regulate the free-air inlet according to the conditions 
existing with different materials. 

The material collector usually comprises a centrifugal separator, into wrhich the 
material is discharged and from which it is withdrawn through an air-lock rotary valve. 
Fines not separated centrifugally pass into a cylindrical bag filter having a number of 
compartments. The filter is arranged to offer a maximum of cloth filtering surface in 
proportion to the total area. The filters ai-e usually cleaned by the automatic reversal 
of air flow through the cloth and the consequent partial collapse of the tubes. The 
air reversal is caused by the operation of slow-moving cams w'-hich control the opi\aing 
and closing of the valves. In some types, compressed-air jets are also directed against 
the bags to assist in the cleaning operation. High-efficiency filters are a necessity 
since fines that could be passed through a fan and discharged to atmosphere mvst be 
excluded from positive-pressure blow^ers and centrifugal compressors. 

In low-velocity conveying sufficient air must be introduced with the material so 
that the material is kept in suspension in the air stream. If this condition is not 
fulfilled, some of the material will collect in the bottom of the pipe and slowly build 
up until the systems become inoperative. Under these conditions the transporting 
power id the air appears to increase only moderately with an increase in air velocity 
above the critical velocity for the particular material involved. However, as the 
Telocity is further increased, there appears to be an upper critical point, depending 
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TkUe fehsust^iood Coaiweiioa* 

(StBflqi ol «Qiuieetiaas (or W4»pdi^orkaBC^-iq««lua«ry)' 


Madhiae 

Type of application 

’ No. of 
0ollDeo- 

Diameter ^ 


tiona 

pipe, ill. ^ 

Swins sawa. 

Small aise on dry-kiln lumber 

1 

4 


Lai‘gB on wet 


4-6 

Ripsaws. 

Dry-kiln material 

1 

5 


Not dry-kiln material 

1 

5 


Self-feed aawa 

1 




1 

4 


For box factor}' work 

1 

1 iii 



1 

1 5 

Variety saws. 


1 . 

4 


' With 4ado head 

1 

5 


2 

5 


(Dependent on size and num¬ 
ber of aawa) 


6-9 






1 

4 


Blade 2-3 in. 

1 

5 


Blade 3-4 in. 

1 

6 


Blade 4-6 in. 

1 

7 


Blade 6-S in. 

1 

6 



1 

4 


Single head 1 

Double head 

1 

s 


2 

7 


Double end, double head 

4 

10 


Sinfde head 

Double head 

1 

5 


2 { 

7 


Double head, heavy work 

2 ] 

9 

Sandora... .. 

Belt, less than 6 in. wide 

1 1 

0 4-4 on idler 


Belt, 6-B and 10 in. wide 

1 

6 + 5 on idler 


Belt, 12 and 14 in. 

1 1 

1 7 -fS on idler 


Drum, 24 in. long 

1 

5 


Drum, 30 in. long 

1 

6 


Drum, 36 in. long 

1 

7 


Drum, 48 in. long 

1 

8 


Drum, over 48 in. 

1 

10 


Disk, 24 diameter 

Disk, 26-3B in. 

1 

1 

f> 

6 


Disk, 36-48 in. 

1 

7 


Arm Sander 

1 

4 

Planers, matchers, moidders, stickers, 

Knives 4- 8 in. 


5 

Jointers, etc. (all top nnri hottum heads) 

Knives fl- 8 in. 

1 1 

6 


Knives 9-14 in. 

7 


Knives 15-20 in. 


8 


Knives 22-26 in. 

U 

9 


Knives 28-36 in. 

i 

w 

10 

Bide knives .. 

Under 4 in. 

5 


5-7 in. 

6 


8-10 in. 

— 

7 


10-12 in, 1 

■n 

o 

8 

Hog. 

12 in. wide and under 

& 

9 


13-18 in. 

10 


19-21 in. 

s 

14 


21-24 in. 1 

o 

16 


on the chanLcterieticB and density of the material, where a given quantity of air will 
carry much more material. Wliile this phenomenon is termed high-velocity conveying, 
the action appears to be a combination of moving the material in suspension together 
with pushing the material along in the pipe by the dynamic pressure of the in^- 
velocity air. 

There are practically no authentic published data covering velocity and air quan’^ty 
required for high-velocity conveying of various material. However, it can be stated 
that the velocities range from 10,000 to 20,000 fpm and air voltimes are one-fifth or 
kas of thcMe required for low-velocity conveying. 
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Pn^iunatic^tisbe CdHT^yors. The pneumatic-tube conveyor is a conveyor of 
ainall articles enclosed in a container which is built to fit the tube closely and which 
is forced through the conveyor tube by air pressure in a similar manner to the way the 
piston of a steam engine is pushed along by the steam pressure. Tubes are run 
betw'een the points to be served, with a dispatch and receiving terminal at each end. 

The tubes must be eoiitinuous, and preferably should be incased for protection 
against mechanical injury. Airtight joints and smooth interiors are absolutely neces¬ 
sary for successful operation. 

The carriers in which the muterial to be conveyed is placed are made of metal or 
molded material covered at the ends with felt. The trailing e^d of the carrier is 
provided with a skirt of felt. The air pressure behind it forces it open, making a tight 
fit and preventing leakage of air past the carrier. The nose is usually provided with 
a felt buffer wdiich also assists iii inaintainiiig an airtight condition. 

Pneumatic tubes are worked either by pressure or vacuupi. Pressures may range 
from 1 to 10 lb, and the vacuum system ranges from around a pound to several pounds 
vacuum. Air volumes depend on the design and tightness of the system. As an 
illustration, a w^cll-designed single-station system using 2>^-iii. tubes and operating 
on the vacuum principle would require around 50 cfm per station at 1 to 2 lb vacuum. 

DUST CONTROL 

Control of dust, gases, and fumes in industrial plants is governed in most states 
by law and supervised by state hoards. Most of the basic laws are broad, delegating 
wide pow'ors to the control boards to set up rules and regiilations for the control of 
these hazardfi. New York State was a pioneer in this field, and many of the state 
codes are patterned after the New York code, although in some states there is con¬ 
siderable variation from the New York code, especially as to the suction required at 
grinding-whccl hoods. U'sually definite and detailed specifications are given for the 
control of dust from grinding wheels and similar applications, while for other dust and 
fume hazards the rules are of a general nature, specifying that the noxious materials 
must be removed to a satisfactory degree and leaving the details of accomplishment 
to the designer of the syslem. 

Where detailed codes are involved, the specific requirements must be followed. 
However, w’^hcre there are iiu detailed code specifications, it is customary to follow the 
New York specifications in the design of grinding- and buffing-wliccl exhaust systems. 

The ba.siB of the New York code consists of specifications covering the size of hood 
connections for given wheel sizes, together with the requirement that 2 in. of water 
suction must be maintained at the hood connections. 

The New York code requirements (current at date of this publication) for mini¬ 
mum size of branch pipes for grinding and buffing wheels are as shown in Table 22-2. 

Table 22-2. Branch Connections for Grinding Wheels 



Maximum 

DiametRi of in. 

wheel sur¬ 


face, sq in. 

6 or lenfli nut over 1 tlilr k 

1 19 

Over 6 tn 9 inclusive, not over 1' i llm k 

' 43 

Over 0 to 16. incluaive, not over 2 tliirk 

1 101 

Over 16 to 19, inclusive, not over 3 tbiik 

t 180 

Over 19 to 24, inclusive, not over 4 thick 

I 302 

Over 24 to 30, inelusive, not over 5 thick 

1 472 


Miuimum 
diaiiipter of 
branch 
pipe, in. 


3 

3H 

4 

4H 

fi 

6 


Where the n)aximuin grinding surface exceeds 472 sq in., a proportion of 1 sq in. of 
pipe area to each 15 sq in. of grinding surface shall be provided for dust removal. 
Disk wheels of 24 in. or less in diameter simll be provided with branch pipes at least 
in. in diameter; wheels over 24 in. in diameter shall be provided with branch 
pipes not less than 5 in. in diameter. 
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U ft wheel is thickcar *hftn those in Table 22-2, it shall hem a bianoh pipe Jibtf 
fiinftlleT than is -ciilled for by its wheel surface in the proportion of 1 sq in, of pipe ftreeft 
to each sq in. of grinding surface. 


Table 22-8.. Branch Connectiona for Buffing Wheels 


Diameter of wlmel, in 

Maximum 
wheel sur¬ 
face, sq in. 

Minimum 
diameter ol 
branch 
pipee. in. 

6 or leaa, not over 1 thick. 

19 

3H 

Over 0 to 12, incluEnve, not over 2 thick. 

75 

4 

Over 13 to 16, incluaive, not over 3 thick. 

141 

4H 

Over 10 to 20, incluaive, not over 4 thick. 

241 

5 

Over 20 to 24, inclusive, not over 5 thick. 

377 

’ 5H 

Over 24 to 30, inclusive, not over 6 thick. 

564 

BH 


If a wIiorI is thicker than those in Table 22-3, it shall have branch pipes not 
smaller than are called for by its wheel surface as specified. 

Buffing wheels 6 in. or less in diameter used for jewelry work may have S-in. 
branch pipe. 

In grinding, polishing, and buffing auto bumpers, propellers, and other special work, 
more than one branch pipe from the hood may be necessary, according to the work 
being done. Similarly, on extremely wide face wheels where the amount of abraded 
material is comparatively small, a smaller sized branch pipe may be satisfactory. 

The code requires that sufficient static suction shall be maintained m every branch 
pipe to produce a difference of level of at least 2 in. of water between two sides of a 
IT-shaped water gauge. The point at which test is made shall preferably be 10 diam* 
cters of the pipe from the hood, but in no ease loss than 1 ft from the hood. The test 
is made by placing one end of rubber tube over a small hole made in the pipe, the other 
end of the tube being connected to one side of the water gauge. This test must be 
made with all branch-pipe connections open and unobstructed. Balancing devices 
which are placed on the upstream side of the test hole are not considered as ol)stmction. 
Test holes should preferably be drilled siiiee a prick punch leaves an internal burr 
wliich is detrimental to accurate suction reading, 

General Specifications for Piping. The area of the main suction piiie at any point 
shall not be less than the combined areas ("load areas”) of the pipes joining it between 
such point and the tail end of the system, except that the area of main suction pipe 
used for removal of dust from grinding, polishing, and buffing wheels shall be not less 
than 20 per cent greater than the area of all pipes joining it. The area of floor sweeps, 
which are normally closed by blast gates, is not included in computing main pipe area. 

For easy access to the fan, the length of pipe adjacent to the inlet should be a split 
sleeve approximately the same length as the diameter of the pipe, but not less than 
18 in. 

Pipe should be constructed of galvanized iron of not less than the gaug(% specified 
in Table 22-4. Elbows should be two gauges heavier than the corresponding straight 
pipe. For particularly abrasive conditions heavy black iron pipe may be required 
with elbows having replaceable backs. Where flexibility is required, telescopic pipe, 
ball joints, flexible metal hose, and reinforced rubber hose are used. Any pip>e 
reinforcing should be made on the outside of the pipe. 

All lap joints should be so constructed that the outlet of one length of pipe enters 
the inlet of the following length in the direction of air flow. All joints should be 
either lock-seamed, livet^, or spot-welded and in addition should be soldered air¬ 
tight. Every branch pipe, except in social cases, shotild bo connected at the top or 
aide and at an angle not exceeding 45 deg and should be inclined in the direction of air 
flow at the junction with the main. Instead of enteriTig the main at an angle shoe 
collars may be used since their resistance is about the same as a branch entering at an 
angle. 
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« Intf^afie in dUmetei^ oi pipes should Always be on a taper and not by an abrupt 
ehangs. Branchiea i^hoxild join the mam in the tapeired section. All pipes should be 
Cree trom burrs, projections, and shaip edges. Unless space will not permit, every 
bend, tuni, or elbow should be made with a eenter-iine radius at least equal to twice 
the diameter of the pipe, and all horizontal pipes should be provided with cleanout 
doors spaced 10 to 20 ft apart and located near branches. 

Where large chips or heavy pieces of solid material may be carried along with the 
air stream into the duct system, chip traps are advisable in the branch ducts, or they 
may be combined with the machine hoods. Chip traps which depend on air expansion 
for their effectiveness should have a cross-section area of at least eight times the area 
of the connecting duct. 


Table 22-4. Net Weight of Round Galvanized Iron Pipe and Elbows of Proper Gauge 

for Blowpipe Systems 


Diam¬ 

eter 

of 

pipe. 

in. 

Gauge 
of iron 
and 
weight 
par 
sq ft 

Area 

of 

pipe, 
M] in. 

Weight 

Diain- 

eter 

of 

pipe, 

in. 

Gauge 
of iron 
and 
weight 
per 

84 ft 

Area 

of 

pipe, 
SCI in. 

Weight 

Per 

run¬ 

ning 

foot, 

lb 

Of full 
elbow 

Of 

elbow 
two 
gouges 
heavier 
than 
gauge 
of pipe 

run¬ 

ning 

foot, 

lb 

Of full 

elbow 

Of 

dbqw 
two 
gauges 
heavier 
than 
gauge 
of pipe 

2 

No. 24. 

3.1 

0 6 

0.8 

n 

21 

No. 20, 

346 

10.0 

45 

58 


1.16 lb 

4.0 



mSi 

22 

1.66 lb 

380 

10.5 

49 

64 

3 


7.1 


1.1 


23 


415 

11.0 

53 

69 

3« 


9.6 

1.1 

1.4 

1.7 

24 


452 

11.5 

58 

75 

4 


12.6 

1.5 

1.8 

2.2 

25 


4R1 

12.0 

62 

81 

6 


19.6 

1.8 

2.4 

2.9 

26 


531 

12 5 

68 

88 

6 


28.3 

2.1 

3.4 

4.0 

27 


573 

13 0 

72 

95 

7 


38.5 

2.4 

4.2 

5.2 

28 


616 

13 5 

78 

102 

8 


50.3 

2,7 

5.4 

6.6 

29 


661 

14 0 

S3 

108 

9 


69.6 

3.0 

6.5 

7,9 

30 


707 

14.5 

89 

116 

10 


78 5 

3.4 

8.2 








11 


95.0 

3,7 

9.5 

11.5 

32 

No. 18, 

804 

20.0 

131 

161 

12 


113 

4.1 

11.3 

13 5 

34 

2.161b 

908 

21.0 

147 

180 

13 


133 

4.4 

13.0 

16.0 

36 


1,018 

22.5 

167 

206 

14 


154 

4 7 


18.5 

38 


1,134 

23.5 

185 

228 

15 


177 



20.5 

40 


1,257 

25.0 

211 

260 







42 


1,386 

26.0 

229 

282 

le 

No. 22, 


6.6 

23.5 

27.5 

44 


1,521 

27.5 

249 

307 

17 

1.41 lb 

227 

s.g 

26.0 

30.5 







18 


255 

7.3 

29.0 


46 

No. 10, 

1,662 

35.0 

336 

413 

10 


284 

7.7 

32.5 

38.0 

48 

2.66 Jb 

1,810 

36.5 

363 

447 

20 


314 

8.2 


41.0 

50 


1,964 

38.0 

300 

481 


Buffing- and grinding-wheel systems should be segregated since sparks from grind¬ 
ing wheels may set fire to the lint and grease from buffing operation if both are carried 
through the same duct system. 

The duct system should not pass through fire walls or barriers. This can some¬ 
times be avoided by placing the main ducts on the outside walls of the buihUng. 
Many times vertical risers can be placed in stair wells to avoid piercing important 
floors. Insurance regulations require that, where ducts do pass through fire walls, 
they be provided with automatic fire dampers on both sides of tlie wall.* 

Duct systems for the removal of explosive or inflammable materials should be kept 
indepmident of other duct systems. The ducts should be as straight as possible, 
should lead directly to the outside of the building, and should never pass through other 
rooms. Automatic-sprinkler heads should be provided near the inlet and outlet of 

* ^or details of Sro dampers, see regulaUoDS published by Notiimud Fire Protective Asaoclatton, 
Boston, Mom. 
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the eyidieiQa.* If metaled m^dethe d^ts, they lilujiild be ptftced iit 4 ui luad 
not in the direct path of the air flew, Expkisioii'^'eli^f vents are uaually required 4 >n 
duet Bystems handling ex|dofiLve er readily flammable materiaia. lS*ueh ii^steme s^emld 
also be ^ectricalty funded. 



NiOTB^Proportion dimensions to deterniuie other sizes. 

Fiq. 22>7. Cyclone-collector dimenaions. 


The exhaust fan, often known in the trade as a plaiiiiiK-mill exhauster, should be 
suitable for handling material through the wheel, which requires that the blades be 
radial or forwardly pitched. 

Dust collectors of the cyclone type are usually located out-of-floors, on the mof 
or in some other place whore a sraoll nmoimt of dust discharged from the stack wUl 
nut be objcctionaUe. A collector should not be located near open windows. If this 
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csnnoi be avvided, the collector should be provided with a stack extm^ding above 
the roof.- 

(Vctone collectors are usually applied at 3,000 to 3,200 inlet velocity, and under 
such conditions on grinding-wheel dust, the separation will usually be better than 
03 per cent. However, a very small amount of extremely fine dust can create a con¬ 
siderable nuisance. Therefore, care must be exercised regarding the location of 
cyclone collectors. 

The principal dimensions of cyclone collectors arc shown by Fig. 22-7. 

Where a high degree of separation is required or the cleaned air is to be recirculated, 
it is necessary to filter or scnib the air, as no centrifugal-type separator will remove 
fine dust to the degree required. If the dust loading is heavy, it is advisable to use a 
cyclone collector to remove the bulk of the dust and carry the exhaust from the stack 
of the cyclone to cloth-screen collector, scrubber, or other high-efficiency separator. 
Cloth-screen collectors are usually applied at around 3 ft of air per sq ft of cloth filter 
screen and under such conditions have an average resistahlie of 2 in. of water under 
normal operating conditions. 

Hoods for the collection of coarse materials roust be so shaped that the dispersed 
particles are thrown by the action of the cutter or wheel into the mouth of the hoods, 
since these large particles are thrown off with such a high velocity that their trajec¬ 
tories cannot be Averted by the inflowing air (see Fig. 22-8). 



Fiq. 22-8. Adjustable hood. 



Fia. 22-W. Downdraft hood. 


Dust produced by grinding and snagging operations on large and bulky castings 
may be controlled by downdraft hoods (Fig. 22-9) placed beneath the floor with a 
grating above them which serves as the work station. Air is drawn over the work 
down through the grating into the exhaust hood. Successful operation requires that 
the air velocity around the work be sufficient to remove the dust without objectionable 
drafts around the workmen's feet, A velocity of 200 fpm over the gross area of the 
grating will usually be sufficient. Where foundry shakeouts are handled by down 
draft, 250-ft velocity should be used for cold castings. If the castings are hot, it is 
necessary to overcome the tendency of the air and dust to rise, which will require 
around 400-ft velocity. 

Foundry shakeouts, grinding, and similar operations may he conducted in booths 
having one end open and exhausting from the opposite end. The operations require 
from 100 to 200 fpm air velocity over the open end of the booth. 

Processes such as belt and bucket conveyors, screws, etc., are controlled by the 
inward-leakage principle. The source of dust is enclosed as completely as practicable, 
and then sufficient air is exhausted from the enclosure to maintain an inward air leak¬ 
age at all openings, cracks, and cre\dce5. Where it is possible to compute the area of 
the openings, 150-h velocity should he allowed over the total leakage area. In any 
case a liberal amount of exhaust air should be allowed. 

Sand-blast rooms are provided M^ith exhaust systems which remove the dust to 
fat'iliiate the operations, but the dust level is still such that the operators are required 
to wear masks. Sand-blast rooms may be exhausted either by down draft or longi¬ 
tudinally. Usual air velocity is 70 fpm. Replaccinent^ir inlets are requireii opposite 
the exhaust outlets, 

Other than the definitely imisonous dusts such as lead, arsenic, mercury, etc,, the 
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most ka^ardoufii dusta to lifialthmFe ftud asbestost Control Ib UBUftEy by 
and exhausts encloaures^ ivith vnloeitios ranging from 150 to 000 fpm. 

Duste* Practically all combnatible matcaiaJfi when iBn^y di’vided *>f***t 
suspended in ak in the proper concentration can be ignited to produce a 
explosion. Dust explosions have occurred in plants hanH^ling coal, charcoal, grain^ 
dour, feed, starch, sugar, powdered milk, wood dust, paper dust, cocoa, apices, hard- 
rubber dust, cork, sulfur, leather dust, and metal dusts. Of ^e metal dusts, mag¬ 
nesium mid aluminum are particularly hazardous. 

Where clouds of explosive dusts are given ofif, the hazard of a dust explosion 
be much reduced by a well-designed dust-<K>ntrol system. However, iiTi!p>mi suitable 
provisions are made in the design of such a system, it in itself may introduce an ad£- 
tional explosion hazard. Where explosive dusts are involved design should be in 
accordance with the detailed instructions given in National Fire Codes for the Pre¬ 
vention of Dust Explosions.’*^* 

FUME EXHAUST 

In industrial plants and process industries, fumes, gases, vapors, and excessive 
heats are produced by machines, vats, tanks, furnaces, kettles, chemical processes, etc. 
Their presence represents an occupational health hazard as well as an obstruction to 
the efficient operation of the equipment. The fumes may be toxic or corrosive and 
require positive, complete, and continuous removal. On the other hand and according 
to the process, general and reasDnable efficient removal may be all that is required. 
Between these extremes is a wide range of requirements, some relatively simple, others 
complex and difficult of accomplishment. 

The usual methods of fume removal are general room exhaust, exhaust hoods at 
the points of contamination, and exlmust from booths and enclD8ure.s. 

General exhaust is limited in its application (exhaust from hoods, booths, and 
enclosures is usually preferable) because it is necessary to remove such large quanti¬ 
ties of air in order to reduce the percentage of contaminants in the room atmosphere 
to the proper level. Also, with general cxliaust, there is a tendency for the air currents 
tn short-circuit and fail to sweep out all areas. Where the fumes have a tendency to 
rise, as in foundries, exhaust through roof monitors is indicated, and where piclmug 
and plating tanks are located along an outer wall, exhaust above the tanks and along 
the wall is quite effective^ General exhaust should be so arranged that the natural 
movement of the fumes is towards the exhaust fans. This can be aasisted by furnish¬ 
ing a positive replacement-air 8\ipply properly directed. Replacement air should 
enter the room at points where its velocity will assist the flow of fumes towards the 
exhaust fans. Cross drafts arc to be particularly avoided. The secret of success of 
general exhaust is to handle large volumes of air, and for that reason direct exhaust 
without any or with very short ducts should be used. Under these conditions pro- 
pellor or axial-flow fans, which handle large volumes of air at low pressures, are used. 
General exhaust requires an air change every 2 to 5 min, and in situations such as dye 
houses, heated replacement air must be supplied to absorb the moisture to prevent con¬ 
densation and drip. Zoning the exhaust so that the greater portion of the exhausted 
air is taken from the most heavily contaminated areas is useful in keeping down the 
over-all amount of air removed from the building. 

Side-wall exhaust above tanks requires a number of propeller fans spaced aloiig 
the wall to obtain distribution. Satisfactewy control requires the movement of around 
750 eftn per lin ft of tank. Also, if the ceiling is high, a curtain or false ceiling about 
8 ft above the tank is advisable so as to draw the air from the contaminated area. 
Open windows in the wall or other chances for air short circuit are to be avoided. 

Fumes, smoke, vapor, and heated air which tends to rise from tanks, kettles, forges, 
furnaces, melting pots, and similar equipment are usually exhausted by means of 
canopy hoods (Figs, 22-10, 22-11, and 2^12). In addition to the usual funnel-shaped 
canopy hoods, there are double canopy hoods and those with side enclosures. The 
closer the hood is to the source of contaminant and the more completely the equipnsent 
is covered or enclosed, the belter the results. The sides of the hoods should at 
* Superior numben indicate eperifia refeiende at thfe end □( tbUi aeotion. 
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AH ti Approidnuiiely 45 deg with the verticAl center lihe and ^umhl extend nrer 
the e^luipiiieDt by four-tenths the distance the hood is above the equipment. Air 
v^odty over the face canopy hoods ranges from 100 to 200 fpm. Duct v^Ofdtiea 
range Irom 2>000 to 3pf)00 fpnL With large hoods, conneciiiig ducts should be 
tomehed so as to enter the hood at several pcnnts in order to obtain a uniform air 
gow Hver the face of the hood. 

Double canopy hoods are arranged with an inside liner forming a narrow slot about 
^ in. wide around the rim. They also have a central opening under the connecting 
duct having about one-half the area of this duct. This central duct opening may be 
provided with a damper for adjustment. The theoretical advantage of canopy 
hfxids is that the high velocity through the slot at the rim has a tendency to prevent 
smoke and fumes from curling outward at the edge of the hood. 

Canopy hoods with side enclosures are useful where the operations will permit 
closiug off the sides of the hoods and are quite essential where side drafts are involved. 
If enclosures cannot be permanent, movable curtains may be used. 

Hoods over cooking ranges are usually placed with the back of the hoctd against a 
wall. The exhaust duct can be part of the hood and located as shown in Fig. 22-13. 
Exhaust openings should be provided with protecting baffles arranged to reduce the 



Fiq. 22-10. Plain canopy Fro. 22-11. Double can- 
hood. opy hood. 



Fiq. 22-12. Canopy hood 
with side enclosure. 


entrance of grease into the duct system. Ducts from range hoods should lead directly 
to outdoors, should be well separated from all walls and partitions, or insulated with 
heavy asbestos, since there is always a possibility of intense heat as accumulation of 
grease may take fire. Quite a common error is to exhaust range hoods into chimney 
flues. Th^ seldom works out satisfactorily as the flue resistance is almost always too 
high lor the amount of exhaust air required properly to remove the smoke. 

Exhaust hoods should be placed as close to the source of the fumes as possible, 
without interfering with the process. Hoods should be arranged and shaped so that 
the fumes are directed by any natural air currents into the face of the hoods. Arrange¬ 
ment should be such that the operator is never between the source of the fumes and 
the hood. Cross drafts from open doors, windows, moving machinery, and heated 
objects may deflect the exhaust air currents requiring baffling or increased hood veloci¬ 
ties. Convection air currents from furnaces and heated objects seldom exceed 75 fpm. 
Direct draft from open windows, doors, and moving machinery, how'^ever, may be of 
considenible magnitude. 

Slotted hoods (Fig. 22-14) are used for exhausting from plating and pickling tanks 
whm overhead cranes prevent the use of canopy hoods. The ^ts are usually IH 
wide if flanged and 2 in. wide if not flanged. Air volume is bsused on a minimum of 
150 dm per sq ft of tank area. Slots should be located on three sides of the tank and, 
where tank is more than 3 ft wide, slot should extend along all four sides. Tanks 
over 5 ft wide are best handled by combined blow and exhaust hoods (Fig. 22-15)4 
The pressure dot will range in width from to 2 in. Tlie exhaust air should be at 
least 20Q dm per sq ft of tank area. Air supplied by the pressure slot is one-quart.er 
the exhaust air. 

Downdraft exhaust is iudicatod when the vapors are heavier than normal air and 
there are no rismg air currents to lift the vapors. However, if the vapors arc hot, 
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Averaif9*Aif VdodCi6« lor B*haiiit Boo4i 


Pnwssi ] 

, i—1* . . 1, h, 1 

«Typo nf haod 

Avmats atr v(|o«d^r?fp«t 

CheniicBl laboratorins. 

Enclosed hoods, slirfiitg door 

60^70 over gross opening 


Enclosed hoods, open front 

ovei^ lace of hood 


Downdraft table hoods 

90-126 over fmne-ptodueing * area 
table 


Enclosed hoods in air-eondi- 

Exhaust as above plus « supply ui out- 


tionsd lalmratories 

aide air equal to 90 per cent of exhaiMt 

Dogreasing. 

Canopy hoods 

aiT 

1*15 Dvei' face of faoqd 


Slotted hoods for tanks lip to 

3 ft wide 

1,500-2,000 through 24a. alMl 

Disk grSadiag and sanding..... 

Down draft through grating 

200 over area of grating 

Dry cans, padders, and slashers 

Canopy abd special hoods 

25-35 cfm per sq ft of diying-cylindar 

1 surface, plus exhniist of J60 fpm oV« 
face area of msn^e and ^e-bra hoodi 

Hectroplating. 

Canopy hoods tanks up 

to 2 ft wide 

125 over face of hood 


Canopy hoods for tanks over 
2 ft wide 

160 over faee of hood 


Blotted hoods for tanks up to 

2 ft wide 

2,000 through 2-in. slots 


Slotted hoods for tanks over 

2 ft wide 

2,500 through 2-in. slots 

I'^lfrtni! u'elding. 

portable hoods 

200 over face of hood 


Open-front booths 

100 Dvsr face of booth 

Foundry shakeout;.. 

Down-draft hoods 

Hot castings 400 over hood 

Cold castings 250 over hood 


Open-front booths 

150 over faee of booth 

Cirsm elevatoni. 

Bucket elevator boots 

500 over face of hood 


Transfer points 

too over area of all openings 

Oriiiiite cutting. 

Plain hood 

Surfacing machins, rated on ofm, 640 
ofm 


Flanged hood 

Surfacing machine, SQO cfm 


Special portable hoods 

Hand tools 200 at a point 0 in, from 
faee of hood 

Kitchen ranges. 

Canopy hoods 

100-*!50 over face of hood, dopetiding 
on size and use 

Aletal siuaying. 

Open-front booths 

Lead 2D0 over face of booth, sine and 
other metals 126-160 over face of 
booth 

Pirkl'ing metals. 

Canopy hoods 

2DQ over fare of hood 


Slott^ hoods 

200-250 cfm per sq ft of tank. Velocity 
B 2,000 fpm thiou^ slots 


Blow and exhaust 

Exhaust 200-250 cfm per sq ft of tank. 
Velocity 2,000 fpm through slots. 
Blow 50-75 cfm per sq ft of tank. 
Velocity 3,000 to 5,000 fpm 

Rubber mixing rolls. 

Canopy hoods 

200 over fare of hood 


Double hoods 

2000 through 1^4- to 2-in. slots 

Hteaiii kettles. 

Canopy hoods 

150 over face of hood 

Varuish kettles. 

Canopy hoods 

200 over face of hood 


Notvb; 1. Double hoods are usually applied at around 76 p«-r cent of the face yelooity of a corre- 
srxuiding canopy hood and with a velocity of 1,000 to 2,000 fpm through the elot at the penphery pf the 


JIOLKI. , 

2. Canopy hoods with aide enclosures arc usually applied at 100- to 125-f|)in velocity over opemting 
area trf hood, 

3. Air that has boon exhausted fitim a building must be replaced either by indltrationorr il of mpj^peei^ 
able quantity, preferably by a fan supply system arranged with beateis to raise the outdoor air to rooiki 
temperature. 

fiven if heavier than air, the tendency will probably be for them to lise* Succe&aful 
downdraft exhaust requires that the air vdocity be sufficient to control the vapors 
but not BO great aa to create objectionable drafts around the workmen's feet. 

Air velocitite for exhaust hoods (see Table 22-5) vary with local eonditioi^ the 
severity and toxicity of the fumes, the degree ol hood enclosure, and the possibility of 
cross drafts. 
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Faa RMinimttMtfe. Air Vvlame. The Volume of air ilandled by an eshaust 
eystem is d^eminsd by the total efifective connected load area and the euction at the 
hood ^connections. By load area is meant the aj^a at the throat of the hoods. The 
hoods cause a lestriction of the air flow which varies with the construction of the hoods 
and per cent of open area. Bell-mouthed hoods may have an effective area of 95 per 
cent of gross area, while a thin plate orifice will be around 60 per cent. While restric- 
iave «&ct will vary from hood to hood, field tests have shown that 70 per cent of the 



Fiq. 22-13. Kitchen hood. 



Fio. 22-14. Slotted hood 



Fig. 22-15. Blow and ex¬ 
haust hoods. 


total gross load area is a good average for the net elective load area of the usual 
exhaust system. 

The velocity of air flow over this area is determined by the formula 

F = 4,000 Vi 


where V =■ air velocity, fpm 

i = suction at the hood throat, in. of water 
Cubic feet of air per minute (cfm) handled by the system is equal to total net 
effective load area (in square feet) times air velocity; or cfm = 0.70 dF, where 
A ^ gross load area in square feet, and V = air velocity in feet per minute 

Air volume may also be determined by reference to Table 22-6. Individual 
volumes for each hood connection are taken from the table and added together to 
obtain the air volume which the fan must handle. 


Table 22-6. Air Volume, Cfm, Handled through Average Collecting Hoods 

(Cubic foct of uir at 0.076 density handled per minute tlirough averaKe collectinK hooda baaed on 
coefficient of entry of 0.71 mth 10 per cent added for leakage) 


Mmiiiaiued aurtion-m. water gauge 


eter of 
connec¬ 
tion 

pipe, m. 

1 


2 

2H 

3 

4 

5 

Vel. =» 3,130 

VgI. - 3,830 

Vel. - 4.4;i0 

Vel. - 4,060 

Vel. - 5,420 

Vel. -= 6,260 

VpJ. - 7.000 

IM 

38 

47 

54 

61 

87 

76 

86 

2 

68 

84 

97 

108 

118 

136 

15S 

2H 

107 

131 

151 

108 

185 

214 

23S 

3 

163 

188 

217 

243 

266 

306 

343 

SM 

209 

256 

296 

330 

362 

418 

466 

4 

273 

334 

386 

431 

473 

546 

600 


345 

423 

488 

540 

598 

690 

776 

5 

427 

523 

605 

670 

741 

854 

055 

6 

eu 

751 

867 

970 

1,062 

1,228 

1,373 

7 

835 

1,023 

1,181 

1,322 

1,448 

1,870 

1.870 

8 

1,092 

1.337 

1,546 

1,727 

1,892 

2,184 


0 

1,381 

1,094 

1,953 

2,184 

2,387 

2,782 

3,091 

10 

1,706 

2,090 

2,409 

2.695 

2.5‘il) 

3,410 

3,806 


1524 






FVMS SS:SAVBf 


E^haiiflt Cfinopy IhkkIs, Islots, imd AppUiktkiu^ utUdllsK^^eiex^ 

miaed on the bttfiiB til at siyen air velocity over the particular openings la jgflj^ilisa- 
tioxiat»f this type, it is usual to assume the effective edfice area .as 70 per eent'^ the 
gross area. 

Fan Pressure. As som as air starts to flow in a diwt system, a resistaiice to the 
flow is set up which must be overcome by the fan pressure in order for the air flow to 
continue. This resistaiice to flow is called maintained resistance, which is oqurvalent 
to the static pressure that must be produced by the fan. 

The maintained resistance is composed of a number of factors, the most important 
ones being frictional losses in the ducts, losses caused by changes in velocity, work to 
get the air inl^ the system and bring it up to the required velocity, and resistance of 
collectors and filters. 

To determine the inaintained resistance of a system, the point of maximum 
resistance either must be determined by inspection or trial. This may or may not 
be at the far end of the system, since a long branch of small diameter may have 
greater resistance than the additional main from junction point to its far end. Start¬ 
ing at the point of maximum resistanec, the maintained resistance of the system is 
represented by the formula 

/2 = If + P -I- A' + £? + A 

where R — maintained resistance — fan static, in. of water 

W = Avork required to get the air into the system and up to the reqtdred velocity 
P = pipe friction 
K = collcctnr resistance 
E — pressure drop rlin» to chnngcs in vcineity 
N = other losse^s if any 

The work W required to get the air into the system will vary with the type of hood 
or opening into the duct and the suction or air velocity at this opening. Field experi¬ 
ence and tests have shown that for average conditions W can be taken as one-half the 
suction at the hood. Or in the case of a velocity rating at the hood, W is taken as 
equivalent to the vclor-itv head corresponding to the velocity in the suction pipe. 
Fxpeneiice has shown that entrance coefficient on these systems will average close to 
70 per cent, wliicli is consistent with the method of determining work at hood entrance. 

Pipe Friction. Evpcrieiice has indicated that frirtion resistanec figured as equiva¬ 
lent to one velocity head loss in 50 diameters of length of pipe will cover the normal 
loss with sufficient additional allowance to cover the effect of joints and uneveiiess of 
cominercial pipe and flow of material in the air stream. 

Expressed algebraically the pipe friction in straight round pipe, handling air at 
standard density is 

P * (L/50) X (12/d) X i 

where P = pipe friction, in. of water 
L = length of pipe, ft 
d = diameter of pipe, in. 
i — velocity head =* (F/4,000)* 

V — air velocity, fpm 

For rectangular pipe the friction is inerp^ased by the ratio of the perimeter of the 
rectangular duct to the perimeter of a round duct of equivalent area. 

Friction drop in elbows having a center-line radius equal to twice the pipe diameter 
is taken as eipiivalent to 8 diameters of length of pipe; for center-line radius equal to 
pipe diameter, 12 diameters of length. 

Ckillector resistance for cyclone type of standard design, as shown in Fig. 22-7, is 
given by the formula 

K « C(F/1,000)» 

where K = resistance, in. of water 

V = entrance air velocity, fpm 

C = constant—average value 0.2 

lS2d 
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J>u« to <S]|il^e8 ift Veioc^^ In «brapt enjargement of ,pipei and 
drop m velocity, there is a pressure loss which can be taken as from onep 
to the full diffemnee in v^wity heads corresponding to the initial and feial vetooi- 
ties. the more abrupt the enlargement, the greater the x’ercentage loss, li the 
eniaigement is on a gradual taper, the loss is small and may be neglected. 

. Wisr Prmure Drops. OoUectors of the cloth-bag or screen type run about 2 in. 
nf water toss. Qilrtype filters avmge H s to e in- Paper-filter collectors run about 
the same as cloth-screen coUectors. 

Reference 

L National Fire Codes for the Frevenlion of Dust Explosions/’ National Fire 
Protection Association, Boston, Massachusetts. 
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CRUSfflNG AND GRINDING 

BY Hahlowu Hardinge 

Pmidefd, Hardinge Company, /nc. 

AND E. B. Doelp 

Engineer^ Hardinge Company, Int, 

FUNDAMENTAL PRINCIPLES 

The subject of crushing and grinding covers a Held so broad and with so many 
applications that it is difficult to cover the fundamental principles in a way that will 
apply to the majority of cases found in industrial and metallurgical practices. Crush¬ 
ing and grinding of various materials is carried on usually for one of two reasons: 
either so that reduction is effected in order that values may be extracted from an ore, 
or the entire material being ground is a process material for commercial purposes, 
such as silica and feldspar in the pottery trade, imwdered coal for Hring of furnaces, 
limestone and cement in the cement trade, and for many other uses too great in number 
to enumerate here. 

The dividing line between crushing and grinding is not sharp and will vary with 
different materials being reduced as well as the type of machine effecting the reduc¬ 
tion. For this reason certain machines are built to do crushing only, others to do 
grinding only, and others will perform a combination of both. With but one or two 
exceptions, if the range of reduction is large, no one machine is capable of efficiently 
reducing the material through the entire crushing and grinding range. As many aa 
five different crushing and grinding operations are i^equired to reduce a 4r to 6-ft- 
diameter boulder down to a slime or fine powder, and the method of making this 
reduction will be shown later when discussing the various types of equipment used. 

The materials to be crushed and ground will vary greatly in hardness, and it there¬ 
fore stands to reason that the hard materials will be much more difficult to crush and 
grind than will the relatively soft materials. For this reason different types of 
machines should be used to suit different conditions. To grind and crush soft mate¬ 
rials, the more complicated and less expensive type of pulverizer is uHiially used; but 
for hard materials, the crushing and grinding equipment must be of sturdy construc¬ 
tion and simple design to withstand the severe usage and strains encountered in effect¬ 
ing the necessary reduction. In general, the ores encountered in metallurgical practice 
are considered comparatively hard as compared with many materials crushed and 
ground for industrial uses. 

CRUSHING 

Crushing is a mechanical operation which may be defined as a process of breaking 
down a material by impact or direct pressure suffir3ient to cause the material to 
fracture. 

Crushing, as applied in present-day practice, is limited to the size of machine that 
can be used and to the cost of reduction by this method. Crushers are now available 
for large-scale operations that will handle rock as large as 8 ft diameter, but where 
tonnage is low and labor is rnlati\'ely cheap, it may be economically feasible to install 
a smaller crusher with a receiving opening to take approximately 70 to 80 per cent of 
the feed, then sledging or blasting the very large pieces to a size small enough to feed 
to the crusher. To disintegrate economically materials by the simple crushing action, 
products are seldom finer than in., though on rare occasions they may be reduced to 
10 or 12 mesh. 
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Oni&^ing iiQiAchii^ ittust be very sturdy and ea|iable uf witlistandiEig aevere 
and sttnin, as reductitm by crushing requires a great deal of f LitoraUy htmdiodB 
of types of cruskers and rolls have been tried out in the past/l^u^i of these only aistv 
have survived. 

It is necessary to maintain a very definite relationship between the siae of feed 
opening of the jsw crusher and the size of the bottom or dischaige opening.. This 
relationship is termed “ratio of reduction.” The most efficient ratio of reduetioni 
consistent with economical operation is about four diameters, t.e., when the Trm.vlmiym 
size of feed to the crusher is 4 ft, the most effective work can be accomplished if the 
discharge is approximately 1 ft. However, the loss in efficiency by increasii^ the 
ratio Of redaction is often offset by the fact that fewer stages will be reqmred to reduce 
further the larger pieces, and for this reason, most crushers are dcsignod to effect a 
greater ratio of reduction than the ideal, 
used. 

Grufihers are designed to operate on 
the principle of a huge nutcracker. The 
material to be crushed is dropped between 
two surfaces so inclined in respect to each 
other that the opening at the top is larger 
than the largest piece of material, and the 
opening at the bottom may be adjusted to 
the size of product desired. One of the 
surfaces is made to move a short distance 
forward, and the material being crushed, 
being incapable of distortion, is broken 
under the tremendous pressure. How¬ 
ever, the total power to do the crushing 
18 far leas than might be supposed, as the 
distance the crushhig surface moves is comparatively slight.' For instance, to crush 
rnn-of-mine rock from 6 to 1 ft at a rate of 400 tons per hour, about 250 hp is required; 
but to reduce this same quantity from 1 ft to 2 in. requires nearly 800 hp, with com¬ 
parative increases on down the line. 

Angle of Nip. In nearly all tyfieB of crushing devices, the crushing surfaces form 
an angle term ed the “angle of nip.” The angle between the crushing surfaces allows 
the pieces of material to be wedged and broken and then still further reduces the 
material by the wedging and breaking action as the smaller pieces of material pro¬ 
gressively drop into the smaller space between the crusher jaws, until the material 
is finally discharged from the smallest opening between these jaws. 

The angle of nip must be slight enough to prevent slippage of the material wedged 
between the crushing surfaces; but if the angle is too slight^ the resulting ratio of 
reduction will be too small, and the crusher will not cover the necessary commercial 
range of reduction required. 

The theoretical or critical angle of nip may be designated as that angle where the 
component of the forces that acts to hold the particles between the crushing surfaces 
by friction are just balanced by the components of the forces that tend to force the 
particle outward from the apex of the angle. The safe working angle of nip is there¬ 
fore something less than the critical or theoretical angle. Theoretically, if th^^ w^rc 
no friction between the particle and the crushing surface, the only other force exerted 
w'ould be by the weight of the particle to be wedged. The angle of nip would then 
have to be very slight to prevent slippage, which means that the safe angle of nip will 
be determined to a large extent by the friction of the particle against the crushing 
surfaces. The angle of nip will therefore vary widely depending upon the physical 
properties of the material being crushed, the character of the crushing surfaces 
employed, and the speed of approach. 

When the crushing surfaces of the machines are round, e.g., rolls, the emgle of 
nip will vary at different points along the crushing surfaces. The angle nip 
(1%. 23-1) in this case is the aofde fonti^ by the intersection of two tangents drawn 
from the two points of contact of the materiai we<j^ed between the crushing sutfaeas^ 

im 


In practice, ratios up to 8:1 are sometimes 
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' Tbe of Ji^ ia jaw or gyiatpiy oraaKuas ia aoariy ooDstaat tiuoi^out ,tfae 
loagtli of the enu^iiiig s^aoea, aad deg is geoeraUy considered the safe woijdng 
sni^ aJ^hou^ in an efiort to make H poasilde to crush many different types of mate^ 
rial with one machine, some manufacturers have adopted a lesser angle. 

fixmgh rocks with sharp and abrasive characteristics or a rough or corrugated 
enisling surface will increase the frictional resistance between the crusher surface 
and the material^ thus increasing the effective angle of nip. 

^noe the material fed to the crusher is not immediately accelerated to the speed of 
the crusher surfaces and may fail to be wedged between them, high speed of approach 
oi the crushing surfaces will reduce tl^e effective angle of nip. 

The surface moisture charactmistics of the material fed to the crusher also has 
some minoT effect upon the angle of nip. Dry material is usually better than damp 
material since clay or fine particles adhering to the surface of damp material will tend 
to lower the coefficient of friction. How^ever, the coeffipent of friction is usually 
increased if the material sent to the crusher is very wet, owing to the washing away 
of the clay and fine particles and to the exposure of a clean surface. 

TYPES OF CRUSHERS 

The various types of crushing devices in practice are known as ^'primaiy breakers” 
and ”reduction crushers." These may be either the moving-jaw type or the gyratory 
onisher. Where the range of reduction is large, these crushers may be operated in 
Series; as many as three stages of so-called "primary breakers" in some cases may be 
used to advantage, the final product being 1 to in. In general, gyratory crushers 
will have considerably more capacity when reducing to any given size than will jaw 
crushers of equal feed opening, and for this reason, when large pieces of material 
are to be fed, the jaw crusher is often used os the primary breaker. This selection is 
due to the fact that for a rated capacity the jaw crusher will provide a greater feed 
opening. 

The reduction crusher may take feed as large as 4 to 6 in. and in one operation 
priNluce a product all passing in. In practice, the types of reduction crushers 
generally used are the Dodge, reduction gyratory, rolls, and swing hammer. The 
latter two types are often used to effect a reduction down to 10 or 12 mesh and are 
sometimes used to produce an even finer product. This, however, is not generally 
recommended. 

The advantages of adapting one or more of the various mechanical principles 
found in the crusher to pulverize material have been recognized. If certain of these 
mechanical advantages could be successfully applied, there would be a considerable 
saving in the amount of power required, and the character of the product could be 
more closely controlled than is now possible with the grinding devices currently in 
use. However, with the exception of some highly limited applications, no such 
device has been successful. Much difficulty has been experienced when attempts are 
made to effect fine reduction by the use of the several principles embodied in crushers. 
As the fineness is increased, the crushing surface must also be greatly iucreased. The 
crusher then becomes excessively wide at the point where the fine material is produced, 
and the movement of the crusher surface, even thou|d^ small at this point, becomes 
exceedingly difficult to maintain mechanically* The crushing surfaces are subject 
to wear, and a very small amount of wear will cause a change in clearance, which in 
turn will have a major effect on the fineness of the product. In addition, serious com¬ 
plications will be presented by any moisture present in the material, which tends to 
cause the fines to agglomerate or pack, this bring even more serious with reduction 
enishers when attempting to crush damp material close to their limiting ^ze range* 

Some of the grinffing devices now in use (see page 1540) do utilize one or more of 
the basic crushing principleB, but in an attempt to avoid the difficulties mentioned 
above, they will in most cases sacrifice many of the advantages and the simfde mechani¬ 
cal constructlDn of the sci-caUed crusher. 

l>atible*toggle Blake Crusher. Jaw crushers are the amplest and most commonly 
used type of crashing equipment and are used primaEi^ as coarse breakms. (X the 
three main types of jaw emshers. the most common and successful is the double- 
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Double-toggl« Blalce-typQ 


tog^ Btidce43^ erdliilsr is iiiuif^iMAarcd 

forfiDeftndinmny fiisei!. The latgest ixriB take iip ^ 8 It in di«i»eUr, ^ 
fiioalkst eomtoeriM iSase iHll taken feed of imimM^to4x^ 
mey be faded idthhi practical liiaita to aoit the e^>adty and dae xeqwMlsckita'of 
the inetallatioii. 

Hheprineipleof opersdoaia mmple. Aa ^wnhp Fig. 23^, there is one e^idiohiirsr 
jaw and one movable }aw, set at an angle to each other^ with the large opoimg at Ito 
top to Teoeive the coarse feed. The movable jaw is hinged mt the top and oacSHated 
by a toggle near the bottom, and though the coarse material is squee^ leas near tio 
top than are the finer particles near the bottom of the jairs, there is stiU snlMeDt 
movement to cause fracture of the large pieces. The igniting pieces thmi drop down 
and are fuiihiu' reduced in size in the narrowing opening and hnaSy 
through the opening between the jaws at the bottom. 

The movable jaw is strongly hinged at the top and is actuated through the toggles 
by the pitman, The pitman is made to move up and down by an eccentric on the 
cruaher drive shaft. At the lower end of the pitman are toggles which are so adjusled 
that, when the pitman moves up and dowm, the toggles will exert a horizontal preasuie 
which is transmitted to the low^ end of the movable jaw. As the crushing stroke is 
only half the total cycle, a large flywheel 
IS used to aid the operation during the 
crushing stroke. The toggles are de¬ 
signed to be the weakest member of the 
crusher. In the event some tramp iron 
or hard nonfriablc material accidentally 
gets between the jaws, one or both toggles 
will break, and no fuithcr damage to the 
crusher will be caused. The movable 
jaw is held against the toggles at aU times 
by means of a spring which prevents the 
toggles from jarrmg loose and dropping out. 

The jaw plates are usually made of manganese steel to withstand the severe wear 
to which they are subjected, but several other alloy steels are also being used sUc^/dess- 
fully. All wearing parts are constructed as simply as possible and are made easily 
replaceable. 

To suit various conditions of the material being crushed, the size of the discharge 
opening, as well as the amount of swing of the movable jaw, may be adjusted. The 
end of the rear toggle is supported in a tail block, and the size of the discharge opening 
of the crusher may be adjusted by varying the thickness of shims between the tail 
block and the crusher frame. The lenj^h of stroke or movement of the crusher jaw 
may also be varied by adjustment of the tail block up or down by means of shims. 
The stroke is increased by raising the tail block which increases the angle of the rear 
toggle. Lowering the tail block by means shims decreases the stroke. The swing 
of the jaw should be adjusted-to suit both the nature of the material being iwudmd 
and the degree of fineness required. A long stroke is desirable for coarse crushing 
and maximum capacity, while a short stroke is more advantageous tor fine cru^ung 
and to prevent the finer pieces from packing between the jaws. 

Specifications of the Traylor-Blake-type double-toggle jaw cnidier are gmm in 
Table 23-1. 

Advardagea, The outstanding advantage of the jaw crusher is that it has a larger 
feed opening, other conditions being equal, than do the gyratory or other types of 
crushers, for a rated capacity, a larger size of feed can he introduced into this 
crusher than into any other type. The required headroom for a jaw crusher is less 
than that of the gyratory crusher of equivalent size or eaparity. llie jaw ]Astes can 
be really ibsp^ted and are earily and quickly removed for regdanement* Th& 
moving parts on the jaw crusher are more aceessible for inspec^um and replaoeni»it 
thanrm the gyratory crusher. A variation in the length ol stroke to suit the chsxaeter 
and size of cru^ier product can be rea<hly cditalned. The first cost of ^ jaw 
crusher is usably less than that d the gyratory crudber of equivalent rise. The jkw 
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dniBhca? wifi iiiiectbtetm very hard^ tough materials with, a minimum of attention and 
fil$a handle many damp and sticky materials. 

Da^AimUii^eA. As the jaw crasher performs us^l work during oidy about 
half its operating cycle, on the crushing stroke, the power requir^ is usually 
somewhat greater than that required by an equivalent gyratory crusher. The jaw 
crusher will have a somewhat greater tendency to choke under heavy f€^ than will 
the gyri^tory musher, this being caused partly by the large feed opening as compared 
Wfth the^Capacity and partly because of the shape and motion of the crushing surfaces. 
The jaw crusher will not crush to so fine a size as will a gyratory crusher of equivalent 
capacity. 


Table 23-1. Blake-type Double-toggle Jaw-cnid^er Data* 


Biie 

opening, 

in. 

Approx 
shipping 
weight, lb 

Max 

rpm 

driving 

pulley 

Approx capacity per hr, tons of 2,000 lb 

Size 

fl> wheel, 
in. 

Max hp 
required 

luorgest 

Smallest 

Ring 
sisp, m. 

Tons 
pel hr 

Ring 
Bice, m. 

Tons 
per hr 

24 X 72 

162,000 

150 

4 

200 

2H 

IJO 

78 X 10 


SS X 42 


175 

6 

144 

4 

76 

78 X 10 


,ae X 48 


160 

6 

160 

4 

86 

78 X 10 


42 X 48 


150 

8 


5 

118 

OB X 12 


48 X 60 

265,000 

120 

HEa 


6 

235 

120 X 12 


SB X 72 


05 


.535 

7 


144 X 14 


60 X 84 


90 

12 

080 

8 

450 

144 X 14 


66 X 86 


90 

12 

1,110 

8 

510 

144 X 14 



* From Traylur EnKinHering and Manularturmg Company Bullrttn 

Notjb; Capacities are based upon materialB weighing 100 lb per cu ft when crunhedL Hompower 
variefl with the size of produet. output, and hardnesa of material. 


Dodge Crusher. The principle of operation of the Dodge jaw crusher is illiistraterl 
by Fig. 23-3. As with the Blake-type crusher, one plate is stationary and one mov¬ 
able, but the movable plate in the Dodge is hinged at the bottom rather than the top. 

Greater motion takes place at the feed 
opening than at the discharge opening. 
This type of construction prevents large 
pieces of material from dropping through 
the discharge o]>enitig on the backstroke, 
as Occurs with the Blake; thus the Dodge 
crusher delivers a more uniform product. 

Many features of the Dodge crusher 
arc similar to those of the Blake crusher. 
Both of the crushing surfaces are covered 
with alloy-steel wearing plates which are 
quickly and easily removed for replacement. The movable jaw, which is hinged at 
the bottom on a large pin capable of withstanding very heavy strain, is moved by a 
strong lever which in turn is actuated by an eccentric on the main drive shaft. A 
heavy flywheel is used to reduce power consumption and balance the crushing opera¬ 
tion. The adjustment of the opening is made by shimming backward or forward 
tho packing blocks of the jaw shaft. Specifications covering the Dodge jaw crusher 
are given in Table 23-2. 

AdmfUages. The Dodge crushet is generally used as a reduction crushei, and it 
will produce a uniform product with a minimum of attention and adjustmf^it. The 
angle of nip for a Dodge crusher is generally greater than that of the Blake type. 
The Dodge crasher is the simplest and least expensive of the standard-type crushers. 
This crui^r is smtable for small-tonimge instaHations with a relatively high ratio 
reduction, 
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Ditad^aniagea. Hie l^odge tiru^er ia la^n effi«^itt 'tibp ^(dce; It wiB 
if fed at t<w rapid a ratej and ooaafderiag Uia ^oca- fl|M»oa re^Evdr^ and the 
conswed, it does not have the capacity that aevcrai other typ^ Jiave. 


Table 28*^2. Dodge Cmahar Data* 


Sise of jaw 
openingi in* 

Capacity, Iona of 2,000 

Ib/hr (1 ton ™ 20 cu ft), 
capacity baaed on rin^ 
aiao 

give of product 

Jaw 

motion, 

iXL 

Approx 
bp re¬ 
quired 

Slio of 
tight and 
loose pul¬ 
leys in. 

1 

Rpm 

Woigitt 
-wmt- 
Mete, lb 

H in. 

H i«. 

1 ill. 

IM in. 

4X6 

m 

H 

1 


H 

3 

16 X 4H 

275 

1,100 

7X0 


1 

2 

a 


e 

24 X 5H 

235 

3.250 

• 8 X IZ 


IH 

a 

4 

m2 

10 


220 

5,000 

11 X 15 

■ 

' 2 

4 

6 

m 

15 

32 X 10 

200 

13.500 


* From AliU-Chalmera Maiiufa<*turing Company BuJlttin. 

Notb: Crushsrs rnay be operated in either direction. Capaeitlca given are approximate and may 
^'ary either a'ay arcording to tiie oliaracter of material to be broken and depend on cHatance the Jaira 
are eet apart and the epeed. Hard atone or ore that breaks with a snap wUl go through faster than dgnd- 
Rtone or similar material. Dodge cruahera can be set up almost *'ti^t” at discharge, 


Single-toggle Jaw CnisheT. The single-^toggle jaw crusher, illustrated by Hg. 
23-4, has one stationary jaw and a movable jaw operated by a mechanism which cauaea 
the jaw to be moved at the top as well as at the bottom. The movable jaw is hinged 
at the top and is mounted on an eccentric on the 
crusher drive shaft. The lower end of the movable 
jaw rests against a toggle, and the other end of the 
toggle is pivoted in a block on the stationary back 
frame of the crusher. Rotation of the eccentric 
shaft at the upper end of the movable jaw causes 
the jaw to move in and out and up and down. The 
discharge opening of the crusher may be regulated 
by placing shims or wedge blocks between the tog¬ 
gle block and the stationary back frame. In the Fig. 23-4. Single-toggle crusher, 
event a finer product at lower capacity is desired, 

the in-and-out movement of the jaw at the bottom can be adjusted by raising or lower¬ 
ing the toggle block. 

Operating data of Telsmith single-toggle jaw crushers are given in Table 
Adm^ges. The single-toggle jaw crusher will produce a more uniform product 
than the Blalw typo, and for the floor space required, the capacity is high. The 
construction is simple, and the moving and wearing parts are easily accessible. It is 
well suited for a moderate-sized installation. The ratio of reduction is good and will 
pr^Miuce a good feed for fine-grinding equipment. 

Disadvantages. Because the eccentric bearing must take all the weight of the jaw 
as well as the direct pressure caused by the crushing, there ia high bearing pressure at 
ihis^point. Owing to the heavy weight of the movable jaw, it has not jnovsd prac¬ 
ticable to build this type of crusher in large siaes. The rolling motion of the movablei 
jaw plate, which causes some sliding action on the material being crushed, will generidly 
result in a higher wear rate of the jaw plate than experienced in the Blake crusher* 
Gyratory Crusher. The gyratory crusher, like the jaw crusher, is often used as a 
primary breaker and is a modification of the jaw-cru^ing principle to obtain greater 
capacity. This crusher is constructed in many sizes to meet many conditions, iUdud- 
ing large-scale operations. Gyratory crushers are sometimes operated in series, and 
the seeond stage and posi^bly the third stage may still be consid^ed primary cruising 
if the final product is still in the nature of 1in. maximum siae. 

im 















AXfB'QS^otifG 


1RaM()3S-4L- Staigfe-ton^e IkW-tfuliM XMa* 


fiiaeig tiCBBher (faed ib.^ 

Nfli Of emahw, lb, »bouA... < 

Bmaapowar required. 

np>u... .*. . ^. 

10 X IS 
S.QfiO 
S-15 

S50 

Ciapaaity, toos per hr with; 

diaeharga opeiU&B. 

4-S 

H-ia. diBcluirse openina. 

6-7 

1 -ifu diacharjse opening. 

7-9 

diacharise openins. 

8^11 

iH-m. diaoharge opening. 

10^3 

O-Ul diaoharge opening.. 

13-18 

diBcharge opening. 

18-22 

S^ diachaTBe opening. 


Shi-hu discharge opening. 


4>ixx. discharge openinE. 


5-in> discharge opening.... 


6 * 10 . diecharge opening. 



10 X 30 

14 X 24 

16 X 32 

26 X3S 

80X42 

9»900 

10.000. 

19,000 

38,000 

62,000 

16-26 

20-30 ' 

60-60 

76-100 

125-150 

320 

320 

275 

250 

260 

11-16 

14-20 

16-26 

22-30 

29HM) 

88-50 

14-20 

17-24 

23-32 

29-40 

35-46 

36-48 

44-60 

63-72 

74-101 




52-64 

86-118 



. if 

1 70-95 

99-135 

116-157 



86-120 

124-169 

146-199 




149-203 

176-239 


* From Smith Engineerijig Workfl 

NoTli: Whf^ no rating it specified in capaoity table for any certain discharge Dpening, crusher ran- 
not he fjperated eeononuc^y at that opening. The capacitiee mven are in tons of Ih and are 

baaed op limestone weighing Loose about 2,600 lb per cu yd and having a specific cavity of 2.5, Hie 
hoxsepotrer varies with the size of the product, the capacity, and the hardnesB of we rock. 

For close settinp, all undersiie mateiial should be removed from the feed so as to eliminate packing 
and caoesBive wear on the jaw dies. 

No itfuaher, when set to eey given discharge opening, will produce a product all of which will pass 
a, screen opening of the same dimensions as the given discharge opening. The amount of oversise will 
vary with the character of tfae^jrock. 


The principle of operation of the gyratory crusher is illustrated by Fig. 23-5. 
The outer section is a truncated cone, known as the concave/’ and is open at the 
top and bottom. A heavy vertical shaft or spindle carrying a conical crushing surface, 
known as the mantle/’ is suspended in the center of the outer section and is hinged 
at the top. The lower end of the central shaft is gyrated in a path slightly off the 
center of the machine, which causes the surface of the mantle to approach the surface 
oi the concave at different points during each revolution. The material to be crushed 
is dumped on top of the crusher and will lodge in all parts of the annular opening and 

will be crushed by the same pinching action as dc^- 
soribed for the jaw crusher. Owing to its circular 
action, every movement of the gyratory crusher is 
capable of crushing material, and it will discharge a 
product continuously; whereas the jaw crusher crushes 
only about one-half the time. As the crushing action 
and loading are more continuous than in the jaw-type 
crusher, the gyratory crusher does not require a heavy 
flywheel. 

The central shaft or spindle is rigidly supported 
and hinged on a swivel joint at the top. The crusb- 
ing head is fastened to the central shaft and is con¬ 
structed so that it may be readily replaced when worn. 
The shell liners on the outer stationary member of 
the crusher are also readily accessible for inspootion 
and replacement. At the lower end of the central 
shaft is located the crusher driving mechanism, which 
eo&siato of an eccentric on which is located a gear. This gear in turn is driven by a 
{dnion fastened to the crusher drive shaft. As the eccentric rotates, it causes the 
lower end of the shaft to describe a small circle, while the upper end of the shaft is 
iunged at one point; and the gyraiing movement of this shaft changes the distance 
once each revolution from maximum to minimum between the orushmg head on the 
ahaft and the adjacent jioint on the shell liners. The leverage thus seciured by this 
principle is similar to the pinching action of the jaw crusher and is suHcient to produce 
a great crushing force. Ihe product is discharged thn^gh the bottom annular 
between the crushing hmid and the concave. 
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to tte drive ah^. Tijfe pm ib to )be the imJteeat c# the 4ril«5i 

iviU biwaJc fiwt in the event any tramp iron or other aulM^iaDee.imfOBdhla ho 
and too to paaa drops into the cruaher. On immller mm of gymtoi^r^^f^^nidiem 
used for intermediato and reduetion crushers^ the central h^ud w BomeriineB aapported 
hydraulically and is arranged to open mommitarily to allow the paaaage of trapnp iron 
or any other injurious materials. 

Adiuatment of the size of the discharge opening of the erueher is p^lonnad hy 
raising or Iqwermg the central shaft by means of an adjusting nut located at the top 
of the shaft. As the eonical mantle or crushing head cairied by the central 
extends below the discharge opening of the concave, raising the central shaft will 
decrease the opening and decarease the sire of product produced, lowering the shaft 
will increase the opening and the size of the product. 

Adva/nUiges. As the flushing action of the gyratory crusher is continUouB and all 
motion is available for crushing, less power is required, and the capacity will be greater 
than the equivalent jaW crusher. It has a higher capacity in proportion to the floor 
space occupied. When operating, there is less vibration than with the jaw cnisher. 
The gyratory crusher will handle a choke feed to better advantage than will the jaw 
crusher. It will reduce a alabby feed to better advantage. 

Disadvantages^ The ^ratory crusher will require considerably more headroom 
than will the equivalent jaw crusher, and when all facts are considered, the gyratoiy 
crusher will usually have a higher first cost. The gyratory crusher will not take so 
large a size of feed as an equivalent-capacity jaw crusher, and wet or sticky materials 
tend to clog it. Data on AUis-Chalmera primary gyratory crushers are given in 
Table 23-4. 


Table 28-4. Gyratory IHixnaiy-crusher Data* 


Two feed 
openinei. 
approx sue 
of each, in. 

Counter- 

■haft 

speed, 

xpm 

Approx 

hp 

required 

Approx 
net weight 
of orusher, 
lb 

Approx capacity, tons per hr 

Min 

Max 

Discharge 

opening, 

in. 

Capacity 

Discharge 

Dpening, 

in. 

Capacity 

2H X n 

700 

3 

700 

H 

H 



m X 35 

450 

15-25 

20,000 

IH 


2N 

51 

lOH X 44 

400 

25-40 


IH 


2H 

57 

13H X 44 

376 

50-75 

45.000 

2H 

65 

BH 

140 

15H X SO 

350 

60-100 

02,000 

3 

127 

4 

211 

20 X 05 


75-125 

94,000 

an 

178 

4H 

243 

30 X 08 

325 

125-175 

109,000 

4 


5 

483 

X 124 

300 

175-225 

203,000 

4« 


6H 

606 

42>i X 143 

800 


286,000 

5 

418 

6H 

755 

50^ X ISO 

250 

225-300 

575,000 

5H 

407 

7 

910 

54H X 170 

260 



0 

515 

7 

1,000 

59^^ X 106 

250 


725.000 

7 

824 

10 

t,680 

OtK X 105 

250 

300-500 

1,000,000 

7 

1,070 

lOH 

3:^120 


* yrora AUk-ChalmeEB Manuiaotunna Conspiim' Bulletin. «^ , 

Kots: Caparitiea tabiilated above nre estimated for averagfe conditiona and must m coasidssea 
approximate, ^hey am baaed on full eontinuoua feed of quai^ or mine-run matexial weuhixiK IW lb 
per on ft, crushod. The riio of cturher indicates the width of feed opmung. For apociarcotmUona. 
minimum diachargo opening may be dacreaaed or mazimum inoxeaaed depending pa Bharaotoxutloa of 
material to be cruaheA 

Itadnctiim GyntoiT Cnuher. Eeduction gyratory crushm, becouiie of thrir hig^ 
capacity, have reasonably large ratios of reduction They ha'^ met vide me as 
secondary crushers and are sometimes used as tertiaiy crushers in very large opera¬ 
tions. Where the initiid feed to the crusher is relptively small, reduerion gryatoiy 
ens^ets may in some histmioes be used as primary brealmrs. If the material ^imder- 
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goiiig Teductlim iA livable and not eticky, thia type of crusher may be adapted for 
OFO^^ down to a BUB that begins to compete ^th rod or ball miUs. 

Badbetion gyratoiy crushers are of basically high speed and are closely set as 
emspared with standard gyratory crushers. 

Bymons Cone Cntsher. The Symons cone crusher is shown Bchematicully by 
23-6. It is in effect a gyratory reduetion crusber but employs a modified principle 
cd operation different from the standard gyratory crushers. The crushing head 
gyrates in much the same manner as the standard gyratory crusher, but it gyrates 
several times as far and at a much higher speed. This action of high speed and wide 
travel results in the material receiving a series of rapid hammerlike blows as it passes 
downward through the crushing chamber. The pieces 
of material being reduced pass through the crushing 
cavity in a series of bounces caused by the high speed of 
the crushing head, which, as it recedes from the closed 
position and from under thematerial, permits each piece 
of material to fall vertically a short distance before the 
crushing head comes up again for another crushing 
impact. 

Because of the short time cycle consumed in one 
revolution of the crushing head, the material is subjected 
to a number of crushing impact blows before it can pass 
through the crushing chamber. As the material continues 
to move downward, it reaches the lower portion of the 
crushing chamber where the crashing surfaces are parallel 
for some distance. This parallel zone is of such length 
that the material in passing through will receive at least 
one impact from the crushing head, and all pieces dis¬ 
charged wdll have at least one dimension no larger than 
the minimum opening in the parallel zone. The width 
of opening at the parallel zone on the closed side will regulate the size of product dis¬ 
charged, rather than the open-side dimension as is the ease with the gyratory crusher. 
Sizes, capacities, and power of Symons cone crushers are given in Table 23-5. 

Symons cone crushers are protected against damage by a circle of heavy coil 
springs, which for normal operation hold the stationary crushing concave down firmly 
on the frame. When tramp iron enters the crushing cavity, these springs are com¬ 
pressed with each revolution of the head, allowing the concave to rise until the iion- 
crushable material has passed into the discharge. These springs automatically return 
the concave to its normal position after the passage of the injurious material. 

Advantages. The Symons cone crusher has much the same advantages as the 
gyratory crusher. It has a relatively large ratio of reduction, power consumption 
is economical, and it delivers a uniform size of product at high capacity per floor space 
required and power consumed. Maintenance is relatively low. 

■ Disadvantages. The Symons cone crusher has a high first cost, particularly for 
relatively low capacity where the Dodge crusher can be used. It must be adjusted 
regularly to maintain a specified size oi product, and it tends to choke with damp or 
sticky materials. 

Ro11b« Ro 11B| though a different principle from any of the types already described, 
may bo classified as reduction crushers. They are primarily adapted for use where it 
is desired to crush a final product finer than the previously described types of reduc¬ 
tion crushers can. 

The ratio of reduction per roll should not exceed 4:1, and for this reason rolls are 
sometimes operated in series. 

Generally, the size of feed is within the range of 3 to ^ in. In exceptional cases, 
rolls have been built to handle feed as coarse as 5 to 9 in., reducing this to a product of 
approximately 2 in. They can also be constructed to take a feed of as fine as H 
discharging a product of 10 to 12 mesh, but this operation approaches that of the 
grinding mill. Only in exceptional cases are rolls recommended for fine reduction, as 
Various types of grinding mills can accomplish the work to a much better advantage. 
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Fie. 23^ Symons cone- 
crusher principle. 
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♦ From Nordberf^ Manufacturing Company Bidlefin. 

Ndtb: The capacitieB given are neither minimum nor maximum but are a eonaervative eatimate 
baaed on reflults oeeuted in actual practice. 


A diagrammatical view of a aet of rolla ia aliown by Fig. 23-7. The principle of 
operation of rolls is that of two cylinders with axes and faces parallel and with adjacent 
faces revolving downward, so that when material is dropped between them it is broken 
by the pinching and crushing action produced. Either or both of the rolls may be 
positively driven. The capacity depends upon the size of feed, size of product 
desired, speed of the rolls, and width of roll face but will vary only slightly with the 
hardness of the material being crushed when operated under proper conditions. The 
bearings for one roll are fixed on the base, while the bearings for the other roll slide 
on the base and are backed by compression springs. This arrangement permits the 
rolls to move apart and pass any tramp 
iron or nonorushable material. After 
tramp iron has passed through the rolls, the 
compression springs will push the roll into 
its former operating position \iTthout inter¬ 
rupting the functioning of the machine. 

There should be no movement of the rolls 
or compression springs when the rolls are 
properly adjusted and crushing the mate- 

rial for which they were deeigned. The 23-7. Cnuhin* nJla. 

rolls are kept apart the proper distance by 

shims between the bearing bases. The shells of the rolls are made replaceable to pro¬ 
vide for wear on the crushing" surfaces. Bearings are made very heavy in order to 
withstand the high pressures which are exerted when the rolls are fed to capadty. 

One of the main reasons why rolls cannot be used to better advantage for medium- 
fine crushing is that the surfaces of the rolls tends to corrugate, thus making it impos¬ 
sible to secure a uniform product when slightly worn. Various schemes have been 
employed in an attempt to correct this fault, and the method most generally is 
to mSke one roll adjustable laterafly, When corrugation starts, t^ toll is moved 
laterally slightly, thus placing different surfaces opposite one anotb^ and redudng 
the tendency to corrugate the surface. One type of roll provides for this lat<^ move¬ 
ment to take place continuously by means of a mechanicidly actuated endthru^ 
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he^nx^g, Anoihest meilMMl ^ pUcii^ a al^ra^ve grindii^ stone s^slitst 

Ti^geg m tlM»jNSperate and wesir l^m dot^. T^s method requires a great deal 
of attention, but it oocasionaUy is the only alternative other than to remove the roUa 
and turn down or replace the faces* 

Various specifications for Traylor cru^ing rolls arc given in Table 23-6. 

Table 28-6* Crushing-roll Bata* 


Sbeef fflin 
diamby 
Isoe,in. 

Approx eapxoity, tons of 2,000 lb 
par hr 1 

Holla without automntic 
lateral adjuating 
mechaniam 

Rpm 

(usual 

range) 

Hp 

required 

SiM 

product. 

llL 

Max 
feed. in. 

Capacity, 

tons 

Movable 
and fixed 
pulleys, in. 

Approx 
chipping 
wt, lb 

IB X 10 



5 

24 X 3 

5,600 

250-300 

■n 

24 X 13 



10 

48 X B 


180-230 


ao X le 


1 

20 

60 X 10 


130-180 


26 X IS 


iH 

35 

72 X 10 

50.300 

100-150 


42 X 18 


IH 

45 

72 X 12 


95-120 


4S X 20 



60 

84 X 12 


75-105 

65 

54 X 24 


2 

75 

84 X 16 


70-96 

75 

60 X 30 

H 

2H 

115 

96 X 16 

154,000 

B5-85 

100 

72 X 36 


3 

1S5 

108 X IS 

248,800 

50-75 

ISO 


* Frem Traylor EnionBerinK and Manufacturii^ Company 

Note: Ca^^itin are baaed on materiala we^hing lOQ lb per ou fi when crushed. The horsepower 
figurefl shown m the table are for medium oapaoitiea only and are based on a mediuni hardness of pr^ucl. 
The actual honepownr required will depend entirely on the work to be done. 

Advantages. Rolls arc economical of power consumption and require less head¬ 
room and floor space than crushers of equivalent capacity. As long as the rolls have 
smooth surfaces, they will give a more uniform product than it is possible to obtain 
from any other type of crusher. They fill the gap between reduction crushing and 
grinding better t han any other type of equipment. 

DisiidvarUages. To keep them cflicient, rolls require constant attention, and the 
r^iair cost is higher than on other crushing devices to do the same work. Corrugation 
greatly reduces the uniformity of the product as well as the capacity of the rolls. 
It is generally not economical to produce a product finer than 4 mesh with rolls. 

RoU Data. The theoretical capacity of rolls can be obtained by computing the 
volume of the material piassing between the rolls. In practice, the effective capacity 
of the rolls should be not more than one-quarter the theoretical capacity owing to 
the unequal character of the feed. The following formula is generally used: 

DTriS/(l,728 X 4) ■!= effective capacity, cu ft/min 
where D « distance roll faces are separated, in. 

W width of face, in. 

8 » peripheral speed, in. per min 

The capacity in weight is computed by multiplying the above capacity in cubic 
feet per minute by the weight per cubic foot of the material being crushed. 

liotl Crusher. The roll crusher is a modification of the standard roll and is used 
for crushing relatively soft materials, such as bituminous coal, alum, salt, and simflar 
mateiiida. 

Tlieguigle-ix)]! crusher coninsts of a toothed or corrugated roll revolving close to a 
very heavy stationary breaker plate which is curved and set closer to the roll at the 
bottom than at the top. The corrugations on the roll tend to increase the angle of 
nip or actually dig into the coarse lumps as they are fed through the opening above the 
ro^ and ia operation the material is crushed as it is dragged downwai^ by the toothed 
roll and wedged into the decreasing space between the roll and the breaker j^te. 
The material is discharged at a size not greater than the gap between the flat poiticm 
of the roB^^d the base of the stationary plate at theiowur ^Ige. The top edge of the 
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DRYING - 
BT R. J. Rtjbbell 

. < . v f 

ChUj of Technical Sta^y Hardinst Cmpany^ Incorporated 

INTRbbuCTION 

In general plant-engineering practice, diying is the removal of water from a solid 
by vaporization. Fre^^tly drying is preened by mechanical dewatering^ filtering, 
or natural drainage to reduce the total cost of preparing a dry product. 

Consideration must be given to the design and selection of drying equipment in 
Older to meet the widely varying" conditions encountered. In some instances drying 
must be carried out rapidly to preserve the properties and characteristics required of 
the dried material, fome materials must be dried slowly with careful control of 
temperature and humidity conditions to maintain uniform shrinkage. Other mate¬ 
rials are not harmed or subject to deterioration during drying, but drying costs can 
be considerable, so proper drier selection is important. 

DRYING FUNDAMENTALS 

Vaporization of water proceeds as the vapor pressure exerted exceeds that of the 
surrounding atmosphere, and the process is accompanied by the absorption of heat. 
The heat supply is transferred by conduction, convection, or radiation separately or 
in combination. 

Conduction is the flow of heat by direct contact from a heated body or surface to 
the material being dried. 

Convection is the transfer of heat from heated air or gas to the material by passing 
over or through it. 

Radiation is radiant energy in part absorbed by the material and transformed into 
heat. 

Increasing the temperature of the water raises the vapor pressure and accelerates 
vaporization. The drying rate is proportional to the difference between the vapor 
pressure of the water and that of the suTroiuiding atmosphere. 

In some Instances the water is held mechanically in pores or interstices in the solid. 
When this condition exists, the drying can proceed only as rapidly as the water pro¬ 
ceeds by diffusion toward the surface of the solid. 

The diffusion process also enters into surface evaporation. The solid is sur¬ 
rounded by a film of gas, and water vapor from the solid diffuses through this rela¬ 
tively stationary film, As the relative velocity of the gas to solid is increased, the 
film thickness is decreased, and surface evaporation is accelerated. 

Air or other gas provides a medium for removal of water vapor from the drying 
chamber. Exceptions are when the vapor pressure exceeds atmospheric pressure and 
when drying occurs in a partial vacuum. 

A definite and known vapor pressure exists for saturated water vapor at each 
temperature. When this vapor pressure exists in a given quantity of air at any specific 
temperature, the air is saturated. Tlie sUghtest drop in temperature results in con* 
deneation of part of the water vapor. Conversely, any increase in temperature permits 
an increase in the amount of water vapor. Although many drying operations require 
a control of the ratio of water vapor to air or gas (humiditjr), rarely is the gas dis¬ 
charged from the drying system saturated (100 per cent humidity). 

When the exhaust gases from a drying system are below the boiling point, there is 
a definite minimum quantity of air or gas necessary for removal of the water vapor. 
Where the source of heat for drying is the gases carrying away the water vapor, the 
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Geaerally, thermal efficiency ia low and labor requirements are high^ Keveiih^eaSi 
some materials can be dried succeasfiilly cmly in intermittent driers. The eontiniious 
drier is preferred and can be used satisfactorily in most instances. 

Intermittent driera are known as chamber, compartment, or tray driers. Such 
driers consist of a chamber heated by steam ooils with air circulated by xmtural con¬ 
vection currents or hinted air induced through the chambeit The material may be 
supported on Ixays or otherwise au^iended in the chamber. Some papers, leathers, 
ceramic ware, and lumber are best dried in such driers. In many instances drying 
must be carried out in accordance with a definite time schedule and with exacting 
temperature and humidity control. 



Fig. 24-1. Direct-heat parallel-flow drier. {Hardinge Company^ Inc.) 


ContinuouB dliers arc classified by the means for mechanically handling the mate¬ 
rial being dried,. The following are important types: 

The rotary drier is a cylmder having internal baffles or flights to lift and lower 
the material being dried as the cylinder is rotated. Tires or riding rings are attached 
to the shell and supported on rollers or bearing wheels. One end is slightly elevated 
to accelerate passage of the material through the cylinder. A gear encircling the 
drier cylinder engages a driving pinion connected to a speed reducer and power source 
A fan or stack exhausts the drymg gases. 

Several types of rotary driers are available to meet a wide range of drying require¬ 
ments. They are designated as direct-heat, indirect-heat, and reverse-current diws. 

In the direct^ai drier the material being dried and the drying gases are in direct 
contact. The gases and material travel in the same direction in the parallel-flow 
drier (Fig. 24-1) and in opposite directions in the coimterflow drier. A vaiiatioii of 
the direct-heat drier passes the gases through the mass of material from louvers dis¬ 
posed around the periphery of the shell. 

The indirect^hecU drier is arranged to pass the heated gases through flues or duets 
while the material is maintained in contact with the outer surfaces of the flues. 
Another arrangement has a bank of steam tubes suspended longitudinally within the 
shell and connected to a steam header as a heat source (Fig. 24-2). 

Ihe reveree-eytreni drier consists of an inner flue supported within the drier cylinder 
through which the gases pass before reversing and flowing through anmilat space 
formed by the outer cylinder and theinner flue. Material travels through the annular 
^ce counter to ^hflow of gssea (Fig, 2A>3). An alternate desqpi encases the drying 
cylinder mbrickwoihipssring the gases around the cyliader. They tlmn flow throng 
the eylinder pounter to the travel material. Another type has two or thuse eon-^ 
centric cylmdeitt and trsmmotta materia in the gas Btrmmi through the smi&r 
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Cim^teyor driers are of two iHrindpal types. Material is fed onto belts or screens 
which are mechanically driven to convey the material through a drying chamber, or 
^eetrio vibrating conveyors may be us^ (Fig. 24-4). The hfiated gases pass over 
the material or through perforations in the conveying surface for the direct-heat 
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I'jQ. 24'2. Steam-tube drier. {Hardinge Company, /nc.) 




Fig. 24-3. Reverse-current drier. {Hardinge Company, Jnc.) 



Flo. 24-4. Direct-heat conveyor drier. {Jeffery Manufadturing Co.) 

types. Indirect drying is accomplished by heating the conveying deck on which the 
material is transported or by heat from a radiation source such as infrared lamps. 

Drum driers are used for fine materials usually in the form of a sluny before drying. 
The rotating drum is steam heated, and the material is fed to the drum from a weir at 
the top or by dipping the drum into the slurry. The thin film which adheres to the 
drum is scraped or brushed off after drying (Fig. 24-5). Speed is controlled to com¬ 
plete drying of the film in less than one complete revDlution. Multiple drums or 
steam<^heated rolls are used for drying paper, cloth, and similar materials. 
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a high-velocity gas stream* 



Fio. 24-5. Single-drum drier. {Buffalo Foundry/ and Machine Co.) 
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by ^eedri^ miatim, dopaof ihe ahdl, and the flight arrmagement, Thedt^dng tiihe 
fxl^oimvayiir dnm k aieo controlled by the late of travel of the qonvesrmg mechanimo; 

Formod foatenak or materiak dee^yed by breakage rnikt be dried eonveyeas 
taaaelf or batdi driers. Eotary drters causetsfone bmkage txr reduction^in par^e 
fliee. Sheet materiak such ae paper require precise handling to allow for shrinkage 
in^drsFing and yet maintain satiriactory atrenf^h qualities of the dry product. 

Moat driers can be adapted to use a suitable drying medium and can be equii^ied 
with automatic eontrols for temperature and humidity. Such controls often include 
as a part of the drying system recirculation of part of the gases and recycling part of 
the dried Inaterial. 

HEAT REQUIREMENTS OF DRIERS 

The theoretical heat requirements for a drying problem can be computed readily, 
likewiscj the minimum flow of gas required as a carrier foi^the water vapor can bo 
determined. The basic laws governing flow of heat apply to all drying operations, 
but any attempt to apply them directly becomes quite involved. In commercial 
practice empirical formulas have been developed from the theory combined with 
experience factors. 

Heat requirements for drying are 

1. Heat required to raise the temperature of the water, vaporize, and in some 
instances superheat the vapor 

2. Heat to raise the diy material to the discharge temperature above the entering 
temperature 

3. Heat to the exhaust air or gases above the ambient temperature 

4. Heat loss from the surfaces of the diying system to the surrounding atmosphere 

The theoretical heat requirement for drying is that necessary to vaporize the water, 

or 970 to 1050 Btu per lb, depending upon the temperature at Which vaporization 
occurs. In actual practice, driers require from 125 to 500 per cent of the theoretical 
heat with an average of 200 per cent. 

Table 24-1. Drier Fuel Requirements and Capacities 



Heat required, Btu/lb of water 
evaporated 


Temperature range of heat eouroe 


Capacity factor 


Temperature range 


100-«KI-F lOO-JOOT 500- 


4.0-7.5 
2.0-3.0 
2.1M.0 



* Ponada tif water evaporated p«r hour per cubic foot of drier voiume. 


Nornsj Exit gae or air'velocitim for rotary iwge from 50 fpm for fbe low^pecific-gravity materials 
to OOO fpm for granular and ooaxae materiale. 


Imat-coUeotion equipment (diy cyelone coUectom, wet ooUeBtoiB, or bag ^ters) Pmat 1j« uaed wh^ 
cemplete recovery of duet m reqidkd. 
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Generally, yfhem drying from a high initial moisture and delivering a pioduct not 
fmtirely free of moieture, thermal requirements per unit qf water evaporated are least. 
Drying to a low hnal moisture frequently » accompanied by a substantial heat loss 
flSi sensible heat in the dried product. A portion this heat may be recovered eco¬ 
nomically from roasting or calcining operations, but rarely is it economically feasible 
In drying. Approximate heat requirements for drying are shown in Table 24-1. 

DRIER DESIGN AND OPERATION 

The factors that limit evaporating and drying capacity of a'given drier are (1) the 
rate at which heat can be-supplied or absorbed, (2) the conveying capacity of the drier, 
or the time required for drying, and (3) the velocity of the gases leaving the drier for 
direct-heat driers. 

Laboratory tests are helpful in establishing a factor for drying time, and any 
changes in physical characteristics can be observed. Even^’though exact commercial 
drying conditions cannot be reproduced, data can be obtained which are useful in 
selecting a preferred type of drier and of value in approximating the size of drier for a 
specific drying requirement. A cheek is usually obtained by reference to known 
operations which are similar or comparable. Table 24-1 shows approximate design 
values for size detennination. 

DRYING COSTS 

Fuel is the prinripal cost in thermal drying. From the heat requirements in 
Table 24-1 and a known or selected price for fuelj an approximate cost determination 
can be made. Power costs range from 10 to 20 per cent of the total drying cost. 
For other than batch or intermittent drying a single drier does not require the full¬ 
time attendance of an operator. Maintenance, lubrication, and incidentals rarely 
exceed 15 cents per ton of dry product and generally average about 5 cents. Equip¬ 
ment costs are as varied as the types of driers. The materials used in fabrication vary 
widely in costs, for where corrosive conditions occur, alloy metals are used. Table 
24-2 gives data and approximate costs for several types of Ruggles-Coles rotary driers. 

PERFORMANCE OF DRIERS 

Frequently it is desirable to establish the performance of a drier installation. A 
batch drier test should complete four to six cycles, and the performance should be 
based upon an averaging of the results of each batch. For continuous driers the 
operation should be started and data recorded for test purposes after uniform condi¬ 
tions are reached. The test should then be carried out for not less than 8 hr and 
readings and samples taken at regular intervals. 

Measurements to be taken and data recorded are 

1. Amount of material entering and leaving drier 

2. Per cent moisture content of wet and dry material 

3. Quantity of heat (fuel, steam, or electrical heat supplied) 

4. Power 

5. Temperature and humidity of gases entering and leaving drier 

6. Temperature of material entering and leaving drier 

From the foregoing, performance results can be calculated and a heat balance 
determined. The difference between the heating value of the heat source and that 
totaled for raising the temperature, evaporating, and superheating the vapor of the 
water; senrible heat added to the product; am} heat loss to exhaust gases is recorded 
as radiation, convection, and unaccounted-for losses. These losses range from 5 to 
15 per cent of the total heat supplied. 
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INTRODUCTION 

Information bearing on materiala of construction, particularly those materials 
used in building corrosion-resistant chemical equipment, will be found in this section. 
The authors have screened and condensed available information into a brief form for 
the day-to-day use of plant engineers on practical materials problems. The material 
presented here, although brief, is authoritative, and while answers will be found to 
many practical corrosion problems, it is not the intention of the writers that corrosion 
testing be minimized. Rather the need for corrosion testing under controlled condi¬ 
tions is emphasized. Testing requires time but usually results in over-all economy.* 

METHODS OF CORROSION TESTING 

In the selection of a constructional material for service facilities and process equip¬ 
ment, all prospective candidates should be appraised on the basis of corrosion resist¬ 
ance and probable life, physical properties, prior performance in the same or similar 
applications, cost including fabrication and installation, availability in the shapes 
and forms required, applicable methods of fabrication and repair, anticipated main¬ 
tenance costs, product contamination, desired life, and salvage value. The appraisal 
of materials of construction from the corrosion standpoint constitutes one of the most 
difficult phases of materials engineering. This is true particularly when a choice of 
materials must be made without benefit of service data and experience. 

Materials of construction are either metallic or nonmetallic. The former class 
consists of metals and their alloys, and the latter includes such materials as gloss, 
concrete, cement, refractories, rubber and rubberlike products, plastics, carbon, 
graphite, sulfur, silicon, wood, earthenware, stoneware, fused oxides, and many 
others. The methods employed in evaluating this large variety of materials, particu¬ 
larly in the laboratory or under artificial conditions, must be selected with great care. 
This applies in particular to the measures used in determining the degree of deteriora¬ 
tion or attack. 

Hie deterioration of metals and alloys sometimes takes the form of general attack 
in which the material is corroded more or less evenly over the exposed surface. Fre¬ 
quently metallic materials corrode by pitting. The corrosion in this case starts at 
selected areas, and the attack progresses inwardly from the surface. The total 
amount of metal affected is usually small even if failure is imminent. Corrorion of 
some metals also occurs through selective attack on certain constituents of the 
material. This type of corrosion is most frequently found in two-phase or polyphase 
alloys. It may be intergranular in nature, particularly when a secondary phase is 
present in or along the grain boundaries. Metals and alloys sometimes fail by stress 
cracking and stress-corrosion cracking. In failures of this type the actual quantity 
of metal affected by corrosion is often very small. 

* la cases where more detaUed information is r^uired than is given in this eection, the reader is 
referred to the aoureee Usted in the bibUograpby at the end of this section. 
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making imporvionB graphite and carbon impose limitations in tempa'ature and semen 
conditions. Wood often fseils hy swohing or by reactions to form ^liloso deriva^es* 
The cement in transite reacts with certain acids leaving an asbestos skelst^. Hum 
may be a weight gam or a weight loss depending on whether i;he salts formed'm 
solnblo 0 T inaoinble in the corroding solution. This is slso true in tbe'^reaotioii) of 
refractories and concrete with acids. 

The ideal corrosion-testing equipment would be designed to duplicate conditioaa 
to which the materials of oonstruction are exposed under operating conditums. Such 
equipment would incorporate features making it possible to determine the of 
teuLperature, velocity, aeration, turbulence, Emtraininent^ impingement, galvanic 
ccmplesi plastic deformation, residual and applied stresses, and joining and fabrica¬ 
tion methods on the corrosion rate. The coat of such equipment would approximate 
if not exceed that of a small-sized plant. Less costly methods are consequently 
employed. Those commonly used in the laboratory are the total-immersaon the 
alternate4mmer»on test, the partial-immersion test, and the salt^spiay test, the last 
being employed extensively for protective coatings. 

The total-immersion test is the most widely used method. Test data obtained 
by this method are very valuable, althou^ it is desirable to confirm results by special 
testa and by semiwiorks or plant exposure if this is possible. 

Total-immersion Te8t& Generdi Description. The method of total-immersifm 
testa conaiatB essentially of immersing prepared and weighed samples in the beet 
solution for a number of periods of usually two or more dayis^ duraticti and deter¬ 
mining the weight loss by cleaning and reweighing the samples after each peried. 
The corrosion rate of metals and alloys k expressed as weight loss per unit area or as a 
penetration-rate factor, Whichever is desired. If pitting, intergranular or oilier 
selective Oorrosion, or Etress-corrosion cracking occurs, it is necessary to modify the 
method of reporting test data. 

Equipment Required. Metal-cutting saws and disks and belt-polishing equipment 
are required to piopare the samples. If boiling tests are to be made, the testing equip-' 
ment is generally constructed of glassware consisting of flasks equipped with water- 
cooled condensers. If the tests are made below the boiling temperature, air con¬ 
densers or cover glasses may be sufficient to prevent loss of vapor during the tern. 
Electrically or gas-heated hot plates or other suitable heating equipment are required 
for the boiling tests Constant-temperature baths or furnaces are suitable as heat 
sources for tests made below the boiling temperature. Glass cradles ^re generally 
used for supporting the samples in the test flask or beaker. Micrometers or calipers 
and an analytical balance are needed to detennine the surface area and the weight 
and density of the samples. In some cases glass testing equipment is not sUitaUe. 
Testing apparatus is then constructed of hard rublier, plastics, or suitable metida. 
Protective coatings are sometimes used on glass or metals depending on test condi¬ 
tions. It is also desirable, and in some eases neoessaiy, to have a binocular afld a 
metaUurgtcal microscope and fine polishing equipment. 

Size and Finish of Samples. The size and shape of samples Should be In hamttmy 
with the testing equipment used. Samples ^at can be polished and measured quickly 
are preferred. For most purposes metal samples are finished on a 120-giit belt. 

Volume of Test Sfjluium. The quantity of test solution used should fulM the 
following conditions. It should be sufiicientljr large that the decrease in the emteeU- 
tration of the active constituent or constituents is not appreciable during the ,teet 
period. It should be sufficiently large that the accumulation of corroidve prodimts 
during the test period is small. The volume pf solution should be not less than 250 ec 
for a sample having a surface area of 30 sq cm. A yolume of 1,OQO tp 1,500 oh hi 
preferred for a sanii^e of this size. Kasks o! 1,000 cc capacity containing 600 W700 
ep of test solution and samples having a surface area of 10 to 20 ^ cm toke a 
factory ciombhiatioilforbc^gte^tA ‘ ^ ’ 
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T^perjiUwe tif Corro^tn^ Boiuiion. Total-immersion tests may be run over a 
range of selected temperatures. The temperature of tpsts made below the boiliiig 
pohit should be controlled thermostaticaUy to plus or minits 1°C. Fluctuation in 
bareinetric pressure will cause variation in the temperature of boiling testa. Such 
vartattons are normally disregarded. 

Starting the Twt. Metal samples are prepared and finished on a 12&-grit belt or 
paper. Thiey are washed and degreased if necessary, dried, measured, and weighed 
and the density determined if this is not known. The samples are placed in the 
cradles. They may be either immersed in the test solution before or after the testing 
temperature is reached* In boiling tests the samples are often placed in the flasks 
before the hot plates ane turned on. Samples of dissimilar materials should not be 
placed in a common flask. It is permissible to test duplicates of the same material 
in a conunon flask, but the individual samples should not be in contact. 

Duratum ef Test. Testa are generally run for ah least 240 hr. This interval 
should consist of three to five periods of approximately 48 hr each. Fresh test solu¬ 
tion should be used for each period. The time count should be started when the solu¬ 
tion has reached the test temperature. 

Cleaning Samples after Test. At the completion of a period the samples are 
removed from the test solution and cleaned. Cleaning in many cases can be accom¬ 
plished by rubbing the samples with a rubber stopper or by brushmg with a fiber 
bristle brush. The dislodged corrosion products are washed away with water. In 
eertain cases the above treatment is not satisfactory. 

In some such cases electrolytic cleaning is used, the sample being made the cathode 
of a oelL Inhibited 5 per cent sulfuric acid makes a suitable electrolyte for general 
use. Blanks should be run to determine metal weight loss in the cleaning operation, if 
any. In very troublesome cases cither scraping or polishing may be required to clean 
the samples. The clean samples are finally degreased,if necessary, dried, and reweighed. 

ChlcuJMimi of Corrosion Rate. The corrosion of the samples may be expressed 
in a variety of ways. One common method employs the so-called "mdd rate" 
(milligrams per square decimeter per day). Another employs the ipy rate (inches 
penetration per year) or ipm (inches penetration per month). Some engineers prefer 
nula per month or mils per year instead of inches per month or mchca per year. The 
calculation of the rate, inches penetration per month, is made as follows: 

- (283 X W)/{A XDXi) 

where R « corrosion rate, in. penetration per month 
W ^ weight loss, grama 
A B area, sq cm 
D ^ density, grams/cc 
t B time, hr 

If pitting or intergranular corrosion or cracking has occurred, the above methods 
of reporting corrosion data have serious limitations. In the cose of pitting, informa¬ 
tion on sise and the number of pits per unit area and the maximum and average depth 
should be included. If intergranular corrosion occurs, it is often necessary to deter^ 
mine the penetration by microscopic methods. This can be done by fine polishing 
and examining a section cut from a corrosion coupon. This procedure may also be 
reqiured if cracking has occurred. 

Other methods are also employed in determining degree of deterioration during the 
test. The loss in tensile strength during test is sometimes used and is an excelleiit 
method if the material for tests can be obtained in suitable form for preparing tensile 
specimens. The decrease in electrical conductivity has been used for measuring 
intergranular coirosion of austenitic stainless steels. 

\^en testing nonmetallics by the total-immersion tests, the changes in hardness, 
tensfle strength, elongation, and dimensions are of more value tlian the weight loss 
or gain,. 

Special Total-immemon Testing. The effect of oxygen, or other gases on the 
coiTorion rate can be determined by introducing the desired gas into the test solution 
through a diffuser of porous glass or alundum, which is connected to on outside supply 
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source. The supply line is introdiueed through the ooudeiieer tube or throuidt 
or stoppers, if these are xmd. Ox!ygea has a maihei ^eet m ^e oqrrcisloii of 
metaR This t^uld always be t^m into ceonsidjeratioii in malong tests. Hie eid^ 
sion cracking of metals can be detemiined semiquantitaiivBly using X^faend aped- 
mens constramed with through bolts. Corrosion creep tests have been made on'lead 
and lead alloys and some of the light metal alloys. }^Bion cotrodon tests are made 
to determine the effect of velocity and impingement on the rate of conodon. It is 
also possible to obtain data on the corrosion of dissimilar metds in contact with the 
total-immersion-test method. Two total-immerdon tests have been widely adopted 
for testing the stainless steels—^the nitric add test (ASTM A-262-44T) and the acid 
copper sulfate test (Strauss and modified Strauss). ^ 

Alternate-immersion Test In this testing procedure special mechanical ec^uip- 
ment is rei^uired which permits automatic immersion in and withdrawals Of the samples 
from the test solution. The test is designed to determine the effect of alternate 
exposure to the corrodant and to air, such as occurs in many tanka, pipe Hnea, and on 
roofs. The tests arc normally conducted at room temperature xnr only dightly above. 
The test period is usually longer than is employed in total-immersion testing. The 
procedure for preparing test samples and determining the degree of deterioration is 
the same as that used in the total-immersion test. 

Partial-immersion Tests. In this test the samples are only partially immersed 
in the test liquid. The object of this test is to determine the rate of corrosion at the 
liquid-vapor level. This is important in constant-level tanks and in partially hUed 
pipe lines. 

Salt-spray Test (ASTM B-117-44T). This test is widely used for determining 
the corrosion resistance of protective coatings. It is also employed for testing light 
metal alloys and Btainlesa steels. It finds its greatest use in selecting materials of 
construction for exposure to industrial and marine atmospheres and as a control for 
acceptance tests for certain finishes. 

^ecautions in Corrosion Testing. In addition to close control of temperature 
and of the composition of the corrodant, it is necessary to give careful attention to the 
composition of the material being tested. A small quantity of copper oxide in copper 
used at high t(3mperatures under reducing conditions will cause rapid failure. The 
quantity of silicon normally present in semikilled and killed steels causes a rapid 
increase in the rate of corrosion by fluorine between 200 and 400''C. Lead in zinc-^base 
zinc-'alumilium alloys needs to be very carefully controlled to prevent corrosion. 
Many other examples are known. 

A corrosion engineer should remember that to be useful a material of construetion 
must be fabricated into the required shapes. Fabrication often requires hot or cold 
forming and joining parts by riveting, welding, soldering, brazing, bolting, cementing, 
and expanding or shrinking. The method of fabrication often determines to a con¬ 
siderable degree how the equipment performs corrosionwise once it is in service. In 
making corrosion tests these matters must be taken into consideration. The weld- 
decay corrosion of certain grades of stainless steel is an excellent example of how fabri¬ 
cation procedure may destroy the corrosion resistance of the material of construction. 
Crevice corrosion and the caustic embrittlement around rivet holes illustrate further 
what may happen as a result of the fabrication method. 

Plant and Field Testing. Much corrosion testing is done in operating plants. In 
general, the same principle applies here as in the laboratory tests. It is often permis^ 
Bible to test simultaneously a variety of metals, particularly if the tests are made where 
recycling is not involved. Often the chief dilficiilty is in designing and building a 
suitable test rack. In making such racks it must be remembered that the samples 
must be insulated from the rack and from each other. ASTM A-224-41 out&es 
recommended practice for conducting plant tests. 

SPECIFIC PROPEETIES OF SOME OF THE MORE 
COMMON METALS AND ALLOYS 

Although upwards of four thousand metals and alloys have been listed by mtsoe, it 
may be said that the usual engineering functions of ]dant design, eonstiunrion, And 
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m^tesee on about uty of the more eommonly used metals and aUeys, seventeen of 
adndbare dassed as standeBS aUdys. 

' timsa. Brasses are alloys of copper and sine containing up to 45 per cent sine, 
usttaUy produced in the wrought form in many compositions and in strengths ranging 
£n»n 35,000 to 125,000 psi. The great variety of compositions, colors, and physical 
prOpertieB make the brasses one of Uie most useful classes of industrial alloys. Gilding 
mStef (05 per cent copper, 5 per rent sine) is gold-colored and used for jewelry and 
deootative purposes. Ued hfosr (SS per cent copper, 15 per cent sinc),/ou) hraxB (80 per 
cent copper, 20 per cent sine), cartridge brass (70 percent copper, 30 per cent sine), high 
hras 9 per cent copper, 34 per cent sine), and Muntz metal (60 per cent copper, 40 
per cent sine) are the more common varieties used for screws, rivets, condenser tubes, 
flexilrie hose, eyelets, springs, musical instruments, dr^wn shapes, valve stems, eto. 
Brasses are resktant to atmospheric corrorion but, in general, have slightly less corro¬ 
sion resistance than pure copper or the copper-tin alloys. The higher the zinc con¬ 
tent, the poorer the corrosion resistance to the more severe exposures. Brass suffers 
two types of corrosion which must be guarded against. Deziridfication may occur 
when brasses are exposed to sea water or acidic river water under certain conditions. 
This peculiar corrosion is caused by dissolving of the brass and redeposition of the 
copper, resulting in a net loss of zinc. Dcziiicified areas then consist of a spongy 
copper deposit, which eventually penetrates the metal. Season cracking, often 
described as stress-corrosion cracking, causes cold-worked or externally stressed brass 
to crack spontaneously when exposed to moist ammonia atmospheres or mercui^'^ salt 
solutions. Annealing after cold forming will prevent season cracking. 

Brasses, like cxtpper, will v^ork-harden after cold-forming operations. The 
tendency to work-harden increases as the zinc content increases. Hence, articles to 
be severely cold-worked should preferably be made of one of the low-zinc alloys in 
order to avoid unnecessary interstage annealing treatment. Brasses are usually 
tough machming materials, although the machinability mcreases as the zinc content 
increases. Free-machining brasses containing a small amount of lead are available 
and are known as leaded brass/’ 

&nnze (Tin Bronze). The term ^'bronze” generally refers to alloys of copper and 
tin, sometimes containing zinc or lead, which should be distinguished from other 
alloys such as aluminum bronze (copper^luminum) and silicon bronze (oopper- 
silicon). Bronzes are reasonably strong (tensile strength 30,000 psi) alloys generally 
used as eastings. Coinage brojize contains 92 to 06 per cent copper, with the remainder 
tin to increase hardness and wearing qualities. C?oi;emiTi.ent bronze, composed of 88 
per cent copper, 10 per cent tin, and 2 per cent zinc, is used for large castings. The 
addition ol zinc increases the fluidity of the metal, producing more dense castings. 
Another composition is known as ’’85 and 3 ffvee’’ containing 85 per cent copper and 
5 per cent each of tin, zinc, and lead, in which the lead is distributed throughout the 
metal, thus improving machinability. Bearing bronzes may be a phosphor bronze, in 
which phosphorus up to 1 per cent is added as a nonabraeive hardening agent, or a 
leaded bronze containing from 10 to 30 per cent lead uniformly distributed as small 
drops throughout the metaL Leaded bronzes are often us^ for severe bearing 
services, such as in locomotive journals. In general, the corrosion resistance of 
bronse is similar to that of copper. Bronze is used in the chemical and food industrier 
for making cast articles to be used in mildly corrosive oonditkms, e.p., as agitators or 
paddles in copper equipment. Strongly oj^izing conditions, such as nitric acid, arc 
to be avoided. Bronze fittings are very resistant to atmospheric corrosion and find 
wide use in domestic and marine hardware. 

Cast Iron. Cray cast iron, one of the most useful commonly used metals, is 
termed “gray" because qf the typical colof of a neWly fractured surface. Gray cast 
iron is che.ap, ri^ily cast to shape, and easily machined. It is a brittle material but 
if carefully ina.de may have a tensile strength Or 60,000 psi with little or no elongatioii. 
Ordinary material has a tensile strength of 30,000 psL Two valuable properties are 
good draping capacity and freedom from ga^ng snd seizing under friction. Gray 
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By ffi&all otUwges in oonipositsoa or by ^hUling dniiog oatMang, u^Ailoouf 
produeod. Wbito oaat jieii is extremely b^d oad brittle and ysluable^for^ oonihftiUikg 
oertain types o£ abrasiTe wear each as is found in plowshares, ztdls, eaf who^ 
and wearing jdates of various sorts. 

Alloy Cast Irrm. Nickel, chromium, and molybdenum are sometiines added im 
alloying elements^ Nickel is added tip to 5 per cent to improve msehk^biUty ssfd to 
obtain improved oombinationB of strength, Iwdness, freedom from porosity, and Poar 
resistance. The addition of 10 to IS per epnt niclmf produces a nonmagnetic alloy 
having high corrosion and scale resistance. 

Chromium is added^to increase the tendency to chill or to form white irate. ^ ‘l!Jp 
to 3 per cent chromium is used to produce additianal hardness and wear resistattiee, 
Niekel-chromium cast iron is produced with various oomlnnationB of alloying eksneats 
to suit specific requirements. 

Molybdenum, added in quantities from 0.25 to 1.25 per cent, increases the tensile 
strength, transverse strength, and hardness. 

Cast irons may be welded successfully by the oxyacetylene or electTio<«rc fwocesses, 
if preheated to avoid local hardening and cracking. Other joining methods are eon- 
volitional brazing and silver brazmg. 

Malleable Iron. Malleable iron is a ductile form of cast iron, produced by extended 
annealing of a white cast iron. A tensile strength of 55,000 psi with an elongation of 
about 20 per cent (compared to elongation of 1 per cent less for gray cast iron) can be 
obtained. Malleable iron is used for castings that must withstand shock, such as in 
automobile parts, railway equipment, and agricultural machinery. 

Copper. Chopper is a strong, ductile, malleable metal which is reddish in color 
and which, with tin, zinc, nickel, silver, and many other metals, forms numerous 
eomm^cial alloys of wide industrial applieatitm. Many of the alloys of cej^r 
possess physical properties such as tensile strength, elastic limit, reduction of area, and 
elongation that are a marked improvement for commercial purposes over pure copper. 
In the absence of oxygen, copper is quite resistant to dilute acetic acid. Copper is 
widely used in electrical equipment where high electrical conductivity is required. 
Of all the metals, copper is exceeded only by rilver as an electrical conductor. Copper 
can be welded by electric arc, Heliarc arc, or by the oxyacetylene process. A deoxi¬ 
dized copper rod Gontaiuing some residual phosphorus or boron iz preferred. Copper 
may be brazed or silver brazed. If a jomt of high strength is not required, the contact 
surfaces may be joined by soldering ^ter first ‘'tinning’' the surfaces. 

Ingot Iron. Ingot iron is a commerciaily pure grade of basic open-hearth iron, at 
least 99.8 per cent iron, with the carbon content at approximately 0.012 per emit. 
The tensile strength is 45,000 psi with an elongation of 45 per cent. Ingot iron is 
principally roUed into slieets and used for construction work where a ductile, com¬ 
paratively rust-reSistant metal is required. A large amount of ingot iron is sold as 
galvanized sheets. When alloyed with 0.4 per cent copper and 0.05 per cent molyb¬ 
denum, ingot iron becomes Toncan iron and is claimed to have superkir rust^reabting 
properties. 

Silicon Iron. Silicon iron containing approximately 14.5 per cent silicon is 
available as Duriron or Corrosiron and is widely used as a cast alloy for the manu* 
facture of corrorion-resistant pumps, valves, piping, and other equipment. The ahoy 
can only be cast and is so ha^ as to be practically unmachinable. Finishing tolera¬ 
tions are usually done by grmdmg. The alloys are Oxtremely brittle and cannot be 
handled roughly or subjected to severe tberi]^! shock. However, in spite of these 
apparent disadvantages, when properly fabricated, solieon irons are unexoi^led forthe 
economacgl handliilg of hot nitric, sulfuric, and, to a lesser extent, hydrochloric acid. 
Silicon Irons should not be used with alkali or hydrofiuoric acid. ^ ^ ^ ^ 

LeaiL Lead is a soft^ malleable, heavy metal (specific gravity nJ3S}.nf rela^vsly 
tow tearile stretegth (3,000 psi)^ butit is wide^ used because of its restottenccto^olbro- 
iion by aulFuric acids and su^atos^ It is readfiy fabricated by *^lead tiito 
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varlonH lor use in cfaemical equipment. Oxyhydrogon ilame ift ihe preferred 
Bteonfl dl henting. Lead is widely as pipe and eable coverings, for ^cess equip¬ 
ment handling solfunc acid and sulfates, and in a variety of bearing alloys and ri^ated 
ttpplicatioBs. One of the lesser known uses for lead is in '^lead^^* brass. During 
DOolini^ and rolling of brass tjontaining, say, up to 2 per cent of lead, the soft metal 
s^iarates out, and the globules of lead are distributed throughout the body of the 
brass serving as a lubricant to the cutting tool and are the basis for '^free-machining 
brass/* 

Hoiiel- Monel metal is the trade name of a nickel-copper alloy obtained by 
smelting a natural ore of such a composition that an alloy of about ^7 per cent 
copper, 2&per cent nickel is produced. Monel is a silvery white metal which may be 
cast, rolled, or forged. The tensile strength is 80,000 psi for annealed material and 
140,000 psi for cold-drawn material. A free-machining grade (R-monel) having 
slightly increased sulfur content, is commercially available. 

Mmel is widely used in the food and chemical industries for its corrosion resistance 
both to atmospheric conditions and the more severe services such as dilute sulfuric 
acid, hydrofluoric acid, and alkalL Monel sheet is used in domestic kitchen furnish¬ 
ing and in architectural decorative work. 

Monel is easily fabricated by drawing, stamping, rolling, and forging, although the 
material work hardens fairly rapidly. As with nickel, machining is l^st done with 
sharp high-speed or carbide tools, and care must be taken to avoid sulfurous atmos¬ 
pheres during annealing. Monel may be joined by fusion welding, using the oxyacety- 
lene or electric-arc processes, or by resistance spot welding. Phosphorus-containing 
silver brazing alloys are to be avoided, but other silver brazing alloys flowing below 
1400®F may be used. Soft solders are acceptable in certain services. 

Nickel. Nickel is widely used in the commercially pure condition as wrought 
plate, bar, sheet, tube, and wire, and as shot for alloying purposes. Nickel is a silvery 
white metal having a tensile strength of about 70,000 psi which ran bo increased to 
115,000 psi by cold working. Nickel is a tough metal, having high impact strength 
which is retained even at subzero temperatures. Nickel and nickel alloys constitute 
a large fraction of the "stainless** or rust-resisting metals. 

Pure nickel is widely used for its corrosion resistance. It is generally resistant to 
nonoxidizing acid, neutral, and alkaline solutions; it is suitable for handling food pro¬ 
ducts and may be used either as solid metal, clad plate, or electroplate. Nickel is 
extremdy resistant to caustic solutions and nonoxidizing salt solutions but is readily 
attacked by sulfur at elevated temperatures. 

Fabricating nickel requires special precautions in machining and annealing. 
Because nickel is strong and tough, high-speed steel or cemented carbide tools in good 
cutting conditions are required. The work should be well flooded with cutting lubri¬ 
cant and cut at moderate speeds and feeds. Annealing should be done in a sulfur-free 
atmosphere. Sulfur-bearing fuels or traces of sulfurized cutting oils on the work will 
cause severe attack on nickel during annealing. Nickel may be fusion welded by 
oxyacetylene or eiectric-orc methods or joined by silver brazing alloys (except phos¬ 
phorous-bearing alloys) or soft soldering. 

Silver. Pure silver has the whitest color and the highest electrical and thermal 
conductivity of all the metals. Pure silver (fine silver) is too soft for many mechanical 
uses. Hence it is usually alloyed with copper to increase physical stren^^h and hard¬ 
ness. Sterling silver contains 7.5 per cent copper; coin silver, 10 per cent copper, 
Silv^ is used in the electrical industry for heavy bus bars and heavy-duty contact 
and also in the chemical industry because of its resistance to attack by acetic acid, 
brewery liquid, formaldehyde, phenol, and dilute sulfuric acid. The use of both cast 
and wrought silver in jewelry is well known. Silver is commercially available in 
sheet, plate, rod, tubing, and as clad plate, combined with base metals such as copper, 
irickel, or sWl. Fabricated shapes are made by the fusion welding, using atomic- 
hydrogen torch or Heliare process. Molten silver readily absorbs oxygen, creating 
"gassy** welds if improperly made. Annealing at 480®F will soften Silver. 

Silver Solder, ^ver solders or, more pooperly, sliver brazing alloys are perhaps 
the most convwent materials availahle for making reasonably high-strength joints 
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between most of the ccmnnoii metals and idloys. Silver braaing afloye m n^de 

rangaof oempoflitions containing from 5 to 80 per c^t edvef^ combined wMi varsrlog 
amounts c^per, sine, cadmium, or phosphorus. ! One of the pHnc^l adva^ages 
of silver brazing alloys is the free-howiug nature of tie melted alloy. Actual)^, ^e 
strongest joints sxe made with very sm^l clearances. Silver brazing iiHoya potasess 
about the same corrosion resistance as brass, copper, nickel silver, moneL The 
procedure for using sily^ brazing alloys consists essentially of (1) mnoving all scale, 
grease, and dirt; (2) appljung the proper brazing flux; (3) maintaining desired align¬ 
ment of the pieces to be joined; and (4) heating (1200 to IflOO^F) by oxyaeet;jdene 
flame, induction or resistance heating, or by furnace heating. Aluminum pr alloys 
that melt below 1250®F cannot be joined by silver brazing. 

Solder. The term ''solder*' or "soft solder" usually refers to the tin-lead alloys 
of from 15 to 60 per cent tin. Additions of antimony, bismuth, and cadmium 
be made to reduce cost or to obtain special properties. Soft soldeis are low^etrength 
low-melting alloys (400 to 600°F) used for joining a large number of the common metals 
and alloys. The higher grades of solder contain the larger amoimts of tin. Solder 
for electrical work may contain 60 to 90 per cent tin; the most common solder for 
general purposes contains 50 per cent tin. Wiping solder (so named because of the 
application technique) contains 40 per cent tin; low-grade solder for Ailing dmits in 
automobile bodies contains 15 per cent tin. During the war emergency, tin wu 
conserved by resorting to high-lead alloys for many soldering applications. The 
atmospheric corrosion resistance of tin-lead solders is in general sati^ctory. Under 
more severe conditions, or when solder is used on copper or monel, accelerated corro¬ 
sion may occur. Success in the use of soft solders depends on obtaining a clean suK 
face on the metals to be joined, applying the proper flux, and heating the metal to th^ 
melting point of the solder. The heating operation may be aecompHahed by wijnng 
the joint with semiliquid solder, by use of a soldering iron, blowtorch, solder bath, 
reristance or induction heating. 

Because solders are inherently weak material, soldered seams should be strength¬ 
ened by crimping, interlockmg, or riveting before soldering. 

Tantalum. Tantalum is a white, lustrous metal of high specific gravity—16.6— 
possessing unusual resistance to acid corrosion. It is practically chemically iner^ 
toward all materials except hydrofluoric acid and concentrated caustic. It is ductile 
and malleable and can be drawn into fine wires, rolled into thin sheets, or formed into 
a variety of sizes of tubing. Tantalum is welded successfully by the electrical- 
resistance method. Owing to its aifinity for gases, the welding is usually carried out 
either under the surface of carbon tetrachloride or in the presence of a 100 per cent 
carbon tetrachloride vapor. It possesses the unusual property, owing to its natural 
inertness, of remaining clean under a variety of chemical service conditions. This 
permits its use in certain chemical equipment where heat transfer is a paramount 
factor and where the over-all economics will justify a metal of the high cost of tantalum. 

Stainless Afloys. Stainless alloys may be divided, for purpose of approximato 
classification, into three groups: (1) ferritic alio vs, which are essentially iton-chromium 
alloys and in certain cases with small amounts of nickel and molybdenum, the alloy-^ 
iiig element amounting up to 30 or 36 per cent of the total and with varying amounts 
of carbon; (2) austenitic alloys, containing from 16 to 25 per cent of chromium 
together with 7 to 26 per cent of nickel (these may contain up to 1 per cent columbium 
as a stabilizing agent); and (3) complex alloys, containing, in addition to the chromium 
and nickel, varying amounts of molybdenum, silicon, copper, manganese, each alone 
or in admixtures. AU the alloys in these three classifications are quite resistant to 
oxidizing agents, and certain ones find wide use under corrosive conditions involving 
sulfuric acid, nitric acid mixtures, and nitrates. Table 25-1 contains a great deal of 
information that is pertinent to the various grades of stainless alloys. 

1. Ferritic alloys aroused in mtric acid service and certain general oxidising service 
comlitlonB. 'Ihe composition range in this classification is broad. The low end of 
the range begins in commercial-alloy comp»osition at 11.50 to 13.0 per cent chromium 
together with 0.12 maximum carbon and extends upward to an alloy with 30 per cent 
chromium and 0.35 maximum carbon. All the alloys in this range, AIBI types 
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Table SB*1. Commercial Stainless Irons and Steels—^Analyses, Properties, and Characteristics (Coni.) 
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403, 4X6, 430, 444, 320, And 446, are weldable with eome diffieuli^ and requii^ a 
preecnb^ beatMtareatme^ht subeeq^ient to welding in order to reatoi^ full atainless 
qualitiiBS. The handliag, fabrication, and heat-treatment of these grades may be 
earned out on most plants, but prefvious experience is necessary for best results. The 
alloys In this classifi^tion are usually available in a wide variety of commercial shapes 
and 6nd application in chemical plants within the scope of the physical and chemical 
prop^es of the materials. 

2. Austenitic alloys are widely used in nitric acid service and certain general 
oxidizing service eonditlons. Austenitic alloys in the more conventional composi^ 
tions contain the essential chromium and nickel (see Table 25-1 for types 304, 303, 
3Q2B, 316, 317, 309, 310,311, 321, 325, and 347; types 321 and 347 contain addition 
agents^ titanium and columbium, respectively, which have a marked effect on the 
heat-treating procedures and resulting properties). The welding properties of the 
austenitic alloys are much better than those of the ferjitic types. The increased 
alloy content of the austenitic types results, under the majority of service conditions, 
in an increased resistance to corrosion. Several of the austenitic grades overlap in 
application, but certain ones, such as types 316 and 317, possess particular resistance 
to acetic acid hot and cold, with or without small amounts of sulfuric acid. Tests 
should always be run in advance under the specific service conditions. All the above 
compositions referred to are available commercially in some forms. However, the 
number of shapes is sometimes limited. If the amount required is less than enough 
to warrant a special processing lot, it is desirable to select a suitable alternate material 
on the basis of the properties and characteristics of other austenitic materials described 
in Table 25-1. 

3. Complex austenitic aUoys for sulfuric acid and certain sulfuric-nitric mixtures 
are closely related to the conventional austenitic alloys and differ principally in the 
increased amounts and number of metals added. These constitute a large number of 
complicated alloys, both cast and wrought. The addition of molybdenum and 
copper, usually together with manganese and silicon, to the conventional chromium- 
nickel austenitic alloys imparts increased corrosion resistance, particularly under 
corrosive conditions involving sulfuric acid, sulfites, and sulfates. Numbers of com¬ 
mercial alloys of this general type are available in cast and wrought forms. Often 
these alloys are made up into standard equipment such as pumps, valves, centrifuges, 
and filter frames by the manufacturer and are recommended by the producers for 
specific plant service conditions. Notwithstanding this confidence on the part of the 
manufacturer, it is desirable and even necessary that the customer conduct corrosion 
tests under the specific plant conditions in order to ensure that no unforeseen condition 
exists which will shorten the life of the equipment. 
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TRADE WASTE DISPOSAL* 

BY H. L. Jacobs 

Chemical Engineer^ E. 1. du Pmt de Nemours A Co., Inc. 

INTRODtICTION 

This section is a general guide to the problem of proper treatment and disposal of 
industrial wastes and not a discussion of the solution to^specific problems. Rarely 
are two industrial waste problems alike in all details, and each one should, therefore, 
be handled as an individual situation. 

The held of industrial waste treatment is relatively new compared with the 
amount of study that has been devoted to the treatment of sanitary sewage. It is 
true that a considerable number of problems have been solved to the satisfaction of 
pollution-control authorities, but many more exist which have not been studied or for 
which reasonable treatment methods have not been developed. This situation is 
partially due to the feeling on the part of most plant managers that waste treatment 
will add to the cost of their products and should, therefore, be avoided as long as 
possible. While this may be true in many cases, it is also true that many waste 
problems have been solved by the recoverj’^ of materials at a profit. As a matter of 
fact, in a few instances, the value of the recovered material has become extremely 
important in reducing the manufacturing cost and hence the selling price of the 
primary product. 

The time is rapidly approaching when all industries and municipalities will bo 
required to meet rigid specifications for the quality of their water-borne wastres. 
It is to be hoped that these specifications will permit reasonable amounts of contam¬ 
ination to be handled by the seK-purification abilities of the receiving waters. The 
movement to clean up th(3 nation's streams has been progressing during the past 
50 years. Legislative activity in the field of stream-pollution prevention ha.s become 
vigorous since 1940. During the years 1943 and 1944, in spite of the burdens imposed 
by the Second World War, stream-pollution legislation was introdured in 27 of the 
states. In 12 of these, the existing laws were amended, while the states of Tennessee, 
Washington, Minnesota, and North Carolina covered stream pollution in their statutes 
for the first time. The state of Virginia has since followed suit. The creation of 
several interstate commissions, with the primary object of reducing the pollution 
throughout large drainage areas, has resulted. Such commissions are now functioning 
in connection with the Delaw'are, Potomac, and Ohio River basins. 

On many plants provisions have not been made for the segregation and treatment 
of sanitary wastes from office buildings and change houses. In too many instances 
no thought of the ultimate necessity for treatment of these wastes w'as given at the 
time the sewerage system was laid out, and as a result, sanitary and industrial wastes 
are mixed indiscriminately prior to discharge. In certain cases the sanitary sewage 
can be treated with the industrial wastes to advantage, but in many others the proper 
procedure will necessitate segregation and separate treatment. The methods for 
treatment of sanitary sewage have become standardized, and no discussion of them is 
contemplated here. Advice should be obtained from the appropriate health agency 
before the problem is attacked. Nearly all states require that plans be submitted 
for approval to the state health department. 

DEFINITION OF POLLUTION 

A stream becomes polluted when waste matter is introduced in Sufficient amounts 
to alter the water quality so as to make it unsuitable for domestic or industrial supply 
* Superior Buinbers indicate spocific references listed at the end of this section. 
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or for the prot>er Bvipport md growth of marine life. This may ocrur because of the 
presence of dissolved salts or organic matter, materials carried in suBpension^ Seating 
oils, acids, alkahes, or toxic substances. 

EFFECTS OF VARIOUS WASTES 

Adds and Alkalies. Mineral acids such as sulfuric, nitric, and hydrochloric will 
neutralize the natural alkalinity of the receiving waters with a resultant lowering of 
the pH value. Below pH 5.0, the more delicate fish such as trout and bass will be 
adversely affected, while at values below pH 4.0 nearly all types will die. At the 
same time, the effect on the food supply of the fish will be adverse owing to the decrease 
or death of marine organisms. Sulfuric acid or sulfates will increase the permanent 
hardnens of the receiving waters, while hydrochloric acid or chlorides may render the 
water nonpotable even though the proper pH is maintained by the addition of alkali. 
The presence of mineral acidity in a stream creates a sterilizing effect w'hich interferes 
with normal biological activity tending to punfy the water of its organic content. 

Any discharge of alkali which increases the pH value of the receiving waters above 
9.0 will also prove detrimental to fish life. 

Suspended Solids. Solids in suspension in a plant effluent may prove detrimental 
whether inorganic or organic in character. If they are heavy enough to settle out in 
the relatively low velocity of the receiving waters, bottom life will suffer, and the 
stream characteristics will be altered. If the settleable material is organic in nature, 
anaerobic decomposition will take place with the production of hydrogen sulfide and 
mcihaiic gases with consequent foul odors. In navigable waters, channels wiE be 
filled up, and dredging will be required more frequently. 

Floating Matter. A common complaint in regard to certain effluents is the 
presence of floating matter Greases, oils, and tars are sometimes discai-ded to the 
sewer system and eventually show up as eont amination in the receiving waters. These 
materials, particularly oils, spread out in very thin films on the water surface and 
interfere with the normal oxygen absorption from the atmosphere. Usually they are 
stable compounds w’^hich oxidize slowly, and the effect is, therefore, of long duration. 
Kish life may be damaged either by suffocatioii or at least by the absorption of tasten 
and odors in the flesh so that its value as human food is impaired. Floating oils wEl 
also be damaging to the paint on boats. In general, the source of such pollution is 
easily traced and may become a beacon w'hich will lead the authorities to edher 
sources of contamination. 

Organic Matter. The organic matter present in clean and polluted streams is 
oxidized by the dissolved oxygen in the w^ater with the formation of simpler compounds 
such as w'ater, carbon dioxide, sulfates, and nitrates. This process of oxidation takes 
place wdth the assistance of bacteria which arc present in most receiving waters. 
These bacteria are introduced by the discharge of raw or unsterilized sewage or by 
pickup of soil bacteria by storm waters. If the quantity of organic matter is small, 
the rate of reduction of dissolved oxygen will be overcome by the normal reaeration 
of the water. When this is the case and the dissolved oxygen remains above 5 ppm, 
no damage results, and the water is not considered to be seriously polluted. In 
many cases, however, the organic load is sufficient to cause serious depletion of the 
dissolved oxygen. At oxygen values below^ 5 ppm, the finer types of game fish 
cannot exist satisfactorily, and at values below 4 ppm, nearly all fish life will be 
affected adve^scl 3 ^ When the dissolved oxygen content drops to 2 ppm and below, 
nuisance conditions are created, and foul odors are given off owing to anaerobic 
decomposition of the organic matter. 

The term in general use for representing the effect of organic matter in the deple¬ 
tion of dissolved oxygen is known as the ''biochemical oxygen demand,” usually 
contracted to BOD. The BOD of a given effluent can be measured by means of a 
standard test which has been developed for sewage effluents. Tliis same test can be 
applied to industrial w^astes. The test consists of diluting to various degrees samples 
of the waste w*ater with a well-aerated dilution water w’’hich has been ''seeded" wnth 
a small quantity of sewage. The several dilutions, together with the inquired 
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are ixumbated at 20^C for 5 daya, at which timQ the dissolved oxygen is 
dnlsmiiied by standard titration methods. The diftereiiGe in oxygen content of the 
samples and ^'blanks'' is then calculated to parts per million in the Original waMe 
and Te|»orted as BOD.^ 

Toxic Materials. Many materials that are toxic to humans and other animals are 
also detrimental to marine and bacterial life. Metallic or alkali cyanides in concen- 
trations as low as 0.^ to 0.3 ppm will kill fish and will interfere with and sometimes 
completely inhibit digestion of sewage solids in sewage-treatment plants. 

Muble copper compounds are effective sterilising agents and in concentrations as 
low as 0.25 ppm will be lethal to fish life. Sanitary sewage containing as much as 
iJO ppm of copper cannot be treated satisfactorily by biological processes because of 
the steriliring effect on the bacteria. 

The list of compounds that are detrimental to fish and bacterial life is a long one 
and includes such materials as hydrogen sulfide, chlorine, barium chloride, chromic 
add, aldehydes, benzene, gasoline, and many others. Much information on the 
allowable limits for various compounds with respect to fish life is contained in a 
government publication,* and a large amount of work on fish mortality has also been 
carried out by the Michigan Experiment Station. 

Taste and Odor Producers. Some compounds, usually organic in nature, are 
capable of producing serious taste and odor nuisances in potable water supplies. Of 
these the most common arc phenol and some of its derivatives contained in wastes 
from coke-oven operations and certain other chemical processes. Phenol by itself 
can be tolerated by the human system to the extent of several parts per million, but 
upon chlorination the presence of a few parts per billion makes the water unpalatable. 
Many other compounds will impart undesirable tastes or odors which can be classed 
as “musty,” “saline,” “earthy,” etc. It is frequently necessary for the water-plant 
operator to resort to excessive chemical dosage or to treatment of the water with 
activated carbon in ordfir to produce a palatable water. Frequently the water con¬ 
sumer must put up with poor-quality water for a time because of the inability of the 
water-plant operator to eliminate completely the taste and odor. 

PLANT SURVEY OF WATER-BORNE WASTES 

Measurement of Volume. Importance of accurate measurement of the volume 
of the contaminating effluent cannot be stressed too greatly. Without such measure¬ 
ments, very little progress can be made in the study of the proper treatment method 
to be applied or of the quantity that may be discharged without damage to the receiv¬ 
ing waters. 

The method used to obtain accurate volumetric measurements will vary with the 
physical nature of the plant and process. In eases vrhere the operation is compart and 
effluents are all (collected and discharged through a single sewer, meter readings of the 
plant water consumption will sometimes suffice. In a complicated layout with several 
effluents entering a common sewer or with a sewer system split up into multiple 
outlets, it will bo necessary to devise special methods for accurately detennining the 
individual and over-all flows. 

Determination of flow in an underground sewer is difficult to carry out. If the 
size and slope of the sewer are known, charts^ are obtainable that will give the flow at 
various depths. If a location can be selerted at which the flow level is unaffected by 
turbulence or velocity increase at the entrance to a manhole, depth measurements 
win provide reasonably accurate flow rates. For continuous readings, a low-pressure 
recorder can be used to record the pressure required to bubble air through the liquid 
in the sewer. Pressure recorders capable of reading less than 1 in. of water pressure 
can be obtaiued. The air stick used for this purpose should be carefully made so that 
the air opening will not be constricted at the bottom of the sewer. It is a good idea to 
place the opening at a known distance from the bottom of the pipe and to correct the 
readinga accordingly so that the pipe can be rested on the inside bottom of the sewer 
at the exact center line. In using this method it is important to know that the eeWer 
line ahead of the point of measurement is free of sediment or obstructitms^ 
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Any number <lf ctther etandard j^tbods pt Sow meftaurement ean be 
the pt^peit oanditioiiH prevail. Fnr indivichial digclifirges from pipea pmmm; 
dome type of oriSee plate may boeuitable. For eewer lines, a w«^ boa with a eiipimie^ 
V-noteh, or Clppoletti weir may be appH^ble. In order to Obtain immaiaey with a 
weir, it is necessary to observe carelutiy the dimensional reqmremen/ts so that'thb 
Vena eontracki, approach velocity, and other factors will be correct. If measnrrnnmits 
are to be made of an efflnent containing appreciable solids in suspeension, the infi^aJQa- 
tion should he made with a gate or opening at the bottom of the weir plate, or the 
weir plate should be removable so that the solids may be fludied out from behind it. 
Perhaps the biggest disadvantage of the weir is the relatiy^y high head loss Which 
must be overcome. 



Fiq. 26-1. Farshall flume. 

The most satisfactory flow-measuring device for installation in a sewer line is the 
“Parshall measuring flume’' {see Fig. 26-1). This flume was developed and tested 
b}! K. L. Parshall at the Colorado Experiment Station. It was developed primarily 
for measuring flows in irrigation ditches, but it is finding increasing use in sanitary 
sewage and industrial-waste-treatment plants. Its accuracy is sufficient to meet 
practical needs, and there is no point at which solids can collect and settle. Head loss 
is lower than for any other type of open measurii^ device. Flume liners made of 
«sheet iron can be purchased in almost any required size. Fabrication of a liner 
stainless-steel sheet w^hich can be electric-w'elded is relatively simple. The easiest 
method for constructing the flume is to use the liner as the inside form for a concrete 
structure, leaving it in place for permanent use. For teniporary use, wood construc¬ 
tion is satisfactory. Complete details of construction and operation ean be found 
in Heference 4. 

Sampling. During the initial stages a waste^disposal problea^ grab samples 
are helpful for a quick analysis of the situation and for guides to a more 
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program. In most oases it is necessary to establish sampling procedures 
that will yield representative samples. If the problem is complicated, it may prove 
necessary for sampling to extend oyer a considerable period of time, and it will be 
most pr^ticable to install continuous sampling equipment. It is beyond the scope 
of this section to cover the various means for obtaining such samples, but the equip- 
ment should be designed so that sampling rates are correlated with the flow. l\iiere 
a substantial head loss can be taken, various types of splitting devices can be installed 
which will divert a small proportian of the total fluw to a suitable container. For 
use with weirs or Marshall flumes, mechanical rntfiiiiig samplers which will dip pro¬ 
portionate samples from the head chamber and lift them to a receiver can be pur¬ 
chased or built. One such device is known as the “Trebler sampler.'’ Proportioning 
pumps can also be used in conjunction with flowmeters to draw off representative 
samples^ 


Table 26-1. Dimensions and Capacities of the Parshall Measuring Flume for 
Various Throat Widths, W 

(Lettora refer to tlimcnDiona, Fig 26-1) 
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Analyses. It is rarely necpssary to analyze a particular plant effluent for all the 
constituents listed below, but it is wise to have several complete analyses made of the 
over-all plant discharge so that the effect of the w^astes on the receiving waters t an be 
accurately estimated. In extreme cases of pollution, it inay also be necessary to 
sample and analyze the rcH'eiving waters above and below^ the point of discharge. 
Usually, however, the necessity for correction of a waste discharge is created by a com¬ 
plaint from a downstream consumer, by fish mortality, or by an obviously unsatis¬ 
factory condition below^ the outfall, and the offending contaminant can be traced by 
the effect it creates. The analytical tests should include any of the following that 
will help in locating it; 

1. Solids, suspended 

2. Solids, total 

3. Solids, volatile 

4. Solids, fixed 

6. pH 

6. Acidity or alkalinity 

7. Color 

8. Grease or oil 

9. Biocbemical oxygen demand (BOD) 

10. Oxygen-consumed value 

Although the test for "oxygtui-iMjnsiimed value” has been used for years, no corre¬ 
lation exists between the values obtained in the test and the oxygen consumption that 
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the waStD will exart cm the receivi^ W'atet. The test for BOD Js to be prefegn^ and 
is rttpidly becoming the criterionnf organift pollution used by stream-control authori¬ 
ties; The '' oxygen-consumed test isan be used to ad vanti^ ip rough determinations 
of the dilution ratios that slioiiJd be used in performing the BOD test. 

In carrying out the analytical work the methods outlined in “Standard Methods 
for the Analysis of Water and Sewage/’ publishc^d by the American Public 
Health Association, should l>e followed. The BOD test; is the only one of the above 
in which special apparatus and techniques aro involved: With certain wastes it 
is found that chemicals are present that are toxic to bacteria, and consequently, the 
correct BOD will be difficult or iinpossible to determine. In such eases, the wastes 
must be investigated for the presence of known bactericides. 

WASTE RECOVERy AND UTILIZATION 

Although no two waste-disposal problems are alike in all respects, the approach 
to their solution should start along recovery lines. Frequently the recovery of values 
will prove to be a relatively simple matter when a thorough sampling and analytical 
program has located the major sources and points of discharge of the wastes. 

The first step in the recovery program should be to check every possible outlet 
where wastes can enter the sewer system inadvertently. This check should include 
such obvious points as pump glands, pipe joints, and improperly tightened seals on 
pressure equii^mciit. Frequently it will be found that a general tightening up or the 
elimination of "sloppy” operating habits will result in greatly improved conditions. 
Sometimes materials are deliberately thrown into the sewer when they could just as 
well be returned to process or put through a special treatment to convert them to a 
salable though substandard product. In any plan for general improvemcjii of plant 
practices, it is wise to institute an educational program for supervising and operating 
personnel to advise them that an investigation of means for reducing contamination 
is under way and of the steps that have been taken in furtherijig the program. Fob- 
sibly some valuable and usable suggestions will be forthcoming from both groups. 
In so far as preventable contamination is concerned, the cooperation of the operators 
is essential. 

After the proper steps have boon taken to decrease to a minimum the preventable 
waste, a thorough study of the process or proeesRos responsible for the remaining 
contamination should be made. In addition to an enguiecrijig analysis of the process 
to determine optimum operating conditions with respect to losses, yield studies (should 
be made under all feasible operating conditions in order to determine whether or not 
changes in temperatures, time cycles, reflux ratios, concentrations, etc., will result 
in decreased losses to the sew^cr. Equipment is often operated for such long periods 
at high throughputs that the rates for which it was designed are forgotten. 'WTiile 
it may be ocoiioniical to run certain equipment at higher than rated capacities, it is 
usually done at the expense of yields. It may be cheaper to enlarge the equipment, 
thereby reducing losses, than to install collecting and treating equipment to condition 
the wastes prior to discharge. 

Wastes that cannot be eliminated at the source can sometimes be recovered for 
reuse or for sale on the outside. Sulfuric acid can be recovered economically by con¬ 
centration if it is available at strengths of about 20 per cent HsSO* or higher. If a 
use can be developed for a strength lower than that of commercial grades, strengths 
under 20 per cent can be considered for recoveiy’' possibilities. Throe commercial 
acid concentrators are in general use today: the Simonson-Mantius vacuum evapo¬ 
rator, the du Pont falling film concentrator, and the Chemico dmin-type concentrator. 
The first two operate under vacuum and are heated indirectly with high-pressure 
steam, although Mantius units utilizing hot oil for heating arc available. The 
Chemico concentrator operates at atmospheric pressure with concentration being 
obtained by the passage of hot combustion gases through the acid. All these concen¬ 
trators will successfully produce sulfuric acid of 92 to 93 per cent H 2 SO 4 Content. The 
falling film unit is applicable to the recovery of relatively clean acids, while either the 
Mantius or the Chemico will handle sludge aeids satisfactorily.. In calculating 
the economics of recovciy by concentration, it should be recognized that acids lower 
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in stamittgtli ihm tliat meniinn^d aboVe can be conaldefed wben neuiralieation ie tbe 
i^lieznathre euice tbe o(»t of tbe latt^ will be avoided* If the sulfuric acid is contain^ 
inaiM with inorganic sulfates, these will usually precipitate at some interinediate 
strength and can soznetimeB be removed by settling, centrifuging, or filtration* If 
the removed salts have to be washed, the washings can be returned to the concen¬ 
trator. If undesirable organics are present, they will sometimes be destroyed during 
eoncentraUon. If not, this result can usually be accomplished by holding the final 
acid at a high temperature for a required time. Destruction of the organic matter 
reaults in the decomposition and consequent loss of a certain amount of the sulfuric 
acid. 

The usual method for recovering a usable grade of nitric acid is to mix it with 
concentrated or fuming sulfuric arid and then to distill the nitric acid. The sulfuric 
acid retains the water which is then removed from it by the usual methods of concen¬ 
tration. Sufficient sulfuric acid must be used to yield an acid of 70 to 72 per cent 
HxSOi after nitric removal. 

Methods for the recovery of hydrochloric acid are more complicated since dilute 
acids must be concentrated to the constant boiling mixture of 20.24 per cent and then 
that mixture distilled and condensed. 

Organic acids are usually recovered by distillation or fractionation. In some cases 
it may be passible to saponify the arid with caustic and to effect a separation of the 
soap. The organic acid may then be recovered from the soap by treatment with a 
mineral acid such as sulfuric. It may also be possible to form a calcium soap of the 
organic acid which will separate more easily than the sodium soap. Organic acids 
are often a troublesome source of BOD, and neutralization does not correct that 
undesirable feature. 

The cemversion of the waste acid to a useful mineral salt should receive considera¬ 
tion before thoughts of recovery are abandoned. Satisfactory outlets can sometimes 
be developed for such common salts as ammonium nitrate, ammonium sulfate, ammo¬ 
nium chloride, sodium nitrate, and sodium sulfate. The concentration and crystal¬ 
lisation of the neutral salt may present less of a problem than the recovery of the 
corresponding acid. 

TREATMENT METHODS 

Removal of Suspended Solids. The type of solids contained in the waste dis¬ 
charge will determine the line of attack to be followed in correcting the quality of the 
effluent. If it is a valuable or useful material and is not badly contaminated with 
other matter, steps should be taken to retrieve it before it reaches the receiving waters 
or even before it becomes xnixed with other plant wastes. The process from which 
the material is lost should be examined to determine whether or not the recovered 
solids can be safely returned to it at some point. Obviously, plain sedimentation 
should be given primary consideration. Simple laboratory tests will provide sufficient 
information to determine such possibilities. If the results are promising, considera¬ 
tion should then be given to the type of settling tank that will be roost suitable. The 
most important problem, aside from spare requirements, is the one of selecting the 
proper solids-collecting and -removal equipment. If the solids are relatively heavy 
and will not be adversely affected by violent agitation, a centrifugal pump may be 
used for removing the underilow from the sedimentation tank, and the type of collect¬ 
ing mechanism is not important. If the recovered sob'ds require careful handling, 
equipment should be selected that will not subject them to abrasive action. Plunger 
a^d diaphragm pumps are better selections for such service. Standard sedimentation 
equipment is manufactured by such companies as Dorr, Fermutit, Link-Belt, Chain 
Belt, and others. Bhould it be desired to concentrate the solids still further, eonsiderar 
tipn should be given to filtration or centrifuging, depending on the nature of the solids. 
In many instances, filtration or centrifuging of the unsettled waste will prove effectiye. 

If a clear effluent is required and if it cannot be obtained by sedimentation, floc¬ 
culating agents such as alum or iron salts may prove helpful, {^lection of the proper 
agent may be dictated by the nature or degree of contamination which the recovered 
solids can stand b^ore their value as recovered material is lost. The selection of thO 
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bf^ coagulutiiij;' ia «isain i^'iuaiter lor bi^bomlory to deoitfe> 

work wseU in tbe pH range of 6.D to $.0 bul; has the drsadvantcige of ereiiStl^ 
a Tgther light j^oc which does not settle tod riipidlf, Iron oatta sttch as ^em0 
fnrnc chlondOf and ehiorinated copperas have the advantagel^ of weight and Ht-mmch. 
what wider pH range for successful application. 

In some cases, the solids in the effluent will be of such a nature that recovor|* is 
not warranted. When conditions require a clear effluent, these cases can be most 
easily solved by the use of a settling pond or lagoon of the largest practical siae. If 
low-lying ground is available, it may be surrounded by an earth dike lo form the 
pond. It IB a good idea to divide the pond into two equal parts with a cent^ d£ke, 
BO that one-half of it can be drained and cleaned when necessary. 

Neutralization of Acids and Alkalies, After al) recovery possibilities have been 
investigated, there remain those wastes which must be neutralised prior to dngKHsal. 
If the material is an alkali, the problem is relatively simple since sulfurir acid is the 
cheapest acid for such a purpose and can be conveniently shipped, handled, and fed 
in standard equipment. If the resulting neutral salt is msoluble at the concentration 
employed, additional dilution should be introduced, or provisions should be made to 
remove the precipitate from the effluent. 

In the neutralization of waste acids, the cheapest form of alkali which can be pur¬ 
chased will be high-calcium or dolomltic limestone, hydrated lime, or quicklime. 
Typical analyses of good grades of high-calcium and dolomitic hmestones are given 
in Table 26-2. When these stones are calcined to make quickbmes and are then 


Table 36-2 



High-calcium 

Dcdomitic 

Calcium carbonate (CaCOi). per cent 

94 6 

54 0 

Magnesiuni carbonate (MgCOs)i per cent 

1 0 

42 0 

Iron and aluminum oxidee, per cent 

1 0 

1 0 

Acid inaoluble, per cent 

3 5 

3 0 

Total, per cent 

100 0 

100 0 


hydrated, the ralcium and magnesium ratios are unchanged. Hydration of a 
dolomitir quicklime does not result in a mixture of calcium and magnesium hydrox¬ 
ides, however, because the magnesium does not hydrate to an appreciable extent at 
atmospheric pressure. Whether for this or some other reason, it is a fact that 
dolomitic limes and limestones require a longer time to react with acids than do the 
high-calcium varieties. 

Limestone Beds. With certain problems, limestone beds for acid neutralization 
are convenient, successful, and highly desirable. The flow of solution may be upward 
or downward through the bed. In any case, the tank or structure confining the bed 
should be provided with a false bottom or free space below the bed where unreacted 
limestone and inert matter may collect. This free space must be flushed out periodi¬ 
cally to remove the sediment. The acid solution must be relatively clear in order to 
prevent clogging of the bed. The depth of limestone in the bed will depend on the 
flow rate through it and the pH value desired in the effluent- If the proper precau^ 
tions are taken in sizing the installation, excellent results can be attained with very 
little operating attention. No control equipment is required, and flow rates need not 
be controlled carefully if the bed has been designed to accommodate the maidmum. 
The pH of the effluent will rarely exceed 5.0, but proper aeration of the effluent to 
drive off COa will result in pH 7.0 or higher. 

Limestone beds are ideally suited to the neutralization of kydroMoric and mine 
acids when the quantities are not too great. When large quantities are to be handled, 
the size of the bed approaches the point where special design is entailed to ensure 
propet distribution of the solution, or the flow must be split to multiple beds, The 
desigii problems are sumpuntahle, but the more complicated layouts can become very 
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Ibspenam Fk)w t?atea and acid concentration of the feed will vary inversely, and 
Inanfficiei^ data have been reported to establish their true relationship for var^dng 
li^thfr of hed. It can be said, however, that passage of 2 gpm per sq ft of bed area 
of S per cent nitiio or hydrochloric acid through a bed of limestone will yield 
satisfactory neutralization. Stronger acids may be neutralized in this manner, but 
d^heuities will be encountered with foaming. To determine the necessary design 
factors, it is much safer to carry out small-scale tests. 

The neutralization of sulfuric anid involves more severe limitations because of 
the low solubility of the resultaiit calcium sulfate. The upper limits of acid oomten-^ 
Ixations are 0.3 per cent II 2 SO 4 for high-calcium limestone and 0.5 per cent for dolo- 
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Fio. 26-2. Limestone bed performance. (TFarner Cam7>o-ny,) 

mitic. Above those strengths, the stone will become inactivated because of the 
deposition of calcium sulfate. If it is impractical to dilute the feed acid to the required 
concentration, another neutralizing agent should be selected. Figure 26-2 indicates 
flow rates and bed depths for 3^-in, lump dolomiiic limestone and 0,3 per cent sulfuric 
acid. These curves arc also indicative of re.siilts that can he obtained with high-cal¬ 
cium limestone at the lower arid strength, but hero again it will be safer to run tests 
with the actual acid and limestone that are concerned. 

Very occasionally, hydrofluoric acid may have to be disposed of by neutralization, 
t'he solubility of calcium fluoride is so low that the use of limestone for this purpose is 
impractical. Besides, the high toxicity of fluorides in general will usually preventi 
their disposition as water-borne wastes. The calcium flucuide should be precipitated 
with lime and removed as a sludge for disposal on a dumping ground. 
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Orgmit acids will lend themselves to netiiralisation in bods of limestone when the 
resultant calcium salts are relatively solulile. It should be remembered, however, 
that the BOD of the organic radical is unalbeted by neutrali^tfon and that it may 
still become an objectioixable waste. 

Oroand Limmion^. limitations imposed on the use of ground limestone for acid 
neutralization are rather severe, although it will find application in certain cases. 
These are confined to situations where the required limestone feed rate can be la-e- 
determined. Control of the feed by means of a pH instrument is not feasible for two 
reasons: the reaction time is too long, and the lack of active alkali plus the formation 
of 00 2 limit the pH rise. With dilute acids and with a limestone ground to pass a 
20 -mesh screen, reaction times of 30 to 60 min are required when the theoretical 
quantity of high-calcium limestone is used. Dolomitic limestones react so slowly 
that their \ise in the ground form is rarely worth consideration. In cases where the 
quantity of the discharged acid can be controlled, the use of ground limestone is 
practical. The material in the screen size mentioned will handle and feed with ease 
provided the moisture content is below 1 per cent. It can be Stored in silos or bins 
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Fiu. 26^. Limestone reaction rates. 

without hanging up or becoming caked, and it is easily removed with a screw conveyor 
or other type of feeder. In finer sizes, ho^vever, it loses this characteristic and 
approaches hydrated lime in difficulty of handling. Facilities for retaining the acid- 
limestone mixture in a well-agitated state for at least 30 min should be provided^ 
This may take the form of an agitated tank or tanks, a series of baffled flumes, or, 
where conditions permit, a sewer line at the proper slope and long enough to satisfy 
the retention requirements. Retention time may be shortened materially by uti¬ 
lizing an excess of stone, but this usually calls for the addition of facilities for the 
removal of the unrcacted material. One should not forget that sulfuric acid requires 
dilution to 0.3 per cent before successful neutralization can be accomplished with 
limestone. Figure 26-3 shows reaction-rate curves for three different ground lime¬ 
stones. Tlie stones were used in laboratory tests to neutralize mixed acid com 
taming approximately 3,000 ppm HjSO* and 2,600 ppm HNO*. It is obvious that 
sample C was superior in reaction rate to B and D. The curves emphasize the 
importancp of emall*scalo tests with the actual materials to be used in the plant. 

Hydralfid Jaimes arui QuivklimeB. Tliese materials are considered under a common 
h(‘ading since the chemicai form in which they are used for neutralization is the same. 
Qiiicklimcs must be properly hydrated before use. Quicklime should be considered 
winmever the neutralizing job is of sufficient magnitude to warrant the expense of 
slaking equipment and the operation of it. Quicklimes have higher neutraliiung 
values than their corresponding hydrates to the extent of about 28 per c^t for high- 
calcium and 14 per cent for dolomitk <see Table 2&-3). 
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Table 36-S 

' = ' ^OtwivaZ^ca fftSQ<, 

KiiMd i^perU 

B^^b-oAkaum fimestone,. 0.9S 

Doiomitio limestone. 1-00 

BicbHmleiiim hydimte. ...1.20 

Dobmitic bydrste... 1.63 

B^-eslmum quiokliine. 1.68 

Dymnitie quiddime. 1.80 

Csldum oxide <100%). 1.78 


Ddftrered costs of quicklimes and hydrates in bulk are about the same per net ton. 
An adyazitage for quicklime is that bulk shipments are common, while hydrate is 
usually shipped in bags at a premium of about $1 per ton. Quicklime is more danger¬ 
ous to handle than hydrate since it must be kept dry, and serious bums to the skin can 
occur if carelessness in handling is permitted. With the use of proper equipment for 
unloading and storing, however, these dangers are overcome, and the quicklime will 
generally store and handle better than hydrate. 

The big advantage in the use of hydrated lime (purchased as such or prepared 
from quicklime) is that the alkali content is very active and is adapted to the use of 



Time in Minutes 

Flu. 26-4. lleaction rates of lime. 

pH-control equipment. In the usual neutralization problem, high-calcium lime will 
react completely in 1 to 2 min, while the dolomitic variety requires 6 to 10 min depend¬ 
ing on the conditions under which it was calcined. Some authorities claim that shaft- 
kiln lime will react more slowly than that from a rotary kiln. The difference is not 
great, however. The curves in Fig. 26-4 indicate the reaction rates which may be 
expected with hydrated limes. Curve A represents a typical high-calcium lime; B, 
a dolomitic hydrate; and C, a dolomitic lime hydrated under 30 psi pressure. For 
the latter material it is claimed that the magnesium is completely hydrated. The 
tests supplying data for these curves were made with dilute acid containing 2,000 
ppm Hs^4. 

Ill general, hydrated lime will successfully neutralize acids at any reasonable con¬ 
centration, and the pH of the resulting mixture can be controlled with automatic 
equipment. In some eases, particularly with sulfuric acid, heat is developed from 
tlm reaction and from the diluting effect of the added water. If the acid is too strong, 
the heat may be sufficient to dry out the reaction mixture until it becomes solid. 
This problem does not usually arise since acids of that strength can be recovered 
economically. Obviously, if the reaction products are not soluble, arrangements to 
separate and dispose of the solid matter will have to be made. 

Figure 25-5 indleates equipment that will work satisfactorily where quicklime is 
to be used for acid neutralization. The quicklime in ground or pebble form is stored 
m a hopper or silo of either concrete or steel and is fed to the slaker at a constant 
rate by means of one of several types of feeder. Several types of lime slakers are 
made, and any of them sold by a reputable manufacturer wiU be all right provided 
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tiofi’txf the initial mixture M the proper water ratio for a su^ctei iimeasMifat 
a aoitabk tonpcaature (95 to 98*tl) to obtam oomplete hydratioh. A dihiting 
partmmt is usually provided in which the thick sluny is thinned to a eolids ottoent 
of 10 to 15 per cent for actual use. In cases where the demand, is variable, it is jaieoea- 
aary to provide intermediate aluity storage which can be utilized as a feed tank. 
The lime feeder and water valves to the skker can be turned on and off eleetri^l^ as 
needed by high- and low-level contacts in the slurry tank. The slurry is chained to 
the neuti^izii^ tank by means of a centrifugal pump and a recirculating line. Bear- 
culatinn of the slurry is required because of the necessity for maintaining a high 
velocity in the supply line to the control valve (at>10aBt 5 fps) to prevent stoppage. 
The control valve is regulated from a pH recorder controller, the electrodes of which 
may be suspended directly in the liquid in the mixing tank or installed in a chamber 
through which a portion of the overflow water passes. Several oompanies manufac¬ 
ture reliable pH-control instruments, but it is necessary to make sure that the contocl 
valve is of a type approved by the instrument supplier. The acid solution and Hme 
slurry are introduced in separate streams to the downcomer of the neutralisation 
tank. This tank is agitated by means of a sweep-type agitator and is equipped with 



baffles for turbulence. The volume of retained liquor is determined by the factors 
mentioned previously. 

Color Improvement. If the effluent from a plant is sufficiently colored to affect 
the receiving waters adversely, the source should be determined and appropriate steps 
taken to correct the condition. Textile millB and dye plants are moat frequently 
troubled by this problem, although taiinerica, sulfite pulp mills, and some other indus¬ 
tries must cope with it. The nature of the color will, of course, determine the steps 
which must be taken to remove or to destroy it. If the material is present as B<did 
particles, means for settling it out or of precipitating and removing it must be devised. 
If it is in solution, as is usually the case, it must be absorbed, or its chemical composi¬ 
tion must be altered in such a way tliat it is no longer noticeable. Sometimes simple 
adjustment of the pH prior to discharge wdl improve the situation since some dyes 
act as indicators. 

The most positive approach will involve some form of chemical treatment either 
to reduce or oxidize the compound responsible for the color. The more common 
reducing agents such as SO 2 and the sulfttes should be tried as well as acidification of 
the solution followed by the addition of metallic iron. The usual oxidizing agents 
consist of the dichromates, permanganates, hypochlorites, or liquid chlorine. The 
latter will be the most economical from the chemical-cost standpoint, although special 
precautions are necessary in handling it. If the color is due to a soluble sodium salt, 
it can frequently be converted to an insoluble compound, by addifieatkon followed by 
treatment with lime or some oth^ alkali metal. 

Floating Oils. Difficulty from floating oils can usually be overcome by the appli¬ 
cation of preventive measures at the equipment or process that eonti^utes the.eon- 
taminant^ If the contamination oannot be prevented by reasonable means, the ^ 
bearing effluent ahould be isolated at the point where .the smallest possible votone w^l 
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reqttke treatmeat. Once the otl has been mixed with the effluent water, the best 
method for separating it is to pass the effluent through a suitable oil seiuirator where 
the liqiuid Is fetiu&ed at a low velocity such that the oil will rise to the snrfapo where 
it can be removed by skimming. Formulas for optimum design of oil separators for 
use in the petroleum industry have been worked out (see Fig. 2M).' These data as 
well as other valuable information are available in pamphlet form.® A line sketeh of 
an,oil separator taken from the pamphlet appears in Fig. 26-7. 
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Fio. 20-6. API separator-desigu factors. 

Problems will arise where oil is present in an emulsified or thoroughly dispersed 
condition. Oil separators arc of no value in these cases unless steps are taken to 
''break " the emulsion beforehand. This cannot be accomplished by the same method 
in cA’^ery ease, but since the particles of oil are surrounded by a colloidal film containing 
an electrical charge, the job is one of neutralizing the oharge or altering the nature of 
the film so that the oil particles will Coalesce, ^meiimes this may be accomplished 
by changing the pH of the water, by heating, or by the use of a coagulant. A labora¬ 
tory investigation of the problem is essential. 

Reduction of Biochemical Oxygen Demand. Biochemical oxygen demand (BOD) 
of an industrial waste can be due to organic matter in suspension and in solution. 
Mutual in suspension should be remov^ by methods discussed on pp. 1594 to 1595. 
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Fiu. 26-7. Design of typicul refijiery separator. 

Organic matter in solutiaii requires trcmtment somewhat outside the usual experience 
of the chemical engineer. It is in the field of BOD reduction or destruction that a 
great deal of investigation is needed. 

Some idea of the extent of the poUution created by various organic compounds can 
he gained from Table 26-4. The BOD values were determined in industrial hibora- 
iories during routine testing of plant effluents. Industries such as dyeing, beet-sugar 
extracting, canning, wood pulping, tanning, packing, and distilling are examples of 
those producing wastes characterised b 3 '’high BOD values. 

Perhaps the outstanding development in the ijidustrial-waste-treatment has 
been the adaptation of the trickling filter to the reduction of BOD content of industrial 
effluents. The trirkling fiHier and its variant, the biofilter, were first applied to the 
purification of clarified sewage in which the BOD is present in solution and in the form 
of finely di^^ded or colloidally dispersed particles of organic matter. Application of 
this principle has been widely used in the treatment of milk wastes aiid certain ivastes 
from distilleries. At least one commercial biofiltcr is working satisfactorily in this 
country in the treatment of organic wastes from the manufacture of viscose rayon. 
The Dow Chemical Company at Midland, Michigan, has a battery of four trick¬ 
ling filters operating for several years in the destruction of phenols in ceriAin of 
their waste waters. R(?sults of laboratory and semi works scale tests indicate that 


Table 26-4. BOD of Pure CompoUndB 


CompouDcl 

Lb BQD per lb 

Cotnpouad 

Lb BOt) per lb 


6.82 

Sodium fbrniate.......... .' 

0;04 

Ethyl alcohol. 

1.00 

Acetoaev. _____... 

0.# 

«-Propyl alcohol. . 

0.47 

Ethyl acetate..... .. 

0.86 

Isobutyi alcohol............ i... 

0.07 

Dibutyl phthalate,........ . .., 

0.43 

Pormic acid. 

0.19 

Butyl alcohot..... ^i;!..". 

2,64 

Acetic acid.. . 

0 88 

Phthalie ^hydride!...... .. -.: . 


Methacryliic acid ................ 

0.89 

CtwnatarBh-S'• .-.y- 


Methyl iU(eihaco'’lata.. 

0.14 

Qaaein..,..... . ■■■■•■ *;.•'; • 

0,08 

Caiciiim acetate......... 

Ecrintoiihide 

0-43 

0.00 

delailn,!.......,....... ^' - 
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many piroNema involving oiigaiiie rontAiniiiation can be succesE^ully notved by 
use 0t trickling filters or biofilters. The latter will doubtless find wider applicatioa 
because nf th^ abiUty to withstand ‘'shock” loads as well as their greater fiexibiUty 
in hperation at variable flow ratos. 

A trickling filter is a Ijcd of stone placed erver a large surface composed of drainage 
tile Qf other liquid-collecting system. The stone is usually sized from 2 to 4 in. and 
aheuld be of a variety that frartiires unevenly. The underdrain system can be one 
composed of special tile members, or it can be a simple grid system for suspending 
the stohe Over a drainage spare which is properly slop^ to collect the liquid at a suit¬ 
able point for discharge to a settling basin. The stone is built up to a depth of fl to 
fi ft and is surrounded by a wall or enclosure of wood, cement block, or concrete. The 
retaining wall can be eliminated by allowing the stone around the outer edge to seek 
its normal angle of repose. This naturally rails for greater bottom dimensions for the 
filter, and a larger quantity of stone must be used. The shape of the bed in plan may 
be square, rectangular, or round. Fixed or stationary distributors are used for square 
and rectangular filters, while rotary distributors arc used with round filters. Round 
filters are usually installed in modem designs. 



The biofilter is a shallow trickling filter, and the details of construction are prac¬ 
tically the same for each except that the depth of stone in the biofiiter is held to 3 or 
4 ft. In operation, the liquid is recirculated over the filter by means of pumps in 
varying amoimts depending on the degree of reduction of BOD desired. The quantity 
of recirculated liquid will vaiy from one to ten times the volume of the feed. The 
sewage or waste being applied to the filter must be settled prior to application to 
avoid clogging of the interstices between the stones. Final settling of the filter 
discharge is also required, and if more than one filter is used in series, intermediate 
settling may be required. A line sketch of one type of biofilter installation is shown 
by Fig, 26-8. Several variations of equipment placement and recirculation practices 
Such as parallel, series, and series-parallel are possible. 

Trickling filters are operated on a once-through basis of the liquid being tr^ted. 
The application rate for sanitary sewage and for organic wastes of comparable strength 
is usually set at 2 million gallons per acre per day, or about 45 gal per sq ft per day. 
At this rate^ the BOD load with normal sewage will be 0.5 to 0.8 lb per cu yd of stone 
per day. Biofilters are designed for application rates as high as 30 million gallons per 
acre per day with BOD loadings up to 4.0 lb per cu yd per day. Owing to the low 
rate of application to trickling filters, the action is intermittent with alternating periods 
of wetting and drying of the film on the stones. With the biofilter, however, the 
object of the high application rate is to approach as nearly as possible oontmuous 
wetting. With rotary distributors, a short period of nonapplication between wettings 
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’IW fuiM:1i«»Ets of ikm fiit^&re <1) to pi^vido a nsediutti ii|Km wMoh Ibse 
bacteda can and multiply; (2) to enipply' oxygen for use of the bacteria in olida^ 
tion of org^c matter; 9 ^ (3) to provide ample food for the bacteria contiiiuously. 
The bacteria are present in raw and settled sewage^ and it is neiMsssary only to provide 
them with auitable conditions to carry out their functions.' The bacteria ests^ish 
themselvea on the surface of the stone in the form of slimy growthsi Air is'drawn 
up through the bed by natural draft, and the applied liquor passes clownwardr^i^ead- 
ing in a thin him over the surfaces of the stone, thereby coming into intunate contact 
with the slimes. The phenomena hy which the oigehic; matter in sewage is destroyed 
in passing through a biological filter are not definitely understood, but the nature of 
the process hss been variously described as rolloidal precipitation, absorption, and 
chang^es in surface tension. It is certain, however, that one function of the bsetmia 
is to utilise the oxygen from the air in converting the complicated organic compounds 
into the simple end produrts, carbon dioxide and water. A portion of the ammoniar 
and other nitrogen compounds end up as nitrates, nitrites, and free nitrogen, there 
is evidence to indicate that certain bacteria utilise organic nitrogen as a source of 
energy since a disappearance occurs as the sewage is treated. 

Many organic compounds found in industrial wastes can be treated siiccessftiUy 
for BOD reduction on trickling filters or biofilters. Most of the compounds listed 
in Table 26-4 have been treated on experimental filter units with BOD reductions of 
70 to 75 per cent in moat cases. In fact, any organic compound on which a successful 
BOD analysis can be carried D\it should lend itself to biological treatment. If the 
waste Organics originate in chemical processes, they will probably be ‘‘sterile/* and 
inoculation with sewage prior to biotreatment will be required. 

In a short time after a biological filter has been put into operation, a '^sloughing^* 
or "unloading*’ of the slime growth occurs. In a trickling filter this action usually 
takes place intermittently, but in a biofilter it is practically continuous. This 
"sloughed" material contains a portion of the BOD which has been removed from’the 
liquid as well as excess bacterial colonies. It is necessary, therefore, for this matmal 
to be removed from the filter effluent before it can be discharged to the receiving water. 
It is customary in sewage-treatment practice to settle out tlie slimes and pump them 
back to the primary sedimentation tank from w^hich they are removed to the digestion 
tank. The sludge undergoes digestion under anaerobic conditions and is finally 
discarded as a dry solid after treatment on the sludge beds. In biological treatment 
of industrial wastes, final sedimentation and sludge digestion must be provided even 
though preliminarj^ settling ahead of the biological filter is not required. 

Disposal of Cyanides. The disposal of cyanide wastes is a problem largely con¬ 
fined to the metals industry, although it does exist in the coke industry and in some 
strictly chemical operations. The metal-plating industry uses the cyanides of copper, 
nickel, and zinc along with the alkali cyanides of sodium and potassium. The wastes 
are produced in two forms: spent plating or Jbeat-treating bath and dilute wastes from 
the wash tanks. If disposal of the cyanides as a water-borne waste is practiced, the 
concentration of the cyanide as NaCN should not exceed 0,25 ppm in the receiving 
waters. Special precautions must be taken to assure that rapid and complete miring 
with the receiving waters occurs so as to prevent the formation of zones of poUurion 
ivlikh will be lethal to fish and marine organisms. 

Strong wastes may be placed in disposal ponds for ground absorption aitd evapora¬ 
tion, but there is a real danger from contamination of underground W'ater supplies* 
Solid wastes can be sent to the dumping ground, but, there again, a hazard crista 
unless the dump is located in a place inaccessible to the public and where rain will 
not cany the soluble matter to a rtream. Ponding of dilute w^aates for several months 
win result in the disappearance of the cyanide radical as oridation anddecomposatioii 
take place. The hott^ims of such ponds should be sealed so that leakage doea Hot 
occur. 

Treatment of a cyanide solution with fenous sulfate results in the formation of a 
coiresponding ferrocyanide which lacks the lethal properties of the straight cyanide, 

im 
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Hke fenrocyaiKiilea are generally highly colored salts and may cause comidaiiits when 
discharged without furth^ treatment to a receiving water. Unless a large excess 
nl Iottoub sulfate (500 to 600 per cent) is used, the resulting solution will not be com¬ 
pletely free of cyanides. When molecular equivalents are used, the cyanide will not 
be reduced much below 50 ppm. The ferrous sulfate method should be used only 
under conditions where receiving-water quality is not critical. 

Most cyanides will convert to hydrogen cyanide (IICN), one of the most lethal of 
gaseSf on being aeidified with a mineral arid. This chemical reaction is used to advan¬ 
tage in one method of disposing of waste cyanide plating solutions. The wastes are 
placed in an acidproof tank, covered, and made airtight except for an exhaust stack. 
Air is forced through the liquid through perforated pipes laid on the bottom of the 
tanlL Strong suKuiic arid (60 or 66^B6) is charged to the tank through an overhead 
pipe after the solution to be treated has been run in. The rate of arid addition con¬ 
trols the evolution of the HCN gas, and the air agitation ansists in driving it out of 
solution. The stack discharges the air-HCN mixture at a height sufficient to prevent 
toxic mixtures from reaching the ground. An indiirtion fsii discharges to the base 
of the stack to provide positive draft and additional dilution. This method is unsafe 
in congested areas, and the rate of acid addition must be rarefully calculated and 
controlled. 

The lime-sulfur method is frequently uldwed for the treatment of strong cyanide 
solutions and waste cyanide solids from heat-treating instnllaUnns. The solution is 
heated by steam and held at a temperature of about 60'^C while eoinmerrml lime-sulfur 
solution is slowly added with continuous agitation. A yellow precipitate is first 
formed, and the end of the reaction is indicated by a permanent orange-red color. 
The precipitate can be settled and removed for disposal to a dumping ground. The 
supernatant liquor should be allowed to learh into the ground at a suitable location 
6r discharge to the receiving water at a low rate, providetl the volume is not too great. 

Cyanides can bo converted to cyaiiates by treatment with sodium or calcium 
hypPchlorite. The alkali cyanates are relatively harmless to fish and will not revert tn 
cyanides in the receiving waters. The metal cyanates are no more toxic than other 
compounds of the same metal. In using the hypochlorite-treatment method, care 
must be taken to maintain sufficient alkalinity to prevent the formation of the toxic 
gas, cyanogen chloride. It is customary to use a molecular equivalent of free alkali 
for each mol of cyanide calculated as NaCN. Oxidation of the cyanide to cyanate 
is the most positive method for the destruction of its toxic properties, and there arc 
usually no remaining products requiring special treatment except copper or nickel 
under some conditions. 

The Wallace & Tiemen Company has perfected a method for oxidizing cyanides 
which is a further development of the method just described. ® According to unofficial 
reports, the process involves chlorination of the cyanide-bearing solution by means of 
a standard chlorinator with precautions taken to keep the pH of the resulting mixture 
above 8.5 at all times. The use of hypochlorite or chlorine will find particular appli¬ 
cation in the treatment of wash waters and other dilute wastes. 
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HEAT TRANSFER* 

BY Warren M. Rohsenow, D. Eng. 

Aaiidant Professor of Mechanical Engineering^ MassackiLsetts Institute of Teclindogy 

Th(»re are in general three kinds of heat transfer: conduction, convection, and 
radiation. 

Condutiion is the transmission of heat by molecular vibrations from one pa^ of a 
body to another part of the same body or from one body ip another body in physical 
contact with it, without appreciable displacement of the particles of the body. 

Convection is the transmission of heat from one point to another within a gas or a 
liquid by the mixing or circulation of the fluid. If the fluid is circulated by the action 
of gravity due to differences of density of the hotter and colder portions of the fluid, 
the process is called '‘natural convection if the fluid is circulated by a pump, blower, 
or other mechanical means, the process is called "forced convection." 

Radiation is the transmission of heat in the form of electromagnetic waves. All 
Imdies give off heat in the form of radiant energy. AMien this radiant energy falls on 
another body, part of it is absorbed by the body, and part of it is reflected. The 
dlffermice between the amount of radiant energy whitdi a surface gives off and the 
amount it absorbs from other surrounding surfaces which it "sees" is the net heat 
transferred by radiation. 

In most cases the actual heat transfer is accomplished by more than one of these 
three types of heat transfer; however, in some cases the major part of the heat transfer 
is accomplished by one of the types, and the heat transferred by the other types 
may be neglected. For example, in the furnace cavity most of the heat transferred 
to the first row of boiler tubes is accomplished by radiation; in later tubes both convec¬ 
tion and radiation heat transfer must be considered; in the economizer and condenser 
conveci.tion heat transfer is most important. 

Most heat-transfer problem.s applied to a power plant are of a steady-state typ(^ 
The operating conditions, such as temperature and pressure, do not vary appreciably 
with time, and the rate of heat transfer from or to a particular surface is constant with 
time. We shall consider only this type of problem—une of steady-state operation. 

NOMENCLATURE 

A = area of heat-transfer surface, sq ft 
h = height of plate, ft 
C =» conductance, Btu/hr/sq ft/deg F 
cp specific heat at constant pressure, Dtu/lb/deg F 
D = pipe diameter, ft 
B pipe diameter, in. 

Dr = coil diameter, ft 
Fii ^ angle factor 

ffji! » factor relating angle factor and emissivity 
G « mass velocity, lb per hr per sq ft of cross section occupied by fluid 
g » 4.18 X 10^ ft per hr per hr 

hy hv «local individual film coefficient of heat transfer, Btu/hr/sq ft/deg F 
difference 

K » coefficient of heat transfer for scale deposit 
(hr -h hf) » combined coefficient of roiiductiou, convection, and radiation between 
surface and surroundings, 

* Supehiv numbeiB indlcHte Bpecific referenceB listed at the end of thia siibseetion. 

im 





" k * «mi4i|ctivity^ Btu/hr/sq ft/ynit ^empeMitfe 

per ft * 

L « length of pipe, ft ^ 

N ” ntttnber of tubes through whkh fluid flowe 
y -* mte of heat transfei-, Btu per hr , 

r B radius, ft 
t ^ temperature, deg F 

« oondensing temperature (d steam in a eondenser 
twi, tw 2 ^ inlet and outlet temp^mture of cooling water 
r ■* i + 460, temperature deg F ah^lute 
D » over-all coefficient of heat transfer, Btu/hr/sq ft/deg F 

V ™ avera^ velocity, volumetric rate of flow divided by cross section f^ted 

by fluid, ft/aec 

10 « mass rate of flow, lb per hr 
X ^ thickness of conductor or wall, It 

X » temperature rise of cold fluid -f- inlet temperature of hot fluid minus 
inlet temperature of cold fluid 

Y = factor that depends upon the surface arrangement of a heat exchanger 
Z » temperature fall of hot fluid ^ temperature rise of cold fluid 

e = emissivity of a surface 

r =* mass rate of flow: w/rD for vertical; w/L for horizontal tubes 

p « density, lb per cu ft 

tr B 0.1723 X 10~", fitefan-Boltzmann constant 

01 » temperature difference between hot fluid entering and colder fluid leaving 
02 temperature difference between hot fluid leaving and cold fluid entering 
p B viscosity at bulk temperature, lb per hr per ft « 2.42 times centipoise 
» viscosity of fluid at temperature of the wall 


CONDUCTION 

Flat Solid Wall. The rate of heat transfer through a flat solid wall of a single 
material is calculated from the equation 

ti - tt 


kA 


( 1 ) 


T 

4t 


Fig. 27-1. 
(D.l 


IBee £a. 


where k is called the thermal conductivity of the material and 
is a property of the kind of material and the average temper¬ 
ature of the material. It is the amount of heat transferred per 
hour through 1 sq ft area of a wall 1 ft thick with a 1°F temper¬ 
ature difference across the wall. Values of thermal conductivity 
fc for various materials are given in the next subsection, Heat- 
transfer Properties of Materials. 

Cylindrical Solid Wall. The rate of heat transfer through 

a^c 3 dindrical solid wall of length L is calculated from the 
equation 

• - ® 

where and ri are outside and inside radii in feet or 
inches, In is logarithm with base e. 

Composite WaU. A composite wall is one composed of 
a number of layers of different materials such as a building 
wall built up of layers of plaster, stone, and brick or an iron 
pipe covered with a layer of high-temperature insulation 
followed by a layer of 85 per cent magneria. For tiiese walls 
thermal conductance C of the wall is defined by and thp 
rate of heat transfer is calculated from the following equatmn: 





0) 
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HEAT THANSFER 


Vhei% and 4n are the inner laid outer surface temperatures of the composite 
wall* 

Fora flat wall comi»oBcd of (n — 1) layers of material; 

1 


{xa/Ha) + (ars/Afi) + (xc/kr) + 

I 2 3 4 5 — n 



rio. 27-3. [See Eq. (4).] 


where Xa and kA refer to the material layer A, etc. As many terms appear in the 
denominator of Eq. (4) as there are layers of different materials. 

Cylindrical Composite Wall. For a cylindrical wall composed of [n — 1) layers 
of material^ the product of suiface area times thermal conductance is 


In (fa/n) In (ra/ra) 
2wLkA 2irLkB 


(5) 



Fig. 27-4. [See Eq. (5).J 

The rate of heat transfer q through a flat composite wall is then calculated by sub¬ 
stituting the value of C from Eq. (4) in Eq. (3); for a cylindrical composite wall 
substitute the value of the product CA from Eq. (5) into Eq. (3). 

COIfVECTION 

Wrhen a fluid flows parallel to a wall, the thin layer o£ fluid which is touching the 
surface clings to the wall and does not move. The fluid just next to this stagnant 
layer moves in sheds parallel to the wall; this is called the laminar layer. At the 



outer edges of the laminar layer the fluid in the transition zone tends to break away 
from its sheetlike formation to enter the turbulent region where it has extremely 
random motion. Heat transferred between the surface and the main stream must 

16 (^ 


cqmucTmN mNvspTWN . m 

be tmnjrferrcd tbeee vftrjmifl byeiv;. Heitt 1$ tiajcip^c^ by^ eoad«iis^i<m 

i^hrough tbe lanuaar. layer and by* conreciion thmagh tbe traasitidii aone. 
laminair layer and transitioii. zone combined are kn<rwi], as the l&lm. 

Sinne it ie imprafrtieable to separate the effects of these twot types of heat trajasfer 
in this case, the rate of heat tinnier beta*een the surface at teihperature U and the 
main body of the fluid at temperature 1/ is calculated from the equation 

2 »Ai4 («.-«/) (6) 

which defines tlie film coefficient of heat transfer h having the units Btu per hour per 
deg F temperatui’e difference per aqiiart^ foot of hcat-transfcr surface. Exact Values 
of this film coefficient are not known in many eases, but empirical equations based on 
experimental results for the more common cases are given under the heading Film 
Coefficients, this Section, page 1613. 

CONDUCTION AND CONVECTION 

An important case of heat transfer is that from a hot fluid on oiie side of a solid 
wall to a cooler fluid on the other side. The wrall may be a cylindrical or a flat wall 
of a single material or composite wall of layers of different materials. The rate of 
heat transfer is calculated from the equation 

q = UA(tk — fr) (7) 

where h and tr are the temperatures of the hot and the cold fluids, respectively. 

Flat Composite Wall. Equation (7) is used to calculate the rate of heat transfer 
from a hot fluid succeasivcly through the hot-side film, layers of solid material of the 
wall, and the cold-side film to the cold fluid. For this case 17 of Eq. (7) is 


(l/hh) + (rx/frii) + + + (lAc) 


( 8 ) 


where hk and hr are the hot- and cold-sidc film coefficients of heat transfer, and the 
other terms are as defined in Eq. (4). 




Cylindrical Composite Wall. Equation (7) is also used to calculate the rate of 
heat transfer from a hot to a cold fluid through a composite cylindrical pipe walk 
For this case the product of Eq. (7) is 


UA 


I . In (r',/ri) In (ra/r,) . _ . * 1 

2irriLhk 2rUsA 2wLhB 2irrJMg 


■(9) 
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Twifetslsf^ Scanetees^ it is neceBsaiy to know tine temperature oC t^e 
imuer mid outer {aoes of tke wall and also the temperature at the interface between 
layers ol different materialB within the wall. When these temperatures cajmot be 
measured oonveniently, they may be estimated by caloulatjon. Conidder the flat 
eompoeite wall eliorwn in Fig, 27-6, The rate of heat transfer q through the wall is 
oalcuhkted from Eq. (7) and (8). lu the case of steady-state heat transfer the rates 
of heat transfer thmugh the Mms and through each layer of material of the wall are 
all equal and given by this value of q. The rate of heat transfer through the fflms is 
given by Eq. (6) and through each layer of the composite wall by Eq. (1). The 
temperature of the hot and cold fluids may be measured; and values of film coefficients 
hk and ht may be found under the heading Film Coefficients, this section, page 1613, 
Thermal conductivity and ks may be found in Sec. 27, Heat-transfer IVoperties of 
MaterialSi page 1618. Then the surface temperatures ti and may be csJculated from 

Eq. (6). 

h - U ^ q/khA 
fn ” fc ** qfkcA 

and the interface temperatures may be calculated by successively using Eq, (1). 
Since ti is now known, calculate fs from 

- fa = iqxA)/kAA 

Since fa is now known, calculate fi from 

f* — f» * {qxB)/kBA 

This process may be continued until all interface temperatures are known. 

RADIATION 

The net rate of heat transferred by radiation from one surfare to another separated 
by a vacuum or a gas which is transparent to the radiation is calculated from the 
equation 

q - - Ti*) ( 10 ) 


^E7 


Fio 27-8. ISeeEq. (lO).l 

where Ai is the area of surface 1. The factor £Fiz is calculated from the equation 


+ r !(^"0 


where ce and ej are omissivities of the two surfaces, and Ai and arc areas of the two 
surfaces. The emissivity c of a surface depends upon the character of the surface and 
temperature of the surface. Values of emissivity for various surfaces are tabulated 
in the neict subsection, Heat-transfer Properties of Materials. The angle factor Fn 
depends Upon the size, shape, and arrangement of the two surfaces exchanging heat 
by radiation. The value of is not known for all surface arrangements and shapes. 
It has be^ evaluated for only a few of the more common ones. 

An^e Factor, Surfac/cs for which Fis « 1.00:^ 

1. A small flat surfare radiating tq a wall which forms a large hemisphere 

2. Concentric spheres or long concentric cylinders such as long pipes 
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BEAT rBANSFER 



ProblemH of furnace design involve radiation of gases, flames, and eloiuls. A 
detailed study of these problems is found in McjAdains.^ 

CONVECTION AND RADIATION 

Heat transfer by convection and radiation occur at the same time from a given 
surface. Usually one has the greater effect, and the other may he neglected. In 
Borne cases, as in heat transfer from bare and insulated pipes, the convection and 
radiation are of the same order of magnitude. Then it is convenient to use a combined 
convection and radiation coefficient (/iv + K). The rate of heat transfer becomes 

q = {K + hr)A{L ^ if) (12) 

where ht is defined by Eq. (6) and is determined from experimental data given under 
the heading Film Coefficient, and hr is determined by qr calculated from Eqs. (10) and 
(11) from 


hr 


A{U-if) 


(13) 


where U and t/ are iempieratures of the surface and surrounding fluid, respeetively. 

For certain special cases, values of the combined coefficient (/i, + K) are given also 
under Film Coefficients. 


2 HEAT EXCHANGERS 

The equation for calculating the rate of heat transfer in a beat exchanger is 


YUA 


fit -Oi 
In {Bi/Bi) 


(14) 


This equation assumes constant U, constant specific heats of the two fluids, con¬ 
stant rates of flow, no changes in phase, and negligible heat loss to the atmosphere. 
The product UA is^valuated as in Eqs. (8) or (0) 

Factor Y ; For a pure counterflow heat exchanger, F * 1. For various multipass 
and crossflow heat exchangers, Y is determined from Figs. 27-12 and 27-13. 

ifil2 





Fim commmm 




Staun CondoiKr. a aieiam BOD^eoNsr ima ia a eondeiHiiDK vi$i^ aivi 
f^6 otbai* ifl a bi^md tliat does not change phase. The ntilnS of heat, transfei!' is nal- 
Dulatodlrom 


" l(f, ^ ^ ^ 

For condmser tubes with OQolmg water inside the tubcs^ the value for in the above 
equation le 

“ ' • , ■ '*“> 

2firT\Lhc 2irT\Lh, 2rrJjhh 

H 

where hg is the coefficient of heat transfer for the scale deposit in the tubes. 

A valuable graphical method of interpreting the results of tests on surface con¬ 
densers, proposed by E, E. Wilson,® consists in plotting (l/Af/y vs. (1/F)’* and 



iiHiiaaBi 




._ll■■l■l1 


imm 






kiiimi 

liiiiiiwiini 


0 OZ 04 06 oa fO 0 OZ 0.4 06 06 10 

Fig 27-12. Fartor Y in reversed-current heat exchangers (shell side well mixed at a given 
cross section), (A) 1 shell pass and 2, 4, G, etc , tube passes, {B) 2 shell passes and 4, 6, 12, 
etc , tube passes, (C) 3 shell passes, and 6, 12, 18, etc , tube passes, (D) 4 shell passes, and 
8, IG, 24, etc , tube passes; (Fj 6 shell passes, and 12, 24, 36, etc , tube passes; (F) 1 shell 
pass, and 3, 6, 9, etc., tube passes. [See McAdams (1), page 146.] 

drawing the best straight line. 'When the condenser tubes are cleaned of scale deposit, 
the value of IfAU at l/F®* * 0 is the sum of the heat-transfer resistance of the 
condensing vapor and the tube wall. For later tests, when scale deposit has formed^ 
the straight line will be higher on the curve sheet. The difference between l/AU 
for the “clean’* and the “dirty“ condition at 1/F®* = 0 measures the amount of 
scale formed and may be used as an indicator for the necessity of cleaning the con¬ 
denser tubes. 

FILM COEFFICIENTS 

The value of the film coefficients depends upon two kinds of properties—physic^ 
properties of the materials, such as thermal eonductiviiy, viscoflaiy, specific heat, and 
density, and geometrical properties, such as shape and arrangement of heating surface 
and velocity Of ffow across the surface. T%e problem of prediction of film ooeil^ients 
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ilseJl into du«e velocity mrges. In the hij^-vclocity f&nie ^irMenf flm 
iimtHM art deecnhed in Fig. 27-5. As the vdbcity je decreasi^ the leJidnaT layw 
increaeert until the entire tube stream flows in a laminar flow. A further reduc^ticm 
in velocity to near zero causes naiwal eonvecUon currents to govern the predictaon of 
fihn ooeffieients. 



■i 

Type I Type K TypeL 


h 

PiG. 27-13, Factor Y in cross-flow heat exchangers: [G) cross flow, both fluids unmixed, 

1 tube pass; (FO cross flow, shell fluid mixed, 1 tube pass; (7) cross flow, shell fluid mixed, 

2 tube passes—shell flow flows across second and first passes in series; (J) cross flow, shell 
fluid mixed, 2 tube passes—shell fluid flows over first and second passes in series; (JT) cross 
flow, (drip type), 2 horisontal passes with U-bend connection (trombone type); (I) cross 
flow, (drip type), helical coils with 2 turns. fSee McAdams (1), page 147.] 

Turbulent Flow. Most applications met in practice are forced flow of gaass or 
Utitiids in turbulent flow. An empirical equation correlating the heating of gases and 
liquids inside horizontal pipes w^hen Ke > 4,000 is 

Nu = 0.023 (Re) (Pr)®« (16) 

where the dimensionleBB numbers are 

Nu » NuHrtelt number -• hD/k 
Re » Reynolds number * IjO/im 
Pr Frandtl number ** Cj^/k 

The foUowing mmpUfied equatioiiB for specific eases mre deduced fxom Bq, (16): 
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h - d(l24le^^V(i)'>»‘*i '<i«a3' 

Torbuleiii l|oW of water inside clean straight tubes: 

h - 160(1 + 0.015e)fV^ V(I>')*^l €W 

Turbulent flow in coiled pij^: 

Multiply h for straight pipes by the factor 

1 + 3.5(i)/Dc) 

Turbulent gas flow normal to a bank of staggered tubes; 

DG/^ > 1,000 

h -0.36lr^V(f>')"*J <i6c) 

Turbulent water flow normal to a bank of staggered tubes: 

h - 370(1 + 0.0067e/) [V^ */(D') “ *] (KkO 

For tubes in line use 75 per cent of the value of h determined from Kqs. (16c) and (16d); 
for baffled exchanger use 00 per cent of the values above for unbaffled exchangers. 

Streamline Flow. Streamline flow is encountered in the flow of viscous liquids, 
surh as oils, at values of DG/ti < 2,100. 

The coefflcient of heat transfer is calculated from the equation 

hDJk - 2.0(uk^/A;L)(17) 

Natural Convection. C^efflcients of heat transfer by natural convection from sur¬ 
faces to air arc given by the following equatmns nhere ^ is the temperature difiteronce 
between the surface and the surrounding air: 

Horizontal plates facing upward: 

A - O.SSCAf)®*" (ISo) 

Horizontal plates facing downward: 

h « 0.2<Af)“ « (186) 

Vertical plates more than 1 ft high: 

A = 027(A«)«» (18c) 

Vertical plates less than 1 ft high: 

h = 0.28(Af/b)““ (18d) 

Vertical pipe more than 1 ft liigh and horizontal pipe: 

h «0.27(A<//))"»‘ (18c) 

Condensing Vapors. When a pure vapor condenses on a tube, the condensate 
wets the tube resulting in ^'film-type” condensation. If the condensate flows in 
streamline motion {iT/it, < 2,100), the following equations may be used: 

Horizontal tubes: 

k - 0.76(fcVl7/»*/r)^4 ClSa) 

Vertical tubes: 

h - 0.93(it»pVM/r)H (19ft) 

These values are for pure vapors. If noncondensablc gases such as air arc present, 
the values are lower than those calculated from Eqs. (19a) and (196). Hen«% it is 
essential to vent vajjor-heated apparatus. 

When steam is condensing the addition of small traces of oleic acid or benzyl 
mercaptan prevents the formation of a film of the condensate on the surface and 
induces a ^'dropwise” condensation resulting in h values that are three to four Mmes 
larger than those of ^'‘li}m-iype” condensation. 

Bofling Liquids. Liquids are usually evaporated by natural convection heat 
transfer from the surface of submerged^tubes which are heated internally ei^ier Ly 

tm5 ' 




HBAf TRjLN^EB 


eondensitig vapoia or by eleotridty. coefficient ol beat trfUisfer depends upon 
the hind of liquid boiling, the temperature di0erence between the surface and boiUng 
HquM (AQ, temperature of the boiling liquid, character and arrangement of heating 
surface, and agitation of boiling liquid. When a liquid is being evaporated at a given 
pressur^ the coefficient of heat transfer rises to a maximum value as the temperature 
difference between heating surface and boiling liquid is increased; beyond this critical 
temperature difference its value decreases. This effect for boiling water is shown in 
Fig, 27-14. It is noted that the critical temperature difference is about 40®F for water 
boiling at atmospheric pressure. 

20,000 

10,000 


5,000 
ti 4,000 


Fio. 27-14. Effect of Af and i on /i for boilinK water. 

Since q/A — h{M), the maxunum q/A occurs at a A/ greater than 40"F; for boiling 
water it occurs at about 45°r. If an electric heating element is used, it is essential 
that At be less than the critical value to prevent burning out the heating element or 
throwing the circuit breaker. 

Xembined Convection and Radiation. Values of (hv -h K) giv(‘n by Bailey and 
Lyell* for horizontal bare steel pipe in a room at 80°F are given in Tabic 27-1. 

Table 27-1. Values of (h„ -|- hr) 

(For lionEontal bare standard steel pipe in a roam 
at SO"!) 


Nomi¬ 

nal 

pipe 

diam, 

in 


1 

3 

S 

10 


For rotating rylindoni in aii Ilinleia gives values as in Table 27-2. 

Table 27-2. Values of (li. -f K) 

(For rotating oylinders in air) 


►Surfarp 

Velocity, V, fpa 

0 

20 

4D j 

no 

BO 

100 

Smontb polislieil copper 

Aough, dull, blaLlt-vamishcil 

0 47 

0 47 

1 97 
tl 49 1 

3 79 ! 
3.32 

3 14 

3 OK 

3 30 ’ 

4 60 

3 3S 

6 m 


Temperature differeiipp, 
to room 

dpg F, siirfare 

50 

lOfl 

200 

300 

400 

500 

BOO 

700 

2 20 

2 50 

3 00 

3 GO 

4 34 

5 16 

6 05 

G 98 

2 06 

2 25 

2 73 

3 31 

4 03 

4 85 

5 71 

6 66 

] 96 

2 16 

2 €1 

3 20 

3.90 




1 87 

2 07 

2 64 

i 

3.12 

3 84 
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For flat surfaces contacting air, ^ Lid 
as ill Table 27-3, 

For external surfa-ces multiply {hv + 


Table 27*3 

3uiitic$ i?i attU air An + 

CeniBnt pliwter finiRh - . . . . OB 

Concrate or pqrkboard. 1.3 

BrickworJc, alioot aubefitMi, or wood. 1.4 

Plate glaeu) or iiiatsiiOMia board. 1 5 


{Vniu, tUinoii iSuZil,, 1915) gives values 
by factors sliowu in Table 27-4. 

Table 27^ 


Air velcMsity, mph. 

S 

10 

16 

20 

Factor lor brickwork.. 

2.4 

. 3.0 

J.8 

4,2 

Facter for wood. 

1,2 

2.0 

2.S 

3.0 


Scale Deposits. ITeat-transfcr coeflicients for scale dL’jxiaita from water for 
use in Eq. (156) are givt'ii in Table 27-5- » 


Table 27-6. Heat-transfer Coefficients hn for Scale Deposits from Water* 


Temperature of heatiriK medium. 

Up to 240"F 

^ 240-40G“F 

Temperature of water. 

126-»F 

Above 12S®P 

Water velocity, fpR. 

3 and less 

Over 3 

3 and less 

Over S 

I^istillod water. 

2.000 

2,000 

2,000 

2,000 

Sea water. 

2,000 

2,000 

1,000 

1,000 

Treated boiler feed water. 

1,000 

2,000 

600 

1.000 

Treated make-up for coolinK tower . 

1,000 

1,000 

500 

500 

f'ity, well. Great Lakes. 

1,000 

1,(KM) 

.500 

500 

Brackish, clean river water . 

500 

1,000 

330 

500 

River wati*r, miKbly, ailtj f . 

330 

500 

2S0 

330 

Hard (over 15 ffraius/eal). 

330 

330 

200 

200 

f'liicago SnTiitary Canal . 

130 

170 

100 

130 


♦ FVom “Standard of Tubular Exebanj^er Maiiufacturern Asaoi'iation,’’ 1041. 
t Delaware, East River (Now York), Schuylkill, and New York Bay 


Nqtb; Additional values and information concerning film coefficients may be found in 
McAdams (Reference 1) and Stoever (Reference 3), 
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HEAT-TRANSFER PROPERTIES OF MATERIALS 

BY Lucien R. Vuney, B.S. 

iAMirant Professor of Mschanical Enffineeringj Massachusetts Institvie of Teckmlogj/ 

THERMAL CONDUCTIVITY 

Before an engineer attempts to use tabulated data on heat-transfer properties, he 
must realize that “test’' data and actual values in the field may vary to a great extent 
owing to changes within the material being used. The conditions of test and actual 
use must be compared and proper judgment used in selecting actual values of the 
various coefficients. 

Conductivity k may vary with each of the following items (see Table 27-6). 

Mean Temperature. 

Mean temp = (t hot side + i cold sidc)/2 

The conductivity k of noncrystallinc materials will increase with an increase of 
mean temperature (Fig. 27-15), while crystalline materials will show decreasing k 
within a certain temperature range, then reversing the curve and increasing conduc¬ 
tivity k as temperature increases. 



1000 2000 50 100 150 

Mmh Tiirip. 'R Denaily Lb. 


Fig. 27-16. Conductivity vs. Fig. 27-16. Conductivity vs. density, 
mean temperature. 



OensifyLb.Ft. * 


Fig. 27-17. Conductivity vs. density of loose inurganlc fibers. 

Density (lb-ft"“J. If the heat transfer through a given material is by conduction 
alone, the thermal conductivity will increase with increasing density (Fig. 27-16). 

In loose fibrous materials where internal radiation and/or convection may occur, 
the apparent k may increase with bwer densities as may he seen in Fig. 27-17. 
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Duly k incr^^ ^iik moistuise. Df the tneteE^ hut 

aliKi the heat^ransfer cDefhcieuta will vaxy an UBdetenuiDable amouQt Dwh^ to 
moisture vapor migratiou through the specimen (see Fig. 27*'1S)« 



Per Cent Moisture 

Fio. 27-18. Conduotivity o£ cork vs. per cent moisture. 

Pore Size. The conductivity of a material will decrease with a reduction of the 
size of closed pores; the limits of this reduction are not exactly known however. 
Experimental plastics with large closed pores and very low density have been found 
to have much higher k than the same material in a much smaller pore higher deneaty 
form. 


Table 27-6. Thermal Conductivity k of Miscellaneous Materials 


Material, class and description 

Density, 

lb-lt-> 

Mean 
temp, 
deg F 

Conductivity, 

Max 
safe 
temp, 
deg F 

Authnrityj 

BuUdins boards, slabs, blocks: 






Portland cement and asbestos, pressed., . .. 

123 

86 

0.23 

600 

1 

Asbestos millboard. 

60.5 

86 

0.07 

600 

1 

Gypsum, paper bound. 

63 

70 

0.11 

225 

3 

Fil^rboards. 

13-18 

70 

0.028-0.03 

225 

3, 4. 6 

Corkboarda. 

5-14 

90 

0.020-0.02B 

225 

1.6 

Cork, asphalt bound. 

14-16 

90 

0.027 

200 

1 

Wood shreds and eement. 

25-30 

75 

0.04-0.06 

225 

3, 4 

Glass wool, asphalt-enclosed. 

11 

80 

0.021 

200 

7 

Bock wool, asphalt binder. 

14-16 

77 

0.023-0.030 

200 

1. 7 

Expanded glass block. 

a 

80 

0.035 

300 

7 

Expanded rubber. 

5 

80 

0.018 

200 

7 

Dlanketo and bats; 






Wood fiber, paper-bound. 

3.6 

70 

0.020 

200 

3 

Eel grass, paper-bound. 

4 

go 

0.021 

200 

1 

Hair felt. 

8-13 

90 

t 0.024 

200 

Various 

Cotton fibers. ‘ 

0.5-1.0 

72 

0.020-0.030 

200 

VariQua 

Kapok. 

1.0 

90 

0.020 

200 

Yarinus 

Glass-wool blankets. 

1.0-3.0 

70 

0.01 


Various 

Book- or slag-wool blankets. 

15 

60 

0 027 

400 

6 

Redwood bark.! 

6.5 

60 

0.023 

250 

6, 7 

Blowing materials: 






Mineral wool.... | 

14 

90 

0.027 

500 

12 


14 

600 

0.050 

500 

12 

Miscellaneous loose mali^rials: 






Tsinipblack. 

3-15 

100 

0.013-0.030 

800 


Saniocelt. 

6 

100 j 

0.014 

600 


Masonry: 






Brick, common... 



0.42 


4 

Concrete: sand and gravel. 

142 

75 

1.5 


4 

Cinder. 

97 

76 

0.41 


4 

CeUuJar. 

40-90 

76 

0.08-0,40 


3, 4 

Yermiculite. 

20-50 

90 

0.06-0.10 


3 

Plaster* cement........ . 


. . « . « 

0.66 


2 

Gypsum and vermicuiitc. 

40 

75 

0.08 

.... 

3 

Gliuip ... . 



0.30-0.60 


12 
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Sec. Zri HBAT-TRAmFBR PROPBBTIES €P MATERIALS 


Ttdila 9T-C< Tbcrnial Conductivity k of MlocelUnoouo Msterialo (Coni.) 


MateriBl, class and deseiiptioD 


Wood (all dry): 
Kne (various).. 

Hemlock. 

Fir. 

Oak . 

Maple. 

Ksfractories; 
Fire-clay brick. 


Kaolin brick. 

Btlicon carbide brick. 
MaEneaite brick. 


B^i^-temperature insulators, “bricks" 
Kaolin brick. 


Raw dlatomacBaiiH-earth brick. 
"Blocks": 

Vermiculite base. 

Mineral-won] base. 


85 % mapiRsia 
Metals: 

Aluminuin... . 


Brass.... 
Cast iron. 


Copper, pure. 
Lead. 


Nickel. 
Steel.. . 


Admirality metal..., 
Bronse, commercial. 

Chrome alloys. 

Gases and liquids: 

Air. 


Oils: fuel and lubricating, 
Heat-transfer. 


Water. 


Deivsity. 

Ib-ft* 

Mean 
temp, 
deg F 

Coiiductivity, 

k* 

Max 
safe 
temp, 
deg F 

Au 

28-35 

76-90 

0.06-0.08 


4 

30 

76 

0.06 


4 

34 

75 

0.06 


4 

4B 

76 

0.10 


4 

45 

75 

0.09 


4 

120-130 

400 

0.58-0.68 


5 


800 

0.65-0.73 


5 


1200 

0.73-0.84 


5 


1500 

0.78-0.90 


5 


2000 

0.84-0.97 


5 


2400 

0.88-1.00 

2500 

5 

130 

400 

1.10 

2900 

S 

130 

2400 

1.64 

2900 

5 

150 

400 

1.76 

3200 

5 

150 

2400 

5.65 

3200 

6 

160 

400 

2.17 


6 

160 

2400 

1.05 


5 

26 

400 

0.07 

2500 

6 

26 

1600 

0.13 

2500 

6 

56 

800 

0.24 

2900 

6 

55 

2400 

0.37 

2900 

6 

133 

200 

O.OG 

1200 

5 

133 

1200 

0.08 

1200 

5 

] 18 6 

200 

0.05 

1200 

5 

118.5 

1200 

0.07 

1200 

5 

22 

200 

0.035 

lOOO 

5 

22 

800 

0.07 

1000 

5 


100-400 

0.039-0.046 

600 

12 


32 

117 


12 


572 

133 


12 


932 

155 


12 


32 

56 


12 


752 

67 


12 


32 

32 


12 


752 

25 


13 


32 

224 


12 


1112 

204 


12 


32 

20 


12 


672 

18 


12 


32 

36 


12 


572 

32 


12 


212 

26 


12 


1112 

21 


12 


86 

66 


12 



109 


12 


625 

14-19 


12 


-160 

0 009 


12 


32 

0.014 


12 


212 

O.DIB 


12 


-76 

0.009 


12 


32 

0.013 


12 


212 

0.019 


12 


70 

0.08-0.09 


12 


86 

0.077 


.12 


212 

0,075 


12 


, l»2 

0.032 


12 


212 

0.42 


12 


Autliorityf 


•fc - Etii-ft/(hr) (sq ft) ("F). 
t Authorities are list^ at the end of this subsection under Referencss. 
t Trade*nanie product of Monsanto Chemical Company. 
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Mbcture of MatcFiftlfi, The ^ of la material ie not always proportional to the ratio 
of it cpmponebts. A single example ijs given here, 
but each ease would have to be worked out inde- 
pendeniJy (Fig. 27-19) 

EMISSIVITY 

Total emissivity e, the second property, which 
is shown m Table 27-7, is in general very difiScult 
if not impossible to estimate by visual inspection 
of the surface This quality of a material may 
vaiy with the following items. 

Nature of Surface. In general, bright clean 
metal surfaces will have low emissivity (D.03 to 
0 10) at moderate temperatures, while nonmetaUie 
materials, such as W'ood, paper, cloth, pamts, etc , 
will have high emissivity (0 75 to 0 95) at the same 
temperature range 

Surface Treatment. The mechanical treat¬ 
ment or condition of a surface is vital to its reflective properties. Polishing will 
decrease the « of a surface, while any sort of roughening wiU increase emissivity. 

Chemical treatment or painting a surface even with an extremely thin translucent 
coating may greatlj" increase the emissivity of a metal surface at moderate temperature 
e values of treated surfaces are probably uncertain b> 10 to 30 per cent. 
Temperature. The emissivity e of a surface is a function of the wavelength of 
the radiation bemg absorbed or reflected by the surface The wavelength of the 
radiation being absorbed or reflected is a function of temperature Therefore all 
data on emissivity should state the range of temperature at which the material was 
tested. For example, white paint is a poor reflector of low-temperature radiation 
but a good reflector of solar radiation 



lio 27-19. Effect of mixtures 
of materials on conductivity. 


Table 27-7. Total Emissivity of Miscellaneous Materials, « 


Matenal 

Temp dI rMfiaut Hource deg F [ 


2*1 

m 

2UQ 

500 

1000 

2500 

5000 

Solar 

mux'' 

Metals 









13 

AlununtuD unmudizad 


0 02B 


0 060 



0 26 


Bright 

Ondised 


0 04 


0 05 

0 08 

0 17 


M 


0 11 


0 12 

0 16 




14 

Rough-plate 

Brafls 


0 055 

i 






12 

Palishcd 


0 05 







13 

Uiioxidized 


0 035 







13 

ClKidized 


n 61 

0 61 

0 56 





13, 14 

1< mery rublied 


0 20 







12 

(arliori 


0 


0 79 


1 



13 

Ofipper unuxidiied 

Iiiomd 

Polished 


0 02 



0 15 

0 08 




13 


0 04 


0 05 

0 17 

0 2B 


13 

Lii 

Calonsed 


0 26 

0 18 


0 19 


i 


13 

Oudued black 


0 h7 


0 83 

0 77 

0 03 



14 

Qold, polubcd 


0 02 


0 02 

0 03 

0 35 

0 45 

14 

Iron pure polished 


0 06 


0 OS 

0 13 

0 22 

14 

Binooth red oxidised 


0 62 

j 






14 

Oxidised 


0 74 







13 

Rusted 


0 65 







13 

Cut polished 

Rongb cast oxidised 


0 21 

0 98 




* 



13 

14 

Wrought 


0 28 

0 04 

0 63 






14 

Wrought dull axidiziMl 

Lead pohsbed 

Oxioised 

0 94 

0 06 

0 08 





13 

14 

IB 



(1 43 







14 

Magnasium, polished 

Monel oxidised 


0 07 

0 43 

0 13 

0 43 

0 18 

0 23 

0 20 

0 30 

14 

13 

Mercury, pure, clean 

Nickel polish^ 

0 ID 

0 li 

0 04 


0 06 

0 10 

0 16 

U 28 

0 40 

13 

H 

Uuoudised 

0 046 

0 00 


0 12 

0 16 




13 

Oxidised 


0 39 


0 40 

0 67 




14 


* Numbeni in this roliimu refer to specific refennres Luted at tbe end of thu subsection 
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PHYSICS IN THE INDUSTRIES 

BY Lyman M. Dawes 

Assistant Professor of Indvstrial ApplitxdionSf E7neritit8 and Honorary Lecturer, 
Depmiment of Electrical Engineering, MassackuseUs Insiiiute of Technology 

X-RAYS 

The discovery of X-rays dates from Nov. 8,1895, when \yilliam Conrad Roentgen, 
while experimenting with cathode rays (streams of guided electrons), discovered that 
their impact on the walls of the tube to wliich they were confined produced a phenome¬ 
non, previously unknown, which be<^ause of its unknown character he called X-rays. 

The general properties of X-rays were rather completely stated by Roentgen after 
he had experimented but a few weeks. In essence they were as follows: Many sub¬ 
stances fluoresce when exijosed to the rays; sensitized photographic materials respond 
to their action; they cannot be reflected or refracted by lenses; they travel in straight 
lines and are not deflected by magnetic fields; they discharge electrified bodies, 
whether the bodies are electrified positively or negatively; they are generated when 
cathode rays strike any solid body, and the heavier the element struck, the more 
efficient the generation of the X-rays. 


Table 28-1. Wave Lengths and Frequency in the Electromagnetic Spectrum 


Type i>f rarliatidn 

Wave lenirth, cm 

Frequency, ci»8 

Home uHi‘H 

GauiiiiB ray« uauscil by 

Shiirtcr iliao eairiinn rays 

HiahfT fhan fcaroina 

SeiEUitific expcrinnsii- 

cosmic rays 

from radinaMivity 

rays from radioactivity 

lation 

Gamma rays. 

1.4 X lO-S-2 X 10-u 

2.1 X 10'»-1.5 X 10*1 

Rarlingraphy, thera- 

X-rays. 

10-*-6 X lO’J® 

3 X 10“-5 X 101* 

pDutics 

Hadiugraphy, fluoros- 

Ultraviolet rays. 

4 X 10'‘-1.4 X 10 * 

7.5 X I0i«~2.1 X lOw 

copy, therapeutics 
rhotography, phos- 

Visible rays. 

3.9 X 10-^7.7 X l0-» 

3.9 X 10-1*7.7 X 101* 

phon?8Ccnp.e, fluorea- 
eence, thcrapcuticB, 
chemical changes, 
ionization of gases, 
Ithotpeleiitric effects, 
stchlizaiinn 

Seeing, photography. 

Infrared rays. 

7.7 X 10-M X 10-> 

3.9 X 10i*-7.5 X 1011 

photoelectric, and 
photochemical effects 
noating, epecialiaed 

Short Hertzian waves .. 

Radar. 

Televiaioii. 

yraqueiicy modulation 
Amplitude modulation 
fihort-wave telephone. 

Radiotelajrraph. 

Radiotelephone. 

Carrier telephone. 

Carrier telegraph. 

Program tranamiesion 
Ordinary'^ telephone... 
Ordinary telegraph.. 
Power work. i 

1 X 10-^ 1 X 10» 

3 X 1-3 X 10 

2.9 X 10^3.4 X 10« 

6.B X 10M.4 X 10* 
1.88 X 10«-5.46 X 10* 

. 1 

3 X lOiM X 10’ 

lOiMO* 

8.8 X lOMO* 

4.4 X 10’-2.16 X 10» 
5.6 X lOM.fl X 10* 

4 X lOs-XO X 10* 

lOMO X 10* 
lOMO X 10' 

4 X 10i-10‘ 
425-10.750 

30- 8,000 

200- 2,500 

10- 25 

25- 800 

lihotagraphy, thera¬ 
peutics 
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HiB new dificdvery was immftdiately jmt to use in the medieal and 
sciences, and other physicists discovered that X-rays can be pokjrised; are rellectfed 
from a smooth surface if they strike the surface witl^ a fraction of a degree of paral- 
leUsm; are slightly diffracted on passing through a narrow slit^ arc bent by refraction 
in passing through a substance; will cither siamulate or destroy living tissue, depent^ng 
upon the exposure; are scattered by the atoms of a substance, and when the substance 



Fig. 28-1. Diagram of electromagnetic spectrum. A straightedge laid across the diagram 
VIill enable the user to identify the wave length and frequency bands by ‘*Type of radiation*’ 
and “Borne uses.” 

is crystalline exhibit a pattern that identifies or establishes the substance*B crystalline 
arraiigemeiit; can expel electrons fium a substance, in which case the electrons expelled 
produce fluorescent rays; and the rays have been found to possess definite momentum 
and energy or quanta. 

Electromagnetic waves as indicated in Table 28-1 and Fig. 28-1, include X-irays and 
gamma rays, closely associated radiations of very high frequency. Gamma rays are 
emitted during the radioactive disintegration of the heavier elements. It is now thought 
that they also result when cosmic particles impinge on matter. The impinging eosmio 
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FSrSlCS IN TSM INDV8TBIES 


lUMlar the iafli^oe of a thousand times ^e hi|th voltages 

used in tlto produQ^on of X-rays. The voltages for the production id X-rays range from 
a few thousands to a few mtUions of volts at present. As the voltage impeUing a stream of 
eieot^ons or cathode rays is inoreased, the velocity of the eleotrons is increased, and X-rays 
pf shorter wave lengths are emitted on the impact of the eleotrons as their energy is increased. 
Hie phenomena of dectromsgnetic waves are related by the equation 

« - C/iu ( 1 ) 

where v « velocity of the wave train 

C » ratio of electrostatic to electromagnetic charges 
ft » permeability 

c B cUelectiic ooiistaiit of the medium in whirli the waves are propagated. 

These phenomena are also related hy the equation 

C = X/ (2) 

where C velocity of light, usually taken as 3.0 X 10^” cm per sec [2.99706 X 10^° cm per 
sec (Michelson, 1926)1 ^ 

X B wave length of the radiation, cm 
/ B frequency, cps. 

Within experimental error, C in Eq. (1) is equal to C in Eq. (2). In other words the veloc¬ 
ity of light in empty space b 1, « » 1) is equal to the ratio C betwE>en the electrostatic 
and electromagnetic systems of units. Also 

X B hC/Ve B 12,350/V’ cm 10"® (minimum length) / « Ve/A 


where e » charge on the electron, esu 

V B voltage between the electrodes of the tube 
A — Planck’s constant, equal to 6,65 X 1(F^^ erg-sec 
The production of X-rays by the impact of the cathode rays on matter is associated with 
the phenomenon of photoelectric emission, and the kinetic energy of the photoelectrons is 

equated to light quanta and frequency by 
Einstein’s photoelectric equation, 

^ — wp 

where m mass 

V => velocity of the photoelectron 
uv B work required for the photo- 
electron to escape from the 
emitter. 

The generation of X-rays was at first 
produced in tubes such as that represented 



Fig. 28-la. Early X-ray tube. 


diagrammatically in Fig. 28-la. It r.onsisted of a spherical bulb tubulated at opposite ends of 
its diameter. Within the bulb was located a concave mirror of metal, usually aluiiiinuin, 
which served to bring the cathode rays to a focus on the anode placed near the center of 
the tube. The anode was made of a plate of platinum. Lead-in wires + and — extended 
to the anode and cathode respectively. 

When the terminals were connected, as 
marked in the figure, to a source of euffi- 
dently high potential, X-rays were emitted 
from the surface of the platinum anode in 
all directions as indicated by x. In order 
that this tube may generate X-rays, it is 
neeasssry that it be filled with a gas at a 
tow pressure (0.(H)1 to 0.01 mm Hg). 

Under this condition and with a sufficient 
voltage on the electrodes, the gas becomes 
ioaiaed, and a stream of electrons moves 
|rqm the cathode to the anode as cathode 
jrays. As the tube is used the pressure drops and ionisation fails, 
relatively constant, many clever devices have been contrived. 

Fig. 28-2. 

Material contaming condderable adsorbed air, e,g., mica, is introduced into an auxiliary 
lube r connected to the main chamber. When the pressdre of the gas in the main bulb is 
lowered by the absorption of part of the gas, the resistance of tlie tube to the passage of the 
electric current is increased- When the resistanee rises sufficiently, the current will be 



Fio. 28-2. Const ant-preiisurB X-ray iube. 

To maintain this pressure 
One scheme is shown in 



x^rs 


.flpfC,S8 

ow the pfUtkima a* to r. This TesultB va.hatAbm of the gwi^tcil^Utg 
mud ifiae is released to «iit^ the maliiDhBiiaber. This odnwcte its partaaUjroxheueWl eondt^ 
tion, eaablmsit te eoratmue to fuootioiu Tuhes of tb^ early type are stUlia use to«||itBi!ted 
eatent* I* w4a the only type of X^ray tube ia use imtU Pr. W. Ooolidse devebped ^e 
high*raeuiim tube la 19X3i. 

The Ugh^facuam or Coolidge tube ie indxoated diagrammsticaUy ia Fig. 2S^ %n thla 
tube the highest attamsHe yaouum ia produeed. Thb eleotrons ktb supplied by eiuiaanm 
from the hot filajneut / whitdi is at the same potential as the oathode K. Hie anode ia 
often of coppcHT 'witii a tungsten plate inserted, thus providing a rugged target of high 
cienoy combining high melting point, high atomic numbm-, and low yapor pressure. The 
copper has high thermal conductivity to facilitate heat transfer. The cathode stream hi 
produced by evaporation of electrons from ths hot filament of pure tungstmi, and the high 
velocity of the particlea in the stream is 
product by the high voltage between the 
cathode and anode. The intensity and 
penetrating power of the X-rays may 
th eref or e be indep endently ad j usted. Th e 
temperature of the filament, hence its 
emission, is adjusted by changing the volt¬ 
age supplied by battery B or its equiva¬ 
lent, and the voltage applied to the elec- 
trcMles is controlled by means of the 
generator. 

Modern X-ray tubes are not bo simple nor so uniform in construction as the foregoing 
paragraphs might imply. There are many problems in tube construction, that years of 
development have not completely solved. Still the modern X-ray tubes are models of 
ingenuity and marvels of performance. They assume numerous forms and varied details 
in their construction, so that they may meet innumerable demands as to usage, precision, 
and economical life. Many of the required design features center about the focusing of 
the cathode rays to secure a suitable focal spcTt for the distribution of the X-rays without 
overheating the target or otherwise spoiling the tube. For many purposes an intense beam 
of X-rays, radiated from a focal spot of a few square millimeters, practically approximating 
a point source, is desirable. This condition is needed in radiography and fluoroscopy, where 
as dose an approximation to a point source of X-rayS as possible ia desirable. For other 
purposes a focal spot several hundred square mUlimeters in area, the aise of a dime or nickel, 
is warranted. This use would be in X-ray therapy, e.g,, in irradiation of tumors. Much 
of the difficulty stems from the fact that generally less than 1 per cent of the energy in the 
tube is converted into X-rays. For example, if a 100-kv tube (a medium-voltago tube) 

t^rates” at a current of but 10 ma, the 
target receives 1,000 watts of power. A 
target of a few ounces receiving energy at 
such a rate will become white hot in a 
fraction of a minute unless some means of 
cooling it is proidded. 

The heating of tubes is eontoidled by 
many devices tending to limit, distribute, 
or dissipate the energy concentrated in the 
relstivdy small target. The destruction 
of the target may result from its melting 
or being so eeverely pitted that it can dis¬ 
tribute only a small portion of the raya 
formed. The limitation of the heat ia illustrated in the so-called universal tube, which has 
a target of solid tungsten and operates at an energy level below that at] which the maasive 
tungsten target will radiate. The target therefore operates at incandesoenoe, and the tube 
is limited to an input which will prevent the tungsten from attaining a damagixig tempera¬ 
ture. But at this high temperature the tungsten emits electrons, and the tube ia not aelf- 
recUfying and must be used on a d-c source. This tube may be used at alow intensity over 
long periods of time or at higher intensitiee for shorter periods of time. The ordinary uni¬ 
versal X-ray tube may be used at 100 to 150 kv and 5 or 10 ma. Tubes simiUr to this, but 
with a specially constructed shield over the anode, having a rating about five or six tunes as 
great, are for use at 200 kv and a current of 25 or 30 ma. 

One mslbod Of increasing the effective intensity of the X-rsys from a tube while main¬ 
tains^ a lower intensity of electrons on the target is to focus the beam of electrona mto a 
rectangular band and emit them in the form of a square having a aide efiusl to the hand 
width. This scheme is indicated in Fig. 23-4. The actual area of the electron beam. Idrlk- 
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the tetiiet is as indicated on the target aa focal-epot area, but the resultant X^ray beam 
is dbout three timea aS intense as the normal beam would 1^ when it leaves the target at 
the an^e at instead of normally. This device is known as the Benson focus. 

In addition to using the BenSOn focus, the tungsten electrode is frequently made in the 
form of a truncated cone with sides at an angle of 15 or 20 deg to its base. This target is 
mounted On one end of a shaft that has the rotor of an induction motor mounted on the 
otlier end. This assembly, together with a suitable beeu-ing, is mounted within the tube. 
A stator is mounted outside the tube concentric with the rotor. A means is thus provided 
for rotating the target so that the focal spot is continuously moving over its surface. In 
this manm^ a much neater loading of the tube is possible with improved radiographic 
fpiality because of the higher intensity X-ray beam. The arrangement is indicated dia- 
grammatieally in Fig. 28-5. Many useful developments of rotating anode are included in 
the X-ray tubes of many manufacturers. To provide mechanical strength, tubes are made 
of P3rTBX, or other heat-resisting glass, varying in thickness from the neighborhood of to 
in, or more. Some tubes are made double walled. 


Hwaf resistant 
glass — ^-V 


^ 

£11 


Cathoda - 


Rotating— 

anode 



Fig. 28-5. Rotating anode for X-ray tube. 


Cooling of X-ray tubes becomes more and more difficult as their capacity increases. A 
heavy copper support for the target ran conduct considerable quantities of waste energy 
to the outside of the tube. A radiator is often placed on the outside end of the support to 
facilitate the dissipation of this heat. As the capacity of the tube is further increased, air 
may be blown across the radiator or liquid cooling embodied in the coristruciiou of the lube. 
The copper anode is often made hollow and oil or water circulated within it close to the 
target so that heat is curried rapidly to the outside of the tube. Water is about six times 
aa effective as oil in carrying away the heat but presents electrical problems in its use not 
inherent in the oil. 

Tubes are often completely immersed in a specially prepared mineral oil in an enclosing 
eontBiner. This permits connection by high-voltage cables to totally enclosed terminals 
and results in the "shockproof” tul)e for the greater protection of operating personnel. 

Many other problems—thermal, electrical, and mechanical—are encountered in the 
making of modern X-ray tubes. With capacities hundreds of times as great as those of the 
early gas tubes, groat quantities of heat must be dissipated. Voltages in the millions 
require the division of the tubes into numerous stages, each energized by the fraction of the 
total voltage that will meet the insulation problem and prevent flashover. Stray electrons 
must be recovered and drained away. Efectrode spacing must be correct for the operating 
voltage—^not close enough to allow cold-cathode emission or far enough to make focusing 
difficult. The envelope must be sufficiently rigid so that the electrodes may remain aligned 
even when one is rotating. The envelope must with.stand heat without excessive change in 
shape or in resistivity when it is the insulator between electrodes. The necessary design 
conditions have been met by experienced and reputable manufacturers, and the tubes that 
they recommend for particular types of service may be used with confidence. 

The voltage demand for X-ray tubes may vary from 5,000 to 60,000 volts for soft X-rays 
of low penetration, 20,000 to 200,000 volte for medium penetration, and 100,000 to several 
million volts for hardest rays with the highest penetration. In the early days of X-rays 
when the very high voltages and intensities were not required, static generators such as the 
Wimshurst machine were used. Many large iaduction coils were also used which furnished 
a pulsating direct current. Present-day practice usually embodies an a-c transforrmr with 
a high-voltage secondary, together wrth some form of rectifier to convert the alternating 
current to direct current, The rectifier may be a rotai/ing spark gap driven by a syn- 
chronouB motor which is fed from the primary circuit. The rotation of the commutator 
shown in Fig. 28-B is in synchronism with the reversal of the alternating current. The 
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commutator is to coofiBCted that, when the aliernattiig current revereeB^ liie oonnenttone' 
throuirh the bruahee also rensrse, thus causing the current to flow in one cHinetion on the d-e 
Bide of the device. This contrivance is not suitatde for reversal of large currents because at 



Ftg. 28-6. Botating commutator for volt- Fio. 28-7. Vacuum-tube rectifier, half-wave, 
age rectification. 


every reversal the brushes short-circuit the gap in the rommntator, and severe sparking 
results. 

The vacuum-tube rectifier lends itself moat readily <o the roctification of high voltages 


Ftg. 28-8. Rectification of an a-c wave, 
half-wave rectification. 


with low currents. Figure 28-7 shows a 
circuit of a one-tube diode half-wave recti¬ 
fier. Alternating current of customary IOO%V 

commercial frequency is furnished by gen- / \ _ \ _ 5 q» y 

erator G to transformers T and T\ The ^ "“32% V 

low-voltage transformer T' has its second- q f K Va- 

ary S' connected to the cathode or filament 0 

K for the sole purpose of heating it to cause 

the emission of electrons. At one-half 

cycle the conditions shown exist. Current 

inaj'^ then flow by the electrons (negative -v 

charges of electricity) from the cathode, 28-8. Rectification of an a-c wave, 

as shown Ijy the ainall arrows, across the half-wave rectification, 
interelectrode space to the anode a, and 

through the transformer winding to the cathode of the X-ray tube. The electrons then 
cross the tube to the anode or target and back to the filament of the diode. During the 
next half cycle the anode becomes negative and repels the electrons, thus blocking the flow 

_ of current. This aammea that the tube 

will stand the inverse voltage without 
arcback, i.e., that the inverse voltage'rat- 
ing of the tube should exceed the applied 
inver.5e voltage. 

Figure 28-8 indicates an a-c wave as¬ 
sumed sinusoidal. A cycle extends from 
0 to 27r and includes all positive and nega¬ 
tive values of voltage. When a load is 
cxmnected to the tube, a current will flow 
through the load somewhat as shown at c, 
its shape depending on the nature of the 
load. The negative half cycle, ^owh 
cross-hatched, is blocked out or not'per¬ 
mitted to flow by the negative anode and 
positive cathode. The voltage shown ae 
100 per cent is the voltage across the elec- 
Fra. 28-«. Vnniuin-fulre reitif.pr, full.wi»vp. trades ot the tube, which is always sotoe- 

wliat less (from a few volts to some hun¬ 
dreds, depending on the characteristics and use of the tube) than the voltage impressed by 
the transformer. With half-wave rectification the rms voltage is 60 per Cent of the net 
cathode-anode voltage, and the average voltage is 32 per cent of the cathode-anode voltage. 

Fyli-weye vacuum-tube rectiflcatiDn is shown in Figs. 28-9 and 28-10. In Fig. 1^-9 
the upper tube is conducting from the cathode K to anode a through the X-ray tube X 
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1tec.M 

ta .the s&oe th« anode is positive and th» oathode laosatim Dupb^ 14>la 

pesiod the oondsbioha m the loerer tube ^event conduction, ainoe the anode ie negative and 
the cathode ]>ciaitiV«, During the next h«df the conditions are icversedt and the upper 
tube ie idle whQe t^ lower |ube conducts. In this way the rectification of the voltage 
wave is aocompliahed, and current flows in only one direction through the X-ray tube X. 
!nie {process ia graphically indicated in Fig. 2S-10. Two a-c cydes are shown with the 
negative halves dotted. Current flows always in a positive direction as indicated by the 
half waves c, c, c, e. The rms voltage is grester in full-wave rectification than in half-wave 
rectification by a factor \/2; it ia 70.7 per cent of the cathode-anode maximum voltage, 
and its average value is 63.9 per cent of this voltage. The full-wave rectifier is generally 
more eflldmit than the half-wave rectifier, depending on the characteristics of the load. 

It, however, requires exciting current for 
two cathodes rather than one. The ripple 
factOT is lower in the full-wave rectifier. 
The ripple factor determines how closely 
the voltage approaches a direct or constant 
value. The lower the ripple factor, the 
more nearly the voltage approaches a oon- 
Btant voltage. 

Full-wave bridge-type rectiflcatiDii is 
shown in Fig. 23-11 where four diodes are 
connected in a bridge circuit. Tubes A 
and B are conducting when the upper ter¬ 
minal of the transformer is positive, and 
tubes C and D are conducting during the time that the lower terminal ia positive. This 
arrangement has the same tube efficiency, ripple factor, and percentage output voltage as 
the center-tap rectifier. However, full use is made of the transformer so that a smaller 
and more economical transformer may be used. This circuit also subjects the diodes to 
half the inverse voltage, which may result in economy in tube equipment even though twice 
as many tubes arerequired. It may be a disadvantage to have four exciting branches rather 
than two. 

Other forma of rectifiers embody three-phase, six-ph&se, and other circuit combinations 
which decrease the ripple factor and provide a closer approximation to a direct current of 
oonstant value. It is not generally considered that the additional complication, expense, 
and lack of flexibility of multiphase circuits are warranted, since the resulting radiograph 
represents no improvement over those 
Iiroduced by single-phase X-ray genera¬ 
tors. The multiphase systems possess the 
further disadvantage that polyph:ise sup- 
pky is not so universally available as single 
phase is, particularly for portable use. 

Self-rectification may take place in the 
X-ray tube itself, and this is a simple way 
of producing X-rays. Current resiUts 
Oidy by the movement of electrons from 
the cathode to the anode. In the high- 
vacuum X-ray tube, electrons are emitted 
from the filament; and these electrons, or 
negative charges of electricity, will move 
from the cathode to the anode whenever 
the anode is sufficiently positive with 
respect to the cathode. This occurs on 
alternate half cyclea, as discussed under vacuum-tube rectification by means of diodes, and 
will occur during all that part of a cycle when the potential is high enough in a positive dlirec- 
tioji to impel them across the space from cathode to anode. This occurs during the greater 
part of each alternate half cycle. Thus, an intermittent direct current is provided, and 
X-rays of an intermittent character are produced by the recurrent positively directed oashode 
stream during nearly half the time when a high-potential alternating current is applied to 
the tube. Figure 23-12 is a diagram of the arrangement. The high-potential transformer 
supplies the voltage to the electrodes, and the low-potential transformer excites the filament. 
The primiiry windings of both transformers are connected to any convenient source of oom- 
meroial electrical power. 

The circuit of Fig. 28-12 does not provide for adjustment of voltage on the tube elec¬ 
trodes nor any control for the filament voltage. In moat X-ray work such controls are 
necessary ha. order that the penetrating power and intonslty of the X-ray beam may be 
adfusted to the requirements of the work. Autotransformers or reactors may be combined 
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Fig. 28-11. Bridge-type rectification. 



Fig. 28-10. Rectification of an a-c wavo, 
fuU-wavB rectification. 
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Fiq. 28-12. 
tube. 


Circuit of adf-rectifying X-ray 


vni(h the ^cuit iu Fig. ^12, m indicatei in F^. 

tioM io tbe tape In tbe primary ol ^tber one or botb traiiAlornier& may be tb 

regulate the ventage el the circuit in a maimer aimilar tq t]^ nvetbed indicated at AT^ , Axil 
optional method of voltaise adjustment ie a rariable reactor whicli may be inserted in ilie 
primery oireuit of the transformer, ae i^own at FJ2« In either ease the voltage of the 
primary, and hence the fiecondary, is 
adjust^. 

A veluable bnprovement in X-ray 
practice is the use Oi the very-hijch-voltage 
d-o generators of the Van de Oraaif type. 

These generatore are now used with volt¬ 
ages of several million volts and with the 
X-ray tube built into the generator en¬ 
closure The physical siM and weight of 
the equipment are not excessive, and very 
high efficiencies are attained (as high as 7 
per cent at present). The target is made 
of gold, having a higher atomic number 
than tungsten, and thus higher X-ray 
emitting efficiency and ready cooling are 
attained because of its higher heat con¬ 
ductivity. The direct constant voltage is 
of great value, as it eliminates the self- 
rectification and intermittent operation 
present in the ultro-high-voltage a-c tubes. 

These elements combine to increase the 
intensity and penetrating power of the 
X-rays emitted. The intensity increases 
in a square-law relationship (doubling the 
voltage results in four times the intensity), an increase in the voltage causes a decrease in 
wave length, thus increasing the penetration, and for a fixed voltage the intensity is directly 
proportional to the tube current. The combination of these features results in very 
efficient equipment. 

The elementary characteristics of X-radiatiDn are required knowledge in the rational 
use of this powerful instrumentality. The essential characteristics of X-rays were summa¬ 
rised on pages 1624-1626. Before X-raya 
were discovered it was recognized that cath¬ 
ode rays, or high-speed electrons from a 
beam, when encountering solid matter pen¬ 
etrated it to the depth of a few millimeterB. 
In fact, Roentgen was studying the behav¬ 
ior of these cathode particles when he dis¬ 
covered that in addition to penetrating the 
surface they caused the emission of a 
liitherto undiscovered form of eleetromag- 
netic radiation which he called X<4‘ays. 
The place of this radiation in the electro¬ 
magnetic spectrum has already been shown 
on page 1624. Quantitative expreasaons 
connecting wave length, velocity of light, 
Planck's constant, voltage, and charge on 
the electron are given on page 1624. 

The absorption of X-rays, a measure 
of what a technician might call '*peD»- 
tratiiig power," has been determined and 
tabulated for many substances. When a 
beam of X-rays encounters matter, it ia 
absorbed in varying amounts dependent 
upon the coefficient of absorption of the particular material. The reLatlonehip is 
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Fiq 28-13. Circuit for regulating voltages 
and X-ray intensities by autotransformer and 
reactor. 


log I/In * —p* 


where /o ■■ intensity of the incident beam 
I ** intensity of the emergent beam^ 

X *** thhduiess of the tablet of material 
p « coefficient of absorption 
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^he ooefiDiBiit of abBorption may d^rminod by moasiti*ing 7, In, and ie. ThiB prnpor^ 
tioaaHty factor baa bedn publinhetl for numerous substances. If p represents tbe density of 
tbe material, we may introduce it into the fore^ing equation to obtain 

J =1 

Tfaenf>jsia the mass of a section of the tablet 1 cm square and x cm thick measured through 
the tablet; then the quantity p,Jp is the mass absorption coefficient, a quantity often used. 

It is obvious that by making use of this 
relation, the intensity of the emergent 
T~^ beam of X-raya can be predicted if the 

[ 1 intensity of the incident beam is known. 

• ( I ) ^ ' MsaBurement of the ionization pro- 

^ —* > duced by X-rays may be used to determine 

T ^ ^ T* their intensity, - 1 . 6 ,, X-raya ionize gases, or 

i - ' , render them conducting, and a quantita- 

■■ - . A -- tivo determination of the change in oon- 

* *' ductivity of the gas gives a measure of the 

^ X-ray intensity. It has been found that 

■ _ - H, CO, CO 2 , air, ether vapor, and GSs are 

I increasingly active in the order given in 

i-[ |1 I |i _their discharging action, i.c,, thU activity 

I 1 B ' ' increases with increase in gas density. 

The intensity of the beam may be conven- 
_ iently measured by an ionization chamber 

B arranged as indicated in Tig, 28-14. A 

Fio. 28-14. Circuit iar X-ray iom.»tiOD tube T-r has im clcrtrodo e-c' wcU 

chamber or roentgenometer. insulated from it to prevent leatage from 

the electrode to the tube. The leakage ts 
furthermore prevented by the grounded guard ring g. An electric field is maintained 
between the tube T-T' and the electrode e-e' by the battery B. X-rays enter the chamber 
through the thin aluminum window W, readeriug the gas within the tube conducting, thus 
allowing the charge to move from the tube to the electrode. The rate of movement of 
tbe charge is determined by the electrometer E, which is therefore a measure of the rate of 
ionization and hence of the intensity of X-rays. Commercial instruments are offered for 
this purpose having the electrometer calibrated in roentgens^ for a particular ionization 
chamber. This combination constitutes a roentgenometer and is often supplied with two 

or more scales on the elertroineter cali- 
brated to agree with an equal number of 
ionization chambers of different roentgen 
range. The instrument is a practical 
necessity to determine quantitatively the 
stray and secondary X-radiation for pur- 
^ poses of protecting personnel from injury. 

c c\ m 


Fw. 28-15. Imbert and Bertin-Sans ar- Fig. 28-10, Scattering of X-rays in air 
rangement of X-ray screen. shown by discharge of shielded electro- 

scMipe. 

X-rays are scattered or diffused somewhat as light is scattered by fog. Imbert and 
Bertin-Baps arranged a screen of copper ec, a lource of X-rays X, a mirror M, object 0, and 
photographic plate F, as shown in Fjg. 28^16 The position of the plane nurror was such 

I Roentgen is the international unit of quantity of rpentgen rays adopted by the Second International 
Congress of Radiology at Stoekholm m 1Q28. It is the quantity of X-radialion which, when tbe second¬ 
ary electrons are fully utilised and the wall effect of the cUamlier avoided, produces in 1 oc of atmospheric 
air at 0°C and 761) mm Hg preesure such a degree of conductivity that one electrostatic unit of cheige is 
measured at saturation current. 
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Uni tte bean ■af X-n,ya) if refleolwi}, wotdd eaase a Shadow of the abjast O to aflpett «*» 
the photoB^apbiis plate P. A ekadcvw was obtained f^gardleaa of tlig poritjoli of 

ihe Bfiirror. It was also observed that a platd of parafl^n was jpafe as effective as tlie mirror. 
Th^ rea&hod condusion that the rays were souttered on strildug the paraffin. At 
about tb® same time, Jlighi placed an electrosGope behind a load plate as ah^ti in Fig. 28-16. 
X-raya from the source X discharged the electroscope although it was soreened Irom 
direct rays. It was later determined that this phenomenon residted from the scattering cf 
the rays by the air. 

The hardness or quality of X-raye is an attribute which determines the penetrating 
ability of the rays. The shorter the wave length, the harder the rays and the greater their 
penetrating ability. It may be expressed as the thickness of a given medium (e.g,, copper) 
which will absorb one-half the incident radiation. The quality of the X-raya is a function 
of the voltage. For a given minimum wave length thtsre is a corresponding peak voltage 
given by 

Xo = 12.350/ro 

where Xo is the minimum wave-length angstroms, and Fo is the peak voltage in volts (see 
page 1626). 

The medical use of X-rays embraces two main practices: radiography for diagnosis 
and surgery and therapy for the treatment of certain diseases, particularly some skin 
diseases and malignant or canc< 2 r<jus growths. For medical radiography, voltages 
range from 25 to 100 kv for usual work and currents from 5 to 100 ma. (Some special 
instantaneous radiographs may use 1,000 or more ma.) The optimum voltage and 
current in a particular case depend on the nature of the tissues as well as the depth 
that must be pen el rated by the X-rays. Voltages beyond 100 kv are of little use in 
medical radiography. The decreased absorption under excessive voltages reduces 
contrast and detail in the resulting radiograph. The density of the radiograph is 
controlled by the intensity of the X-rays. Hence exposures are adjusted by the tube 
current, often called “milliamperage ” by the technician; but the quality of the X-rays, 
which does not affect the exposure, is dependent on tube voltage which controls 
X-ray wave length. 

A technique often employed to improve the contrast of certain transparent organs in 
the body is the introduction of diagnostic opaques. A common procedure in radiography 
of the gastrointestinal tract is to give the patient a suspeneion of barium sulfate in milk to 
drink. Other substances opaque to X-rays involve iodine salts, such as sodium iodide for 
(ho kidneys, sodium tetraiodopheuolphthaL&in for the gall bladder. Thorium hydroxide 
and thorium djttxide are introdured. Some Bubstaiices may be chosen for their selective 
absorption by the tissue to be radiographed; others may be introduced by injeetioxi at the 
site. 

Another diagnostic technique is the photographing on small film, say, 35-mm motion- 
picture film, of the actinic light emitted by a large fluorescing screen exposed to X-rays. A 
full-sized chest plate of an adult requiies a 14- by 17-in. film. A fluorescent screen may be 
interposed between a ix^rson’s chest and a small camera and the film made to record the 
fluorescing chest plate. The small radiograph Is then enlarged 10 or 15 diameters for study. 
The cost of radiography is thus reduced to a point where it does not militate against routine 
examinations ot factory workers or school children so that tuberculosis or other diseases 
may be detected in their early stages. 

It is very often an advantage to use intensifying screens in radiography. A very small 
percentage of the rays incident on the photographic emulsLDU— of the order of 1 per cent—^is 
useful in changing the light-sensitive meterial. The remainder pass on through th© film 
and are lost or, worse still, are scattered as they strike objects beyond the film—even air. 
This results in a fogging of the film and consequent obscuring of the image. This condi¬ 
tion may be substantially improved by the use of intensifying screens. Several substanoeSr 
such as barium plaiinooyauide, cadmium tungstate, calcium tungstate, zinc rilicate, or 
zinc sulfide, have the property of fluorescing under the action of X-rays. A cardboard id 
coated with one of these fluorescent materials, usually calcium tungstate, to form a screen. 
In use, a photographic film is placed between two of these screens and the whole loadsd in 
the cassette (film holder for X-ray use) in such a manner that both screens make good con¬ 
tact with every point of both surfaces of the film. When this assembly is exposed to X-rays, 
the image of the shadow is greatly improved with a reduction in exposure time by a factor 
of between HI and 50. The grain size of the fluorescent materifd affects the exposure time. 
Large grains idlow shorter exposure time with a decrease in detail, while smaller ^aina 
improve the detail but inerease the time of exposure. Special film known as screen film^^ 
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li iiMkcl^ ivitit scre^tis. ** Ni^tiQdcrecfi £li^ Ia made for dvatf use wm 

Msiseftas. 

A|i€tk«r method of deereasing the effect of scattering in making radiographs is by use of 
t|ie Potter^Buoky diaphragm. This device consiets of a grid of strips of lead eltemating 
Wnh a mkterial virtually transparent to X-rays, such as wood, bakelite, or other plastic. 
1^0 diaphragiii has a radius of curvature about equal to the target-film distaiioe. It is 
hept in motion throughout the exposure, and the tuning is often interlocked with the esqpo- 
Siire timer so that it is started in motion before the X-ray beam is started and stops after 
the exposmw is terminated. The focal-film distance conforms to the range fen which the 
dia phra gm is made (often 30 to 48 in.) if fogging or grid shadows are to be avoided. 

The geometry of X-ray shadows has been developed to a high state of perfection 
by medical roentgenologists as an aid to precise location of focal infection, foreign 
bodies, bone injuries, etc. Stereoscopic X-ray pictures have also been made and when 
viewed in a stereoscope yield a remarkably graphic device. 

For dental use, small but pow-crful tubes are now moupted, together with high- 
tension transformer and filament transformer, in a vacuum-^sealed lead case filled with 
oili This construction renders the outfit shockproof and X-ray protective so that 
patient and operator are safe from electric shock or stray radiation. It also makes 
the use of dental radiography simple, convenient, accurate, and independent of climate, 
temperature, and humidity. Most dentists now possess an X-ray outfit as a part of 
their regular equipment, and diagnosis of the condition of teeth has become a precise 
matter. 

Injury from X-rays, radium, and other radioactive materials w'as early found to 
result from exposure of living tissue to these rays. The cumulative effect of incidental 
iiradiatioa received by early X-ray workers was not recognized until many of them 
had become true martyrs to science. Knowledge of the effects and control of radia¬ 
tion has now progressed to the stage where radiation in therapy and protection from 
stray radiation in industrial use are subject to precise measurement, and injury from 
either is inexcusable. It is fairly well established that interception of 1 roentgen of 
X-radiation (abbreviated r) per week wrill be tolerated by a normal person without ill 
effect. This corresponds to 10~‘ r per sec for continuous exposure during a 7-hr 
working day. This of course applies to long-continued exposure of the body to weak 
X-rays. The human body may tolerate upwards of 500 r administered locally, pro¬ 
vided a week intervenes before another dose is received. It may likewise tolerate 
two exposures of 400 r given 24 hrs apart. (The National Bureau of Standards Hand¬ 
books 20 on *^X-Ray Protection" and 23 on "Radium Protection" afford information 
on this subject.) A simple method of p^o^dding knowledge of the exposure of person¬ 
nel to X-rays is by means of a common paper clip fastened to the face of an ordinary 
dental film (not a slow one). After this film is earned for a working week by the 
worker, with the paper dip facing away from his bod}^ the film should be developed 
and fixed. The absence of any darkening or image of the paper clip on the film indi¬ 
cates tliat the bodily exposure to radiation is safe. A slight shadow indicates border¬ 
line exposure, while a definite darkening indicates dangerous exposure. This should 
be regarded as a crude estimate which should be checked by actual measurement 
through the use of a dosemeter or mineometcr, as suggested on page 1632. Further¬ 
more, the foregoing procedure gives no knowledge of the injury that may result from 
exposure of parts of the body (e.g , the hands) to localized radiation. Because of the 
greatly increased use of radioactive isotopes, weekly film-badge service is commercially 
available for monitoring of radiation dosage. Different-colored badges are sent to 
the customer each week, together with a report on the previous week’s badges, which 
have been processed by the service laboratory after return by the customer. 

l^tection may be achieved by shielding the personnel with some material more 
or less opaque to radiation, such as sheet lead, of sufficient thickness to bring the radia¬ 
tion in the region to as low a value as required for safety. When sheet lead is used 
as a protective lining, its thickness will vary from H 6 iu- for 100 kv to over 3 in, for 
X^OOO kv- For high voltages, from a few hundred kilovolts upward, concrete of suffi- 
eiont thickness provides safety at less expense. For voltages in the neighborhood of 
100kv, the concrete of necessary thiduiess may be 50 to 100 times that of lead; while 

1634 







for ol t^OQO or ao, ten times tlie thiolciieee nf lead moy l^lie 

tbiekoese will d^nd on tiie aggrej^^tea nnd dendiy of tbe eencrete, and ea<^ Oftse 
should be the eublect of a separate study. Very eomplete ph^teotioU is neoessafy in 
the industrial duorosoopy of nuts, cereals, candy, oyanges, otc.,<befsausethe operslotiB 
are exposed to stray radiation for hours every day, since su^ equipment operates 
oontinuouBty. Qf course it is just as necessary to protect persoimel against injury 
from gamma-ray emissioii from radium, radon, or other radioactive substances. 

X-<ay therapy soon followed the discovery that abnonnal growths, whether warts 
or the more serjous neoplasms, could be destroyed by X-rays with a dosage that the 
surrounding healthy tissues co^d tolerate. This treatment advanced to the deep-iay 
therapy where deep-seated neoplasms, even when adjacent to or in vital organs not 
susceptible to surgical interference, could be treated with much less hazard to the 
patient than would remit from excision. It also developed that the X-ray was a 
valuable adjunct to surgical treatment. Irradiation of the circumadjaeent organ or 
tissues is found 1o inhibit subsequent growth and spreading of excisejl malignancies. 

Numerous workers in X-ray therapy have developed dosages for radiotherapy and 
geometiies of application. Successive applications are often made from c^erent 
angles terminating in the same spot at the seat of the malignancy, in order that this 
cross firing’' may traverse healthy tissue less frequently in successive applications. 
The dosages run from 2,000 to as high as 10,000 r and are spread over a sufficient 
period of time so that doses of 200 to 700 r may reach the accumulated total. The 
subject of X-ray therapy involves an extensive knowledge of doses and the technique 
of application and involves a very extended and specialized literature from which the 
experience and results of many workers may be learned. 

Early in radiation therapy the gamma rays from radium and its decomposition 
products, especially radon, were used with varying degrees of success. There are 
many eases where such rays may still be used to advantage by locating the radiant 
material at the seat of the malady in what is often termed intercavity application. 
The radium salt is enclosed in a capsule or tube. This treatment is often combined 
with a more generalized radiation from X-ray beams. 

Nearly all deep-ray therapy, as compared with superficial therapy, includes the 
use of filters composed of copper, aluminum, platinum, gold, or other material, singly 
or in combination, in order that the skin may be protected from the soft rays While 
the hard rays are projected to the deep-seated object. 

The trend of deep-ray therapy for several years past has been toward higher and 
highe.r voltages. A million volts is not uncommon, and several miUion volts have 
been used. Two or three million volts approximate the quality of gamma rays. 
With the high-voltage Van de Graaff generators and betatrons operating at dfdca- 
millions of volts, the quality of gamma rays may easily be reproduced. Thus the 
quality and quantity of all natural radiation available may easily be exceeded. It 
is also probable that many new technique will stem from the artificial radioactive 
isotopes made in the laboratories of atomic fission. One example of these possibilities 
is the use of radiophosphorus for the treatment of leukemia. Since phosphorus is 
selectively absorbed by the bones, an injection of the radioactive form will treat the 
blood and bone marrow at the seat of the malady. Other materials are being pro¬ 
duced, and considerable development work in this field of therapy has been achieved. 

laduatrial applications of X-rays include examination and inspection of castings, 
welding, and food products, as well as X-ray diffraction in crystal and metallurgical 
analysis. The examination of castings and welds may be made either visually by 
means of a fluorescent screen or radiographically by photographic means. The 
examination of castings for production control gives the important informal^n on 
molding practice in location of risers, gates, and chills, as well as temperature for 
pouring completeness, that cannot be achieved by sectioning. The fact that it is 
nondestructive gives it an advantage over the destructive methods but ptovides^ a 
production control that will aid in maintaining the original standards. With complex 
alloys it discloses shrinkage, tears, and cracks, as well as piping, gas cavities^ Indians, 
dross, and dendrites, lids usefulness applies to sted and malleable iron, as well as 
nonferrous castings in aluminum, brass, bronze, or other alloys. 
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^oe ld30, $peeificatimi5 of the Boiler Code Committee of the ASMS have 
Inquired the X-ray examiixaiion of welds of pressure vessels. Since fissures are usually 
in a plane perpendicular to the thickness of the weld, they may be detected in 
thicksteel when they are only 0.5 per cent of the total thickness. In 3- to 5-in. steel 
they may be detected within 2 per cent of the total thickness, With the thicker 
plates, a dlaphra^ is necessary to prevent the scattered radiation from obscuring 
the trace of the defect. The destructive testing of a coupon gives no assurance that 
an adjacent section of the weld is without daw; the X-ray testing of the completed 
weld gives assurance that the weld is as good as the test sample. Fbrosity, slag 
inclusions, and fissures are easily detected and when so located ma}^ be chipped out 
and rew^lded. Of cjourse, all the foregoing iiispectiuns may be carried out by radio¬ 
graphs which render a permanent record of the inspection. 

Xiaws and the reputation of the manufacturer make positive and reliable inspection 
necessary in the food industry. It is often desirable that the completed package be 
examined* Here the X-ray enables the inspector to look j^hrough the object rather 
than at it. It is usual to have the product travel on a conveyor belt over the source 
of X-radiation and beneath a fluorescent screen, with the operator looking at the 
objects from a darkened l)ooth or through a hood. A brilliant image of the object 
appears and usually with sufficient definition so that any lack of uniformity is imme¬ 
diately apparent. In this manner, imperfect filling of the package is recognized as 
well as defects or foreign bodies in the conkmts. Containers filled with candy, 
cookies, cereals, frozen fruits, or vegetables may be checked for complet(»ness of pack¬ 
ing or for foreign bodies such as pins, nails, stones, dirt, balls, etc., in[le]:>endentlyof 
magnetic or other physical properties except degree of transparency to X-rays. 
Bulk foods, such as nuts, beans, berries, and vegetables, may be examined for foreign 
materials and hollow hearts. (Itius fruits can be inspected for frost damage, crys¬ 
tallization, or pulpiness—a great improvement over the water-separation method, 
since much fruit discarded by that method would be saved. Meats are being inspected 
for foreign bodies and broken liones. 

Another field of application assuming added importance is insptHition by similar 
methods of faljrieated articles, c.g., shoes for proper nailing and lasting; rubber heels 
and plasties for positioning of metal inserts; wood products for knots or position of 
screws or other fastenings; electric fuses for loose connections; golf balls for concen¬ 
tricity of cores; tiros for nails, Tiire, glass, breaks, or imperfeetiona in the fabric. The 
list may also include storage-battery separators, insulating bricks, wire and cable, 
drugs in packages, small assemblies (for completeness), and many items of similar 
character. Small castings and other metal parts may be inspected on the conveyor 
belt in the same manner as the foregoing examples. 

X-ray diffraction, which is now an essential tool of modem industry, was unknown 
four decades ago. Until 1912, the geometry of crystal lattices was based on knowl¬ 
edge revealed by visible light. The microscope, regardless of its power of magnifica¬ 
tion, cannot disclose any object smaller than the wave length of the light illuininatuig 
it. In 1912 the theoretical physicist Lane suggested that Friedrich and Knipping 
attempt diffraction of X-rays by means of a crystal. To this successful beginning, 
baised on the assumed geometry of the crystal lattice, numerous experimenters have 
added much knowledge of crystal structure. Among these should be mentioned 
William Bragg and his son W. L. Bragg because they developed a method of crystal 
analysis which proved to be the basis of all further work. Simple structures, like 
rock salt and zinc blende, soon established principles of crystallography that could 
be extended to crystals of more complicated structure. Later the structure of metals, 
whose stability is based on the attraction between free electrons and positive ions, was 
studied. Pure metals have simple fare-cpiitcred cubic structures, like copper, alumi¬ 
num, and gamma iron; bcjdy-centered cubic structures, like radium, alpha iron, and 
delta iron; or closely packed hexagonal cubic structures, Uke zinc, tungsten, and 
magnesium. Some meinla have phases of different stmeture, like the face-centered 
cuMc staructure of iron between 1100 and 1425®F, though it has a body-centered cubic 
structure outside this range. Alloys exist both as solid solutions and as compounds, 
and the structure is disclosed by their X-ray-diffraction patterns. Inf act, our knowl- 
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edge of Ofyfftalfi And xaetaUic struetuves hae nearly all been obtained by atn^ea of 
X-Tay diffraction. 

In most cases the phy^eal properties of a substance are determined by the arrange^ 
ment of its submicroscopic particles or molecules. For example, heaMreating^ cold- 
working, or a combination of the two will impart to a metal physical properties 
desirable for a specific use, By these methods their properties may often be changed 
through a range greater than that 
existing between two totally dissimilar 
metals. These differences are readily 
shown by X-ray-diffraction patterns. 

When one pattern is identical with 
another pattern obtained in the same 
way, the structures are identical. 

Chemical properties of substances 
are also revealed by their X-ray-diffrac- 
tion patterns. Thus it [is possible to 
identify an element, distinguish whether 
it exists as a compound or a mixture, 
and determine whether it is amorphous 
or crj’'3taUine. 

From the foregoing discussion it is 
obvious that for research or production 
control in rubber, plastics, cements, 
paints, textiles, ceramics, metals, min¬ 
eralogy, biology, physiology, pathologv, 
and niimborless other fields, it is possi¬ 
ble to identify the constituents of a substance, dot ermine theiiform, and predict their 
physical characteristics. In compounding, vulcanizing, or other processing of rubber, 
the structure and rharact<*ristics of the product can be determined’and controlled. 
In rolling, drawing, or other working of metals and alloys, the structural changes 
attending these processes are at once determinable for production control. Precious 
stones and gems, natural and synthetic, can be differentiated and the best axis of 

orientation established for preparation 
for esthetic or mechanical purposes. 
The differentiation between normal and 
pathological tissues can be determined, 
as well as the effects of disease and 
medicine with their rclalions to bodily 
functions. These few illustrative cases 
indicate that a list of research and 
industrial uses of X-ray diffraction 
could be expanded indefinitely. 

Diffraction patterns are available only 
as photographs and are not suitable for 
reproduction in a book of thi^ character. 
The inWrested reader can obtain numb^- 
less examples from manufacturers of 
X-ray-diffraction equipment. However, 
Figs. 28-17 to 28-20, which are diagram¬ 
matic in character, are introduced to ex¬ 
plain the main features of this technical 
procedure. An X-ray source T, in F|g. 
28-17, emits a beam of X-rays X through 
pinholes in two screens H and H' whiqli traverse a crystal C and impinge on a sensitised 
surface P, The l>oain will be scattered as Indicated, and in the case of a crystal the emer¬ 
gent rays will form a geometrical pattern, as shown in Fig. 28-18 or Fig. 28-19. The result 
shown in Fig. 28-18 was predicted by Lane and is called a Laue pattern. Figure 28-20 is a 
diagram of the atomic arrangement in a face-centered cubic crystal of a simj^e arrangement 
such as sodium chloride (NaCl). Figure 28-21 indicates the successive layers in this 
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Fio. 28-18. Laue pattern. 



Fio. 28-17. Diagran of arrangement for 
X-ray diffraction. 
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erysbid.' A ray ^ X-vadin^icm ttavil from A to B. aod part ol ,xt w31 baifiiflBotod to €, 
Aimthor ray traWs over the path a distaaoe increased l^r the diitiuioe between 

the encteseive layers of oryatals, multiplied by 2 sin or formally, 

nX — 2d Bin 6 

where n * an integer 

A wave length of the reflected X-ray 

d » distance between the successive layers of rryatalline structure 
This is Bragg's equation and permits the correlation of X-ray wave length and crystal 
layers* By making use of X-rays having a known principal wave length, the dimensionB 



Fig. 28-19. An X-ray dif¬ 
fraction pattern. 



Fig. 28-20. Diagram of face- 
centered cubic crystal. 



Fig. 28-21. Diagram of path of X-rays through crystal layers. 


of the space lattice in crystals can be determined. Converselyp when the dimensions of the 
crystal structure are known, the length of X-rays may be determined. 

ULTRAVIOLET LIGHT 

Ultraviolet light, being one of the constituents of solar radiation, has always con¬ 
tributed to life on earth. Foodstuffs, the fuels for all animal life, are produced by 
the action of sunlight on plants. Countless myriads of plant cells are vital laboratories 
for the synthesis of plant food. Billions of mofecules in each cell are using solar energy, 
chlorophyll, and the cells’ activities to produce food. Ultraviolet light is the chemi¬ 
cally active constituent of solar energy. Its place in the electromagnetic spectrum is 
ahown on pages 1624 and 1625. Light ceases to be visible at about 4000 A, or 4 X 10~^ 
cm (1 angstrom abbreviated A » 10*“^ cm), and ultraviolet from the sun ends at about 
^900 A because of atmospheric absorption. At about 3400 A, ordinary glass ceases 
in transmit any substantial quantity of ultraviolet. Quartz may be used until it, 
too, becomes too strongly absorbing, at about 1800 A. Then fluorite may be used 
until a wave length of approximately 1200 A is reached. Borne workers have sucoeeded 
in measuring wave lengths as short as 50 A, and the longest X-rays start in the neigh¬ 
borhood of half this value. The ultraviolet spectrum is ordinarily understood to 
extend from about 400 to 200 A. 
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Jfc* ^utlftaioil flf ^n^rggr »«9ults iut iliree ts^psev pf £|>6Qtr«; ^burnd* J9P»- 

tinuDUft apeetra. Tbo phyaics of ainiaaicm may ba iUuatroted by the simplMt oaar-^»p 
apeotra from the^rioglQ-electroii atom of hydrogon. Three eeriee of apeotral lines dia- 
oov^edf reepec^tively, by Balmer, Paachen, aiad LymaQ. Dark Unos oroseiog the OOila^ 
speeinim were seen by Wdlaeton in 1802; but Praunhotfer* who made the first meainire- 
ments with a grating^ recorded about 600 lines. The number has since been extended to 
more than lO^OOO. Under certain conditions the spectrum of hydrogen will exhib^ a 
series of dark lines crossing it similar to Fig. 28-22. J. J. Balmer, in 1886, socking to exf^lain 
the regularity of the lines, found that the 

wave-length sequence could be described i . i - - j-- -!— l 

by a constant 3,646.6 which may be stated, 1 . \ I I I i H ill 


X = 3,645.6 

«i - 2* 


Fig. 28-22. General appearance of line ai^ 
rangenient in hydrogen spectrum. 


where n assumed the successive integral values 3, 4, 5, and 6. 
equation in the form, 


V 


1 _ 1, w “ 2* 

A “ 3,645.6 ^ m* 


Rydberg later wrote the 


When the numerator and denominator of the right-hand side of this equation are multiidied 
by 4 and X expressed in centimeters, the equation becomes 


1/X » 109.720(1/2* - 1/m*) 

The factor 109,720 is known as Rydberg’s constant and is designated by R. Later measure¬ 
ments have corrected it to 109,677 8 cm~^. 

Lyman, in 1900, discovered a series in the spectrum of hydrogen which may be repre¬ 
sented by 

lA = R(l/1*) - (1/m*) 

and in 1908, Paschen discovered a series which may be represented by 


1/X = «(l/3*) - (1/m*) 

Hence all the lines in the hydrogen spectrum may be represented by 



the hydrogen atom. 


lA = (fZ/n*) - (R/m») 

or the wave length is inversely proportional to the differ- 
cnco of its spectral terms. Bohr succeeded in devising an 
atomic model which gave a simple physical interpretation 
of these terms. Bohr’s model of the hydrogen atom is 
shown in Fig. 28-23, where Pisa central nucleus or proton 
with an electron e revolving in an orbit at radius r. It 
was assumed that 

At 0 = vh 

i.e., that the change in energy Au) was equal to the product 
of the frequency of the radiation v and Planck's constant 
h. Stated otherwise, 

w»j — tgfii 


wliich gave the correct equation for the spectral series for hydrogen as wdl as Rydberg^s 
coiJistant. 

lieferring to Fig. 28-24, showing circular orbits for hydrogen, the nornml state for the 
atom is at n » 1, or condition of minimum energy. No energy is emitt^ so long as the 
atom remains in thb state. When the atom is bombarded by electrons or ions, the deotron 
will be movod to an orbit further from the center. In a very short interval the electron 
returns to a lower energy level and emits energy in the form of light. In moving in to Wi, 
the Lyman series results; to na, the Balmer series; and to Tit. the Paschen series, as indieated 
in Fig. 28-24. The application of Bohr’s theory to the more complex atome becomes more 
complicated. The atomic number Z fixes the number of electrons in a givmi atom* and 
this determines its chemical behavior, li Z ^ 11, the element is sodium regardless ql its 
atomic (see Fig. 2^-25). Two elections remain relatively dose to the nudout^ and 
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in 4|iijuituni fitftte n 1, or what is oalled the K shell. Eight electrons nre in the 'Quan¬ 
tum state n * 2, or the L shell. State n » 3 is the M shell. The ^eotrons in any shell 
except tihe K shell do not have the same ortnts, and the shell does not describe an energy 
leyeli 'The outermost electron, however, is responsible for the chemical and optical proper¬ 
ties of the atom jua/t illustrated. ^ The optical spectrum of an element is a complex arrange¬ 
ment of many lines. The iron spectrum has thousands of closely spaced Hues, and more 
than three thouscmd have been recorded for cerium. 

The foregoing discussion has been applicable to line spectra resulting from single ele¬ 
ments in the gaseous state. When elements are combined in compounds, the molecules 
emit more complicated groups of lines which have been called “band spectra.” When 
energy is added to a solid so that it emits light covering a large spectral range, the lines will 
be suppressed or merged into a continuous spectrum. It should also be observed that, 
when light from a continuous spectrum is passed through an elemental gos, certain lines 
will be observed which agree with the lines which arc emitted by the same gas. These are 
of the wave lengths to which its atoms are resonant and represent an absorption spectrum. 



Lyman 

series 


Fio, 28-24. Changes in energy state and 
spectral emission of the h 3 'drogeu atom. 



Fio. 28-25. Bohr model of 
sodium atom. 


Sources of ultraviolet light commonly used are sun, arc, spark, and glow discharge. 
The sun provides an unlimilcd source of ultraviolet radiation, of which only the wave 
lengths above about 3070 A reach the surface of the earth in the toinprrate zone in 
winter and 2970 A in summer. The percentage of different wave lengths varies with 
the latitude and seasons, but a value of about 3010 A can he taken as a fair average 
at a latitude of 40 deg. It has been found that ultraviolet rays shorter than 2950 A 
are lethal to bacteria and destructive to livijig oells. In view of the fact that these 
conditions have existed during the development of life on the earth, they would appear 
to be in accordance. 


Although an electric spark and an elertnc arc may appear to possess similarity, they 
are physically different. In a spark, electronic or ionic conduction takes place in the 
medium in which the spark exists. It is associated with ionisation of the surrounding 
atmosphere under a high potential gradient. The spectrum partakes of the spectral 
characteristics of the ionized medium, and tho ions may be singly, doubly, or even triply 
ionized. Spectral chai actcristics of the electrodes may be contributed as a contamination 
if the current is sufficiently high to cause their volatilization. 

Under a sufficiently high voltage gradient with limited current, this spark between 
cold electrodes results in the current being carried by gaseous ions or electrons and becoming 
a glow discharge. 

In arc conduction, on the other hand, the high-velocity arc stream is fed by vapor from 
the negative electrode or cathode moving at high velocity to the anode. The spectrum 
of the cathode material thus appears in the resultant light, and any characteristics of either 
the surrounding medium or the auodo are incidental and contributed indirectly by heat 
luminescence. 

Incandescent solids, such as the ffiameitt in an incandescent lamp operated at abnor¬ 
mally high temperature, may be used as the source of a continuous speetr\im which includes 
’the ultraviolet region. Soda-lime glass bulbs cut off the transmission at about 2900 A, and 
lead-glass bulbs limit the use of this source to wave lengths above 3000 A. High-temper- 
atuie flames, excitation of gases by hi^-frequency electromagnetic fields, and some novel 
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but mamberflome methodB for tho prx^uction of lUtroviolet light h»ve been med Aad^oad 
imprAQtiofll. 

Eteclric gpai^s aro jsoiaetiinee used as a source of ultraviolet radiation but mauily 
for tbe purpose of analysing materials by spectrographic methods. A transloiimier 
with the primary wound for use on the usual power mains has a high-voltage secoudaiy 
connected across the spark gap. A discharge will occur when 25,000 to 30,000 volts 
per cm (peak voltage) are impressed on the gap. An oscillatory or sustained discharge 
will occur if a suitable capacitor is also bridged across the gap, as indicated in Fig. 
28-26. This condenser must, of course, have sufficient dielectric strength to with¬ 
stand the maximum peak voltage. Iron or aluminum electrodes render valuable 
ultraviolet spectra with large numbers of reference lines. Equipment of this character 
is available from commercial manufacturers. 

Carbon arcs date from their discovery by Sir Humphry Davy, at the beginning of 
the last century, who used a 2,000-plate battery and produced an arc 3 in. long between 
carbons. The carbon arc was an important illiiminant for large areas during the last 
two decades of the past century where extensive areas were to be lighted. Other 


f .— -, 

power circuit 


Capacitor 


Spark 
> gap < 


Fig. 28-20. Arraugeiiieiit ol 
sijark fur ^ustaiiiud dis¬ 
charges. 



Amp. 


Flo. 28-27. Volt-ainpere char¬ 
acteristics of a stabilized arc for a 
particular set of series Bonditions. 


devices have superseded them for this use, and they are now employed where a high- 
intensity eoneentrated souree is required. A highly actiiiir h'ght is provided for such 
work a.s photoengraving and blue-printing where arcs are still frequently used. A d-c 
arc, because of the unidirectional high-velocity stream of vapor issuing from the 
negative electrode and impinging on the positive electrode, gives a very concentrated 
intense source of light. This intense spot is suitable for nn application where it is to 
be placed at the focus of a lens or mirror. By placing the positive carbon in a hori¬ 
zontal position, use is made of its intense crater for such work as motion-picture 
projection and searchlights. 

The volt-Hinpcre Bharacteristio of the arc should be mentioned relative to its operation. 
It will be observed by reference to curve AB (Fig. 29-27) that an increase in current accom¬ 
panies a clocrBasG in voltage. A constant voltage appliE^l to the arc tormiuBls results in 
instability over the entire range of current. The volt-ampere characteristic of a resistance 
(or reactance in the a-c arc) curve OC, as opposed to the arc characteristic, indicates a 
linearly increased current accompanying an increased voltage—a stable condition. The 
sum of the voltage at the torminals of the resistor and the voltage at the terminals of the 
arc, in series, indicated in curve shows the arc voltage to decrease as the current 
increases until a current of 3.5 amp is reached. For any current beyond 3.6 amp, the cur¬ 
rent increases with an increase in voHage, and the circuit is stable. A greater resistance will 
stabilise the circuit at a lower current. ^ 

The plain carbon arc gives a spectral distribution ranging from 3000 to 16,000 A or 
more, depending on (‘urreiit density in the arc. with the maximum energy output falling 
between a wave length of 5000 and 12,000 A, Carbon area for industrial and therapeutic 
Use are often formed by the use of so-calletf cored carbons. Tlie carbons have a core ol 
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eeriqsew muiafaaowf BluB^nuim ircm, nickel, tuzMESten, chromium, ^ibcaiiua, or oldwr metals 
cr eartlm in some of their combinations or compounds. By this method the oharaotenstios 
of the carbon arc may be made to meet specific requirements. By making uae some of 
the foregoing eiements, a great part of the energy may be .placed in the ultraviolet j^egion, 
while additiDn of certain other dements, e.g., strontium, will move the maximum energy 
to beared region. Many carbons, covering a wide fidd of usefulxiese and various 
regions of the spectrum, are commercially available. 

The lUeroixy-Tapor arc was brought out at the beginning of the present cmituiy 
by Beter-Cooper Hewitt, who apidied it first to lighting. In this field its illumination 
produced a high visual acuity, but the color was objertionable for some uses. There 
are, however, still many applications, and extensive use is made of the mercury-vapor 
arc as an illuminant. It was soon realized that this device was a valuable source of 
ultraviolet light. To extend the spectrum beyond the cutoff point of glass, tubes of 
fused quartz were substituted. The mercury-arc spectrum extends into the extreme 
ultraviolet region with a line at 1849 A. This wave len^h is below the point where 
quartz will transmit any considerable portion of the energy of the spectrum. Mer¬ 
cury-vapor lamps are therefore made by several manufacturers which use a quartz 
envelope which transmits a considerable quantity of energy in the far-to-extreme 
ultraviolet region. These lamps serve to meet the needs for chemicEil action in the 
ultraviolet region. Common glass transmits less and less of the spectrum in moving 
down toward 3100 A where it is practically opaque to this wave length. 

Therapeutic wave lengths are in the range 2950 to 3150 A. Common glass 
transmits little energy between 4000 and 3100 A, and the amount becomes less and less 
toward the shorter wave lengths until at 3100 A the glass is practically opaque. The 
amount of energy transmitted at various w'ave lengths depends on the composition 
and thickness of the glass. Many special glasses have been developed which will 
transmit more or less of the spectrum in the therapeutic region. They are usually 
sold under names intended to connote their novel properties. Some are made in the 
form of windowpanes intended for use in solaria or situations where the sun's radiation 
may be applied to antirachitic therapy. 

Many arc lamps are fitted with special therapeutic carbons for treatment of 
patients requiring ultraviolet therapy. An incandcscent-arc combination lamp has 
also been developed for furnishing the therapeutic section of the spectrum—a so-called 
“sun lamp." This lamp is a combination of a tungsten incandescent filament and a 
mercury arc in argon, between tungsten electrodes, all enclosed in a special glass bulb. 
The special glass bulb will transmit some radiation at wave lengths as short as 2800 A. 

PhotOGhBinical processoB cover a wide field in industry and are assuming increasing 
importance. The action of sunlight on oils in changing their physical and chemical 
properties has long been observed. This action can now be extended and accelerated 
by the use of ultraviolet light from artificial sources. Changes in physical and 
chemical character of various substances, in such a manner that some products will 
be unproved and some injured, axe produced by this agency. For example, olive oil 
is bleached by the photochemical action of light, while other oils, e.p., cottonseed oil 
and soybean oil, may be darkened. Ultraviolet light has been used to remove objec¬ 
tionable taste and odor from cacao oil, and whale oil has been considerably deodorized. 
On the other hand, the rancidity of many products, such as potato chips, is favored 
by the accelerated oxidation caused by light. Artificial light may be used as a 
convenient means of testing for the determination of suitable packaging or coloration 
of wrappers that will render adequate protection against spoilage of products exposed 
to light. 

In the textile industry it is necessary to determine the effect of light in reducing 
the strength and elasticity of fibers that may be exposed to this influence. It has 
been foiuid that silk may lose 50 per cent of its strength on exposure to sunlight for 
200 hr. Other fibers experienced decreased strength of the same order when exposed for 
increased times. The times increased through the series—^jute, rayon, cotton, flax, 
hemp, wool—in the order given. The purer tlie atmosphere, the less the destruction. 

It is general knowledge that the bleaching of textiles and paper by chlorine is 
accelerated by light (a fixed temperature assumed). In the textile and paper indus- 
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txii&a, |«dts for l^e rate of \oe» of eolor of dyed juateriate expoeed to M 
necemry^ t.e.i testa for li^t-fastneaa of dyes. Ultraviolet lamps ate moaufactoed 
that are especially adapted for this use. 

The testing of pigments in the paint mdnstry falls in the same category as tlie 
testing of dyes.^ Accelerated weathering tests on oils, paints, and vami^es are 
possible by making use of carbon arcs developed for the purpose. These teshi are 
also applied to synthetic varnishes and nitro- or ethylcellulose lacquers. Means of 
conducting accelerated tests on the oxidation of ruhb^ and methods of protecting it 
from sunlight damage are developed by making use of artificial ultraviolet lighting 
sources. This is especially important in thin rubber coatings and membranes, such 
as those used for balloons. The spoilage of many pharmaceutical preparaiioiiB is 
prevented by advance investigation of the effect of light and the application of suita^e 
protection. The industrial applications of ultraviolet light for research and develop¬ 
ment are veiy extensivCi and an extended dkicussion ianot possible in a limited space; 
hence mention is made of only a few of the commonest examples. 

Biologiccd applications of photochemistry are very extensive and rapidly increasing 
as research in this held advances, although exact knowledge of the photochemical 
behavior of biological compounds is relatively limited. Work on enzymes, hormones, 
and products of pathological significance has been extensive. One of the important 
fields is the lethal action of ultraviolet rays in killing bacteria and molds. PTomment 
in this is the surface sterilization of foods and other expensive materials. The steril¬ 
ization of air is extending from hospital operating rooms and corridors to schools and 
public buildings. Tests have shown that the region of bactericidal activity in 
spectrum is between the wave lengths of 2960 and 2000 A. The mechanism of the 
bactericidal action of the ultraviolet light (or, for that matter, any elpctromagnetie 
radiation) is not yet understood. Some interesting correlations for bactericidal action 
of different wave lengths have been published. There is some evidence that the 
absorption of a single high-velopity elertron or a single X-ray quantum by a bacterium 
was sufficient to cause death. In the case of ultraviolet light the data seem to indicate 
a very low quantum yield when compared to the highly efficient X-rays. However, 
the ease of the use of ultraviolet light, together with its much lower deleterious effect 
on the higher animals, results in its extensive use as a bactericidal agent. 

For a time the use of ultraviolet light for the sterilizing of drinking water seemed 
most desirable. The water itself would undergo no physical or chemical change, an 
overtreatment was impossible, the cost was not prohibitive, and the solution of air 
and other desirable materials was retained to preserve its pleasant taste. But since 
the objectionable features of chlorination have been largely removed by improved 
methods, the ultraviolet method has declined in favor. The extension of this method 
to the sterilization of milk has proved difficult, and the process is said to interfere 
with the production of activated ergosterol, or vitamin D*. The process is not con¬ 
sidered commercially feasible. Mercury-arc irradiation has been successfully used 
for bleaching flour. The growth of molds has been inhibited by the action of ultra¬ 
violet radiation on bread dough, and it does not interfere with the growth of the yeast 
cells. It is also effective in the bread-wrapping room to sterilize the baked bread and 
thus inhibit the growth of mold in the humid atmosphere of the package. 

A considerable use of ultraviolet light rays between 2000 and 2900 A has been 
made in the meat industry. Meat is benefited by aging in storage until the connective 
tismie within the muscle fibers is changed to gelatin by enzyme action, thus rendering 
it tender. But a relative humidity of 85 to 90 per cent to prevent excessive weight 
loss and storage above usual refrigeration temperatures favor the growth of surface 
mold. When mercury-vapor tubes, developed for the purpose, are included in the 
equipment of the tenderizing room, mold is prevented both by the direct action of 
the light on the surface of the meat and by the sterilization of the circulating air. 
The installation of the equipment in the sales refrigerator is ssid to reduce losses also 
from the deterioration of the surface of the meat. 

Contamination in the operating room of a hospital is affected by the ventilatkm, 
the cleanliness of the room and the incoming air, and the number of occupants and 
the efficacy of tiielr mariss, as well as the contamination of their respiratory pasimies. 
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3lte danger in thoracic surgery is so great that operations in this region are postponed; 
when possible, until summer months. It has been observed that air-borne pathogenic 
bacteria are about ten times as susceptible to abiotic rays as the same bacteria when 
growing in a nutrient medium. This circumstance has made the use of abiotic or 
bactericidal rays effective in the protection of the patient. A battery of suitable 
mercury-arc lamps arranged above the operating table affords a very great measure 
of protection to the patient and because of its low concentration and inability to 
penetrate the skin will produce no known physiological effects. It has also been 
found that postoperative infection is avoided, wound healing is more rapid, and 
mortality is decreased more than 50 per cent. Moreover, the light is of a pleasant 
blue color but is of a negligible illuminating value. The development of the tantalum 
photoelectric cell, which responds to the abiotic wave lengths almost in accordance 
with their lethal effects, has made possible the application of this source of light With 
exactitude. This source of radiation is also applied to hospital corridors to prevent 
cross infection from transportation of infection across this barrier. 

Therapeutic applications of ultraviolet light are treated in an extensive literature 
and will be only briefly mentioned here. Much of the literature is contradictory, 
which may be in part due to lack of proper limitation of the wave band concerned, 
either in its application or in the description of results. Ultraviolet radiation is often 
divided into four bands, with reasonable agreement on the division between scientific 
workers in the field. The four bands are fluorescent or near ultraviolet, 4000 to 
3300 A; biological or erythemal region, 3300 to 2800 A; abiotic or sterilization region, 
2900 to 2000 A; ossone-producing region, 2000 A to the limit of air transmission. The 
cutoff limit of quartz is near 1700 A; that of air, somewhat below this wave length. 
The erythemal band of 3300 to 2800 A is of therapeutic significance. There is general 
agreement on the broad aspects of tho use of ultraviolet radiation for the treatment of 
such ills as rickets and surgical tuberculosis and for the improvement of the bodily 
vitamin D. But in other applications, such as altered cirrulation, charged respira¬ 
tion, modified composition of blood, or growth in the body, the literature is often 
controversial or contradictory. Proper control of wave lengths from the various 
sources and measurement of biological dosages may result in better agreement in the 
literature. Light of erythemal wave length is absorbed in very thin layers of the 
skin and under certain exposures results in erythema and pigmentation. Studies of 
the effect of light in this band have contributed to the development of many lotions 
and ointments for the prevention of sunburn. Most of them owe their efficacy to the 
incorporation of fluorescent material which at the surface of the skin changes ultra¬ 
violet rays to light of longer wave length. It is interesting to note that the lens of 
the eye filters out ultraviolet rays and thus protects the retina from their action. The 
use of heliotherapy in the correction of tuberculosis of bones and joints seems to be 
established, but there appears to be no unanimity as to the wave length of tlie curative 
ray. Even in antirachitic therapy one can only gather from the literature that an 
average of many opinions places the wave-length active in thi.s sjjhere at an average 
value of 3080 to 3130 A. In poultry husbandry it has been found that the hatchabil- 
ity of eggs and bone growth in chicks are improved by even short-time daily exposures 
of the flock to ultraviolet light. This assumes Increased importance as the congested 
and artificial conditions of jHiultry raising increase. 

INFRARED RAYS 

The nature of infrared light will be evident by reference to the table on page 1624 
and the previous treatments on X-rays and ultraviolet light. It is seen as electromag¬ 
netic raffiation, to be classed with cosmic radiation, gamma radiation, X-radiation, 
ultraviolet radiation, visible radiation, short-wave radiation, and radiation in the 
broadcast band. It fills in the blank indicated in the series—^the blank between the 
longest visible waves and the short Hertzian waves. The infrared starts where the 
long waves in Uie visible spectrum leave off, at 7600 A, and extends to 500,000 or 
even 1 million A. When the solar spectrum is considered, the wave lengths are 7600 
to 30,000 A, but terrestrial sources have yielded much longer wave lengths. The 
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region nf the Bpocirum in whieli we 4rc eonoerned has the appraximatii onorgy disirl- 
bution indicated in Hg. 28^28 for the five Bourcea shown. Wein's di^lacement law 
shows that the maximum radiation intensity is invets^y proportional to the absointe 
temperature of the black body, or ' 


where ymmx is the wave length in microns at which the intensity of radiation is a maxi¬ 
mum, and B is the temperature in degrees Kelvin, These curves are approximate for 
the sun with a temperature of 5800 K; tungsten lamp, 2500 to 3000 K; carbon lamp, 
2000 to 2200 K; fiatiron, 525 to 000 K; boiling water, 373 K. 

The indusiiial source of infrared rays is commonly incandescent lamps operated 
at a temperature that gives an economical piTMluction of heat energy without excessive 
lamp cost. GaS-operated infrared generators are used to a limited extent, mainly 
where a high heat concentration within a limited area is required. The incandescent 
lamp especially made for the purpose may be cither tungsten or narbon filament. 



They respond to a need first brought to the attention of industry by a large applica¬ 
tion of this source of energy tn the drying of automobile finishes by the Ford Motor 
Company in 1938. The shorter the w'ave length, the greaer the energy output, but 
in the case of incandescent lamps this is at the expense of lamp life. The filament, 
cither tungsten or carbon, sublimates and is deposited on the inner surface of the bulb, 
and this process continues until the filament parts or ^‘burns out.” Photofiood lamps 
have an average life of 2 to 3 hr; projection lamps, 10 to 50 hr; general-pur{>ose lamps, 
750 to 1,000 hr; and street-lighting lamps, 3,000 hr w^hen operating under rated condi¬ 
tions. They operate at successively lower temperatures in the order mentioned. 
Since the infrared lamp is designed to operate with its maximum output at as long a 
wave length as will result in good economy, its opeTating temperature is a few hundred 
degrees below that of the lamp designed for illumination, and the life eonsequ^tly is 
extended to a S,000-hr rating. Vibration and shock reduce the life of infrared lamps 
as they do that of illuminating lamps, ('larbon filaments, for the same voltage, are 
shorter than tungsten filaments; hence the configuration of the finished filament may 
be made to approach more nearly a point source. When the filament is placed at 
the focus of a suitable rcfiector, a more uniform distribution of the tight will result. 
The carbon filament, however, is more fragile, its life is shorter, and the energy output 
during its life is loss than for a tungsten filament when referred to a given inputs 
There are two general types of infrared lamps: those requiring a separate reflector 
and those with the reflector self-contained and sealed in. Those with the self-eon- 
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taiaed rafifictor m made in 250* and 375-watt aizea, both in an Sr40 bulb. Common 
K«eB without fldf*oontained reflectom are 100-watt lamps in an A-23 bulb^ 250*watt 
in a PS^ bulb, 250- and 375-watt in G-30 bulbs, and 500- and 1,000-watt in a T-40 
bulb. All but the 500- and 1,000-watt lamps may be used in the medium-semw 
porcelain receptacles, while the 500- and 1,000-watt lamps require medium bipost 
receptacles or sockets. Variation in applied voltage has the same general effects on 
output, life, efficiency, current, and power as it does on general-purpose illuminating 
lamps. The cheapest and best lamp for use, from the point of view of lamp oost and 
operating cost, is the 120-volt lamp. For use on 240- or 480-volt circuits it is generally 
cheaper to connect two or four 120-volt lamps of the same rating in series. Groups 
thus made up for series-multiple operation will have a somewhat shorter life than when 
burned in multiple on a circuit of their rated voltage. The life and operating effi¬ 
ciency, however, would exceed that of lamps specially made for the higher voltage 
and furthermore would have a lower first cost and lower operating cost. This is 
because of the fragility and lower efficiency of filaments made for the higher voltage. 
Ihe approximate shape and size of the R-40 bulb with sealed-in reflector are shown 
in Fig. 28-29. Other bulbs, except the tubular wdth bipost base, are like those used 

for general-purpose illuminating lamps. 

Gas-fired i^ared generators usually consist 
of a refractory bowl or cup made of a ceramic or 
silica brick. In the center of the cup is placed a 
gas burner operated with air-pressure flames 
which leave the burner radially and scrub the 
refractory bowl, heating it to incandescence. 
They release between 3000 and 5000 
Btu/hr/sq in. of projected area. This is from 50 
to 80 times as intense a heat as the 375-watt lamp 
will give. It fills a need differing from that met 
by the incandescent lamp. The gas-fired infrared 
generator is suitable for such work as brazing, 
annealing, hardening, forging, or melting of small 
volumes of metals. It is developed to concen¬ 
trate a large amount of energy in a small space. 
It would also be suitable for use where the 
object to be heated moved so fast that electric heaters could not provide the necessary 
intensity of heat. 

The equipment for the industrial use of infrared rays is in many respects similar 
to lighting equipment. It includes lamp holders, reflectors, current supply, means 
of getting the work to the radiant heat, and sometimes means of removing noxious 
fumes. The lamp holders must stand continuous high temperature. To have a 
useful length of 4ife, the sockets must withstand continuous elevated temperatures. 
The insulation and resiliency of contacts must be maintaiued. Porcelain receptacles 
meet these requirements when lamps smaller than 500 watts are to be used. For the 
500- and l,D00-watt sizes, which have medium bipost terminals, no suitable sockets 
have yet been developed. It is better at present to braze leads to the posts, using 
for the purpose asbestoB-covered or other heat-resistant wire. These leads may then 
be connected to suitable terminals somewhat removed from the heat. 

Coefficients of reflection vs. wave length for five of the most suitable reflector materials 
are plotted in Fig. 28-30. A good visible-light reflector is not necessarily a good infrared 
reflected. Not only has electrolytic gold, as plated on a metal surface^ a good coefficient of 
reflection for infrared rays, but the surface retains its reflecting value well at temperatures 
that attend the use of infrared. Vaporized aluminum or silver, deposited on the reflector 
surface, is secondary in value and is used in the 11-40 bulb. This surface operates in an 
inert atmosphere and retains its efficiency for the life of the lamp except as it is deteriorated 
by the deposits of the sublimated filament. Alzak stands next to gold for permanence and 
high reflectivity when exposed to the oxidizing influence of the atmosphere at high temper¬ 
atures. The surface of the aluminum reflector is oxidized when manufactured. This 
protects the eiirfaoe, which maintainB a high reflecting coefficient after having been oxi¬ 
dized electrdlytiaally. The specular finish has from 80 to 85 per cent coeffica^t of refieiv 
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Fig. 28-29. R-40 infrared lamp 

with sealed-in reflector. 
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'Oie high productiun rates achieved by the use of infrared heatiiig deiinre laxgi^y 
from the use of conveyors for moving the maiezial, unless of eoivse the material is in 
strip form, as paper, taxtiJea, etc. Por this rapid rate of handUng, the work is otrried 
through a tunnel of concentrated heat on a conveyor or overbad canier. The lamps 
are preferably arranged so that uniform heat is delivered to the faces of the Work by 
proper spacing of the lamps in the banks, and by making adjustment of the distance 
from the lamps to the work. For many kinds of work the conveyor is a belt of the 
mesh type, with the size of the meshes of course suited to the work. Where the Work 
must be rotated in traversing the oven or tunnel in order that all faces of the work 
may be presented to direct rays from the lamps, the overhead type of conveyor is 
especially desirable. Where the speed of the heating process is subject to change, 
the conveyor drive must permit the adjustment of its speed to meet this requirement. 



Fig. 28»>30. Cueffidents of reilection for some useful reBector materials. 

Tile majority of installations are of the open type, but where noxious or flammable 
fumes are encountered, forced ventilation may be necessary. However, a satisfactory 
method of ventilating a great many installations may be to provide a hood above the 
lamp banks with a properly located stack and natural convection to discharge the 
vapors to the out-of-doors. Commercial infrared equipment is available which 
extends from a simple row of lamps, properly mounted and spaced, to a complete 
system of banks, tunnels, or ovens, complete with conveyors and adjustable-speed 
drives. 

In planning an infrared inatallation, use is made of fundamental prinriples in heat calcu¬ 
lation. For example: 

A toy factory requires that steel wheels weiahing 5.4 oa each be heated from room tem¬ 
perature to 150**F before tires are applied at the rate of 4,000 wheels per hour, 

Bpecific heat of steel » 0.107 
Boom temperature * OS^F 
1 kwhr 3412 Btu 

Weight of work * (5.4 X 4,000)/16 *= 1,3501b x)or hr 
Energy required 1,350 X (150 — 68) X 0.107 = 11,850 Btu per hr 
Power required 11,850/3,412 3.47 kwhr 

Another example is as follows: 

A textile plant requires that 100 yd per min of cotton cloth weighing 8 oi per yd have 
2.3 oz of water evaporated from it when going into the drier from a room at It is 

considered desirable to superheat the cloth lO^F, 

Specific beat of cotton 0.32 (approx) 

Specific heat of water « 1.00 
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of vEtpomotion of wa^te^ *> WO Btu per lb 
Weii^t of cloth per hour: (60 X 100 X 8)/16 “ 3,000 lb per Hr 
Weight of moisture per hour: (60 X 100 X 2.3)/16 = 865 lb per hr 
For evaporation of moisture: 

temperiKture of water; 

865 X (212 - 77) X 1 116,700 Btu per hr 

Evaporating the water: 

866 X 970 = 839,000 Btu por hr 

For heating the cloth: 3,000(222 - 77) X 0.32 = 139,000 Btu per hr 
the efficiency of vaporising the water is 30 per cent, 

Heat input for water « (116,700 -1- 839,000)/0.3 = 3,185,000 Btu per hr 
If the efficiency of heating the cloth is 50 per cent, 

Heat input for cloth = 139,000/0.6 — 278,000 Btu per hr 

Energy input required = 3,185,000 -|- 278,000 — 3,463,000 Btu per hr 

Poww input required = 3,460,000/3,412 = 1,016 kw 

In the foi^ogoing examples the actual heat needed to accomplish the work was stated. 
Then efficmncy was assumed and input to the lamp bank computed. In the first problem 

a certain mass was to be raised to a cer¬ 
tain temperature in a certain time. The 
input to the lamps would depend on the 
efficiency of the lamps in converting elec¬ 
trical energy into infrared energy, on the 
efficiency of the surface used as a refiector, 
on the tranemisaion losses between the 
lamps and the work, and on how well the 
work was arranged to intercept the heat 
rays. Approximately 10 per cent of the 
output of the lamp is in the visible spec¬ 
trum; about 10 per cent of the input is converted from the bulb by the surrounding air; in 
the neighborhood of 2 per cent of the input is conducted to the base of the lamp and dissi¬ 
pated through the socket. Hence it may be expected that between 75 and 80 i>er cent of 
the input to the lamp, depending on the size, will be turned out as useful heat, and this is 
true. Reference to Fig. 28-30 will show that if an Alzak reflector is used, an average of 
some 80 per cent of the infrared will be reflected. This, then, will indicate that a maxi¬ 
mum of 0.75 X 0.80 = 0.60, or 60 per cent of the input to the lamps, will be projected 
toward the work. When heating a mass, an efficiency of 50 per cent may Iks considered 
good performance, although in a closed tunnel or oven this over-all efficiency may he 
exceeded somewhat because use is made of the incidental heat ccmvected by the atmosphere. 
When moisture is evaporated, there is a 
decreased efficiency, and 35 per cent may 
be considered good performance. In the 
example of the wheels, 3.5/0.5 = 7 kw 
input would be a minimum requirement. 

Likewise in dr 3 dng the cloth, 

370/0.35 = 1,050 kw 

input would be the least required. 

Infrared laini>s should be arranged in 
uniform spacing, as shown in Figs. 28-31 
and 28-32. The spacing in Fig. 28-31 is 
somewhat to be preferred to that of Fig. 

28-32. Wiring of the lamps in the rectangular arrangement is easier than in the equilateral 
triangular arrangement. Essentially uniform heating may be had with either arrangement 
if the lamps are placed at the pr oper distante from the w ork, but with the equilater al arrange¬ 
ment uniform iUuminatiun will be secured at a shorter distance. A test bank may be 
readily assembled, with either arrangement, using lamps 1 to 7 in Fig. 28-31 and 1 to 9 in 
Fig. 28-32. Since infrared radiation obe^s the laws of visible radiation, since both are 
generated at the same source, are jirojected together, and impinge on the same surface, the 
distribution of the light may be readily seen. In irregular work it is necessary to eliminato 
the shadows, which are easily seen. For a more exact survey, a meter similar to a foOt- 
eandle meter used in photography, but sensitive to the infrarod range, is availaVile. It U 
scaled to read in gram-calories per centimeter per minute. These units are of course easily 
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I'lo. 28-32, Rectangular or square lamp 
spacing. 
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Fig. 28-31. Equilateral triangular lamp 
spacing. 
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into »ny desirable muta of di«rgy per unit surfaea per unit time, 0 U<* as Btu pnf 
fKiuare loot per hour or kilowatts per square loot. The neeeBsary degree of unifornilty 
deponda upon the application. To dry the surfaee of a thermally nonconducting material 
Would demand much more uniformity than that of a metal where heat distribution would 
be aided by its conductivity. For test purposes, in connection with^design, the H-40 
reflecting infrared lamp wiU be found to he convenient and adequate. Arrangement 
rating of larger lamps can easily be deduced from the test results found with the b^k ol 
li-40 lamps. 

Surface flnishing constitutes the most extended use of infrared heat because it is 
possible to achieve more rapid heating and an increased temperature of the work. 
This accelerates the three processes involved in curing a flnislij viz.^ evaporationi 
oxidation, or polymerization. Some finishes require ojsrJy evaporation of the solvent, 
as lacquers, shellac, and other solution coatings. Others require oxidation in addition 
to evaporation of the solvent, and most oxidations are accompanied by polymeriza¬ 
tion. This is true particularly of synthetic or modified synthetic finishes. Many of 
these finishes arc heat-hardening or polymerizing and are completely processed when 
they reach a final temperature. The rate of processing a finish is affected by the rate 
of heat absorption, which is at the highest rate with black, at the lowest with white, 
and with colors at an intermediate rate. 

Industrial applications of infrared were first used in connection with the heating 
of surface finishes. The speed that can be attained by its use often pays for the 
increased thermal cost over other competing methods. It is not uncommon to have 
the time of a process cut to 10 or even 5 per cent of that required in convection ovens. 
Its use in textile plants up to the present has been principally as a booster or as a 
supplementary operation. It is convenient in this use to add or take away lamps as 
variations in the process demand. In the paper industry, much the same state exists. 
In ceramic industries, it is often replacing the biscuit oven for drying ware before it is 
glazed, as well as having utility in the decorating shop. The infrared driers provide 
a convenient and time-saving device for skin drying of green molds in the foundry. 
The heat can easily be taken directly to the mold, the risk of damage by movement of 
the green mold to the source of heat being thus avoided. There are doubtless many 
uses in the food industry and in other industries where the extension of its use would 
result in convenience and savings. 

The therapeutic use of infrared rays extends back to the daj^s when carbon-fila¬ 
ment lamps vere used for fighting. Physicians found the penetrating power of this 
radiation superior to various forms of conduction heat, such as that from hot-watcr 
bottles or heating pads. They have for some time past used the larger sizes of lamps, 
1,000 watts or so, in clinics and hospitals. Many special forms of infrared generator 
for therapeutic use have been manufactured for years. The nonluminous heater for 
the production of wave lengths of 15,000 lo 150,000 A usually consists of a resistor 
operated at 750 to ISOO^C’, mounted in a suitable reflector or arranged in an ovenlike 
structure which may be used to surround the extremities or the torso as required. 
These oven devices are intended for superficial heating, since the long wave lengths 
supplied by them penetrate the tissues no mure than 0.1 to 1.0 mm. For deeper 
heating, the incandescent lamj) is used in sizes from 60 watts to 1,000 or more. Tbe 
maximum penetration of human tissue is at about 11,000 A. lly Wein's displacement 
law it may be computed that maximum emission of energy at this wave length is from 
a source operating at a temperature of 3560®C. This is not far below the filament 
temperature of the infrared incand('sceiit lamps, which therefore furnish an excellent 
source of radiation for de<*per heivting in thermal therapy. This source, however, 
emits a considerable portion of its energy in the wave-length band beyond 15,000 A, 
which is in the range of superficial hoaling. For the deeper healing the longer wave 
lengths are not wanted, sinc-e they cause di.scomfort. They may be readily eliminated, 
by interposing a few-rnillimeter screen of water between the lamp and the tissues. 
This allows the lamp to bo brought almo.st into contact with the body siirfaeo without 
discomfort, and this increases severalfold the penetration of the tissues by the shorter 
wave lengths. 

The most evident physiological effect of infrared radiation on the body is vas6« 
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mtytor. Wtoi this heat is Msed^ the blood vessels ate dilated'^ and the drculatioa m 
i^e area increased. Much of the beneficial effect doubtless derVies from this circum* 
atance. In addition there are chemical changes in the blood, the formation of tissue 
fluid wWh may leave the area as lymph, and changes in tissue metabolism. Some 
of these effects may be of such a nature in a particular inflammatory condition—red¬ 
ness, heat, pain, swelling—^that the use of infrared is contraindicatefi. The estima¬ 
tion of its value requires a consideration of the possibility of capillary stasis and 
venous congestion. Any lesion of the sensory nerves requires that the infrared be 
used with the utmost caution. In every case the intensity of the radiation should be 
well within the tolerance and the sensation of heat comfortable, 

POLARIZED LIGHT 

The nature of polarired light should be rrviewed before its uses are discussed. 
At the beginning of the last century it was considered that light consisted of longi¬ 
tudinal 'wave motion traveling in straight lines from its sotirce through a transparent 
medium that pervaded all space. A quarter century later, the discovery of polariza¬ 
tion of light acted to deny the theory of its longitudinal wave motion, but further 
study made use of this very phenomenon of polarization to establish the wave proper¬ 
ties of light. Its early practical use was limited to mineralogy and crystallography. 
Its use as a technical tool is extending as more of its nature is revealed and equipment 
to make further use of it is developed. 

At the risk of oversimplification of the actual facts, consider the illustration that will 
apply to Fig. 2S-33. As the man’s arm is waved up and down, sidewise, or at any angle, 



FlO. 28-33. Illustrating wave motion in connection with polarization of light. 

a wave moves along the rope from the man toward the post. When the motion is vertical, 
the vertical pickets do not limit the wave motion, but the horizontal ones do. When the 
two sets of pickets are at right angles, no wave will pass through both. Obviously if the 
vertical barriers were turned at any angle, the wave traveling at the same angle would pass 
through and be entirely stopped only if the direction of the pickets in the third barrier were 
athwart the motion of the wave. The first fence acts as a polarizer, the action of the second 
one is nil, and the third fence acts as an analyzer. 

The mechanism of light and its polarization is much more complicated than the simpli¬ 
fied illustration offered in the foregoing paragraph. When light originates at an incandes¬ 
cent source, all wavs lengths of visible light (as well as some of infrared and ultraviolet) are 
propagated at all possible angles and at many amplitudes. Vertical components of this 
light will pass through a polarizer with its polarizing axis placed vertically, and horizontal 
components will be cut off. If a second polarizer is placed l>eyond the first, with its polariz¬ 
ing axis located vertically, light will be passed as through the first one. If the second 
indarizer is placed with its axis horizontal, all the light will be extinguished by it. If the 
aecond polarizer is turned at any angle between vertical and horizontal, a partial quantity 
of the light will be transmitted depending on the angle. The second .screen is called an 
analyzer. These arrangements are shown in Fig. 28-,34. It will lie observed that mono¬ 
chromatic light—light of a single wave length^is much less complicated in its phvesical 
aspects than the heterogeneous white light. Also, that polailzed white light still possesses 
the heterochromatism of white light. 
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la Fig;, 28-35* V ropreaents a vector 
diagram of light waves of a sin^e aiapli- 
tu^ but raudom aagles m k ray of light. 

The block AB represents a polariser, such 
as the anisotropic erystsd tourmaline, 
which poseesBBs the pr<^erty of double 
refraction and honoe will polarize light. 

The uupolarized enters the crystal at 
ft and emerges at All vertical vibra¬ 
tions are transmitted with some absorp¬ 
tion; the vertical components of the in¬ 
clined vibrations are dso transmitted in 
the same manner; tbe horizontal vibrationa 
are absorbed; and a beam of plane- 
polarized light emerges at O. 

Nicol prisms were origmated in 1828 
by the Scotch physicist, W. Nicol. The 
prism consists of an Iceland-spar crystal 
cub and cemented with Canada balsam in 
such a way as to deflect the ordinary ray 
and transmit the extraordinary ray. This 
was the most common polarizer until a few 
years ago and is still used where the best 
precision is required. In Fig. 28-36 the 
plane faces are on the plane abed, and this 
figure also shows the paths of the rays. In 
1852 an English physician, W. B. Hera- 
path, discovered that crystals of sulfate 

of iodoquinine, later called herapath, would polarize light very cfTertually, but the 
crystal would disintegrate into useless dust at the slightest shock. About seventy-five 
years later, Edwin H. Land, while an undergraduate at Harvard, devised a scheme for 



Fig. 28-34. Pol arizing and analyzing sesreens. 



preserving innumerable tiny crystals of herapathite in a plastic-film matrix which wquld 
also maintain their proper orientation, and alignment. This film is usually mounted 

between glass plates for protection and 


{kdrnary my 



ease of handling and is the Polaroid 
now commonly used in moat applications 
where the use of polarized light is 
embraced. 

Tliere are many natural occurrences 
of the polarization of light, ligfht is 
polarized by its impact on a glass sut- 
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face at an angle of 57 deg from normal. The index of refraction of ordinary glasa is 
1.54. The polarizing angle then becomes 57 deg when the simple equation 

n == tan a 

is considered, where n is the index of refraction, and ot is the polarizing angle. Polar¬ 
ization by reflection is indicated in Fig. 28-37. This polarization takes place also 
when light strikes the top of a desk, drawing board, book, linoleum, concrete pavement, 
roadway, and other iionconduetiiig surfaces at an inclined angle. The extent of 
polarization is greatest when the angle is near the polarizing angle for glass. This 
type of polarization Ls not usually recognized; for to be observed, it must be seen 
through an analyzer or polarizing screc-n properly oriented. Most of the surfaces 
named are usuallj’’ seen in a horizontal position; hence, for extinction, the polarized 
rays must be viewed through a polarizing screen with its plane normal to the angle 
of reflection and its polarizing axis vertical. This phenomenon is the reason for the 
use of polarizing screens arranged as spectacles to eliminaic or reduce glare on streets 

and roads. It is also the reason for 
controlled polarized illumination for 
inspecting benches, drafting tables, 
desks, and similar surfaces. The sim¬ 
ple, relatively rugged screens of Polaroid 
of large area now available render such 
applications practical. 

Many years ago it was proposed that 
the discomfort resulting from glare in 
night driving be eliminated by the use 
of polarized light. At that time no de¬ 
vice for bringing it about was available. 
The iiivention of Polaroid a few years 
ago makes this improvement in night 
driving feasible. In its adoption, polar¬ 
izing screens w^ould be applied to head 
lamps and windshields of cars, with the 
axis of the screen at 45 deg from the 
horizontal and inclined, say, from the 
operator’s lower left to his upper right. 
This would place the polarizing screens 
of any oncoming car at right angles to the 
operator’s viewing screens. The operator would see objects lighted by his own lights, 
but the polarized light from the headlights of the oncoming car would be stopped by 
his own polarizing windshield. Automobile-headlight glare could be eliminated if all 
cars were equipped with polarizing equipment. The combination of Polaroid and 
sealed-beam headlights makes this desideratum possible, but automobile manufac¬ 
turers must provide the equipment and double the size of the present generators in 
order to initiate the change. 

Small particles in a liquid or gas w'ill “scatter’’ light waves and cause polarization. 
Short waves are scattered more than long ones; hence the sky appears blue to the 
observer. If a bright blue sky be observed through a ]>olarizing screen while the 
analyzer, or viewing screen, is slowly rotated, the light will be found to be noticeably 
polarized. 

Applications of polarized light fall into two categories: one where the initial 
polarizing process is natural, the other where the polarizing process is artiflcial. In 
both cases another polarization process, by means of an analyzer, is required to identify 
the polarization. 

Sunglasses are really analyzers with the polarizing axis vertical and serve to reduce 
the glare by eliminating the natural horizontally polarized component. 

When the light causing glare is from an artiflcial source, as in an ofiice or driifting 
room, the glare from horizontal polarization may be eliminated by using only vertically 
polarized light for illumination. 



Fig. 28-37. Polarization by ii jdane glass 
surface. 


1652 


POLABIZMD LIQBT 


Stereoftcopio pictureB may now be made in paii^, with light polamed at ^ deg 
for the making of each pair. A process has now boen developed, called the vecto- 
graph, in which the picture with one direction of polarisation is on the front of the 
film, the other on the back. When projected on a nonpolarising screen and viewed 
through polarizing apoctaclea (really analyzers), the observer's eyes fuse the two 
images into a single three-dimensional impression. 

Polarizing filters that may be rotated, when applied to binoculars, enable the User 
to eliminate the glare reflected from water or sky, as well as to adjust the density of 
the transmitted light to the brilliance of the scene being viewed. 

Much of the glare from the sea, or other bodies of water, is highly polarized. 
W'indowB equipped with polarizing filters will permit the vision of a Water surface 
with greater clarity and comfort, 

Railw^ay-coach and airplane-cabin window’s have been fitted with vertically 
polarizing disks fixed in position to stop the glare reflected from horizontal surfaces 
outside. An inner disk, controlled by a knob enabling the passenger to rotate it, was 
added, and the combination provided a variable-density window giving him any 
amount of brightiiesB control desired. Variable-density sunglasses have been made 
with double lenses operated on the same principle. 

^Polarizing screens arc now available for use over camera lenses, and by their use 
sky brightness and glare may be controlled in the manner described for similar proc- 
ess(!B in the foregoing paragraphs. 

Several applications in the ocular field have been made. One is an improvement 
that eliminates disturbing reflections in the ophthalmoscope; another device permits 
independent images to be formed in the patient's two eyes for the purpose of detecting 
an unusual eye defect; and a device has been made to test the sight of malingerers who 
claim that the sight of an eye is destroyed w^hen it is TBhily in good condition. 

A gunsight has been developed which utilizes the interference pattern created by 
a section of calcite or sodium nitrate between two crossed polarizers. When the 
sight is used, the object is made to appear in the center of a series of rainbow-colored 
concentric rings if the gun is trained on the object seen through the center of sight, 

Polarimctors for dctorniining densities of many chemical solutions by their optica] 
activity—particularly sugars, when the instrument is called a saccharimeter—^have 
been in use many years. The polarizing microscope hjis likewise been an important 
tool for the Tnin*3ralogist and rrystallographer, and much of the useful knowledge of 
minerals, gems, and crystals has been developed by the use of this precise instrument 
of measurement. 

Photoelastic stresB analysis is an important use of polarized light. An isotropic 
material becomes doubly refracting when submitted to unsymmetrical strain. A 
common example of unayranictrical strain is produced wdien glass cools spontajieously. 
Strain suffirient to cause it to fly apart is often produced when the object is spon¬ 
taneously cooled. Annealing relieves the strain, and the glass is then isotropic. 
Imperfect annealing is readily detected when the glass object is viewed in a polariscope. 
The polarized light is supplied by a suitable illuminant and a polarizing screen. 
The glass object is placed so that the polarized light passes through it, and it is viewed 
through an analyzer which may be another polarizing screen or a pair of polarizing 
spectacles. The appearance of light and dark bands indicates a condition of stress. 
Tliese stresses are set up in the glass as it contracts on cooling and can be prevented 
by cooling the article slowly. If stresses exist in a finished product, they may be 
detected by a polariscope and removed by annealing. 

Photoelastic stress analysis or photo elasticity represents an extension of the strain 
testing of glass. By this method, stress computations may be checked or stresses in 
an object analyzed when computation is too lengthy or cumbersome. The method is 
to make a model of the article from some transparent isotropic material such asbake- 
lite BT-61-S93, c^talin, or celluloid. This model is then loaded and viewed between 
crossed polarizers. In a simple flat object like a beam or ring, where twCMlimenskmal 
analysis will suffice, the stress bands are readily viewed or recorded photographically 
and studied. If a dissymmetrical object is to be studied in three dimensions, it is 
possible to load a suitable model made from a thermosetting plastic while in a heated 
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ctmdftiDH, cool it 'virhile under load^ und thus freeze the stress patterns into the nvedel. 
’t'hiu seetions uiay then be made, pqlislied, and studied. Tliis method would also be 
applicable to the study of dynamic stresses duo to rotation. The model, while hot, 
would be rotated and coided to room temperattire while still stressed. In most cases, 
Imwever, sulBcient kjiowledge may be gained from the study of repreBcutative sections 
in two dimeiisloiis. The actual thickness of the sectioiiH is immaterial, but a common 
thickneas employed is in. The faces of the model should be polished for good 
resolution, although satisfactory results have been obtained by other methods, such 

as coating the surfaces with oil or lac^ 
quer. Sheets of plastic with polished 
Burlaces may be obtained^ from mami- 
faciurers or dealers. The edges of the 
model must be carefully machined per¬ 
pendicular to the face. It is good prac¬ 
tice to rough the piece out to within 
in. or so of the boimdaries and then com¬ 
plete shaping of the remainder by light 
cuts, avoiding heating. For the most 
accurate stress determinations, the model should be analyzed a few' hours after com¬ 
pletion before the edge effect may appear. 

When the loaded model is viewed in a polarlsccjpe, bands will be observed following the 
lines of constant principal stress. They result from the material becoming birefringent 
when stressed. Plane polarized light will be split into two components, each parallel to a 
principal stress: one, tension or compression; the other, shear. These two components 
travel through the stressed materiiil at different velocities. If on emergence they are 
recombined by an analyzer, thej' produce isochromalin lines liecause they are out of phase. 
The amount that the components are out of phase depends on the magnitude of the stress 
in the model at that point. W^here the plane of the entering polarized light coincides with 
the direction of a stress, that ray passes through the model without change in direction and 


e 
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Fio. 28-39. Path of light waves in polarized light stress analysis. 

is cut out by the analyzer, thus showing a black line. The black Une formed is isoclinic. 
The other component shows bands of color when white light is used, owing to the merging 
of the successive isochromatic lines, W^ken monochromatic light is used, the isochromatic 
titles appear black, and resolution of stresses to higher orders is made possible. With the 
use of either whit© or monochromatic tight, bands appear along the lines of constant stress. 
If a given load produces one band in the object, double the load produces two bands, and 
each equal increment produces an additional band moving outward from the point of 
origin. The first line that appears is said to be of the first order; the second, of the second 
order; etc. When heterochromatic light is used, the colored bands tend to become con¬ 
fused at about the sixth order. By making use of monodironiatic light, lines of an order 
as great as -the twelfth or fifteenth may be resolved. This nears the elastio limit of most 
pilotoelastic materials. 

In Fig. 28-38, a sourca of light S projects light through a polarizer P, The condensing 
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Fig. 28-38. Stress analysis in a plane model 
by means of polai'ized liglit. 
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l(»n^ Ct dir^B the in perftUel rejv ihroogh the mode! M, loi^ed with p foi^e io 
the oqndaii^iig hme C% which conyer^^ ib« r&^c pnesidjg through the analyser A.‘ 
or oaqaera at E will reueive'the rays. A filter may he interpoaed at E to iatroduoe a^haad 
of mo&ofhromalae light, or a suitabliB monoofarotaatic source may he iutroiduced at A, At 
Qi and Qz, quarter-wave-length plates or wedges may Im^ used to remove the iaoclinie Mneg 
when only isochromatic lines are wanted. When only isoclinic lines are wanted, a^i^piid 
relatively fine-grained panchromatic plate or sheet film capable of responding to the c(^or 
of the monochromatic source may he used in the camera at E. For records Of the ot^ored 
lines, it is of course necessary to use a color-sensitive material. The three-color moSgio 
screens were formerly used, but now one of the many color films may be used. The dia¬ 
gram in Fig. 28-39 supplements Fig. 28-38 in illustrating the essentials of the process* 

MAGNETISM 

The lifting magnet appeared in industry about the year 1900. Three types have 
evolved: the circular or annular type, the rectangular type, and the bipolar type. 
Their construction is indicated in Figs. 28-40, 28-41, and 28-42. A coil surrounds a 
central eore, and when energized by direct current, a high flux density is created in 
the poles, The highest feasible flux density is desirable because the pull of a magnet, 
for a fixed area of poles, is proportional to the square of the flux density, 

F == EU/Sir 

where F = force exerted, dynes 
B = flux density, gausses 
A = area, sq cm 
In engineering units, 

P = BMi/i72.l X 10“) 

where P « pull, lb 

Bv = flux density lines per sq in. 

Ai =* area, sq in. 

In Figs. 28-40 and 28-42, the steel casting—of high permeability—^furnishes a housing 
of substantial character, as well as pole and j'^oke. The housing is provided with 
wide fins to add strength and cooling 
surface to the structure. The cover 
plate is made from manganese steel, 
which withstands the pounding and 
abrasive action of loads. It is also 
nonmagnoti c and docs not short-circuit 
the flux path, \vhich Avould destroy the 
efficacy of the magnet. The use of 
lifting magnets includes the handling 
of misccUanGOUB scrap, pig iron, bor¬ 
ings, and turnings, and almost all fer¬ 
rous mat,(^rial8j even to recovering 
steel lading from sunken barges. A 
common use] is the lifting of a skull- 
cracker ball, 25 tons or so, udth the 
larger magnets. After raising to the 
proper height, the magnet is deener¬ 
gized and the ball dropped to break the 
scrap beneath it* The same magnet then picks up the scrap and loads it OH cars. The 
bipolar magnet is used for handlmg orderly piles of rails, blooms, billets, structural 
shapes, pipes, or other steel products in stockyards and is used singly or in pairs. 
The rectangular magnet shown in Fig, 28-41 is not subjected to such severe service 
os the steel-clad magnets of Figs. 28-40 and 28-42; hence its coils do not require the 
heavy steel housing of the ordinary lifting magnet. It is used for handling flat-sur¬ 
faced materials such as billets, slabs, and blooms and is not subject to weather. 
When a magnet is demagnetized to discharge its burden, the breaking of the highly 
inductive electric circuit is accompanied by a high-voltage inductive discharge. To 
prpvBiit this and fhc consequent damage to contacts and msulation, a discharge 
resistance of suitable value is connected across the terminals of the ooil b^ore the 
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Fio. 28-40. Lifting magnet, annular t 5 rpe. 
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oircuit is opened. An mstant later, the cmrent ifi reversed to demagnetise the ms^et 
luad clear it entirely of its load, llie controller is often equipped, especially on large 
ma^ets, witli a series resistor which reduces the current in the magnet to a much 
lower vidue, sufScient to retain the load after it is once lifted. These oontrollers may 
be either hand-operated or of the automatic magnetic-contactor type. 

Magnetic chucks arc extensively employed when machine work is to be held for a 
grinding or light tooling operation. They offer a refined method of holding nice work 
that is magnetic without marring or distorting it. They cannot be used on nonmag¬ 
netic material. Two types of magnets are used: permanent magnets and electro¬ 
magnets. They are of two different forms: circular for lathe and rotary-grinder 



Fig. 28-41. Lifting magnet, Fig. 28-42. Lifting magnet, bi- 

rectangular type, polar type. 


service and rectangular platen form for plain or surface grinders and milling machines. 
The development of aluminum-iiickel-cobalt magnet sletds has introduced the feasi¬ 
bility of making excellent magnetic chucks by employing permanent magnets. This 
makes it unnecessary to provide direct current, or any current for that matter, and 
yet have a chuek with a holding force approximating that of electromagnetic chucks. 
The working of the permanent-magnet chuck will be understood by reference to 
Fig. 28-43. Strong permanent magnets arc arranged to alternate with steel strips of 
high permeability, as shown in the figure. In Fig. 28-43a, the magnetism furnished 
by the magnets leaves them at the top and passes through the steel top plate, then 

Table 28-2. Some Approximate Data Relating to Magnets 


Nominal dlamol^r, in. (load, lb) 


Diameter. 

30 

3S 

42 

48 

54 

00 

66 

Jlillrit nr alab. 

15,000 

22,000 

30,000 

40,000 

50,000 

60,000 

75,000 

Pig iron or heavy flftrap. 

630 

800 

1 ,200 

1,500 

2,000 

2.6(KI 

3.00U 

Skull-cracker hail. 

5,000 

6.500 

7.500 

12,000 

15,000 

18,000 

20,000 

light scrap. 

.300 

400 

600 

750 

1,000 

1,250 

1,500 

Weight of magnet, lb. 

1,200 

1,800 

3,000 

4,000 

6,700 

7,800 

9,500 

Current, amp, at 220 vult.s. 

1 7 

4.4 

5 6 

7.7 

8.8 

11.0 

13.2 
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througli the work, returns down through the top plate, the soft steel strip ta the sole 
plate, and back to the opposite end of the magnet. The flux is confined to the desired 
path by means of the nonmagnetic separators. The magnetism thus induced in the 
ferrous work results in a strong attractive force between it and the magnet poles, thus 
holding it firmly to the surface of the magiictic chuck. To detach the work, the 
magnetic structure is shifted to the position shown in Fig. 28'43&. When the mag¬ 
nets are in this position, the magnetic flux passes through the top plate without enter¬ 
ing the work, and the holding power is withdrawn. The idiiftiiig of the magnets is 
accomplished by a lever v'hich actuaies a rack and pinion, or other mechanism, to 
UforJIr WQfk fr§§ 




Fia. 2S-43. Magnetic churk. (c) Work (ixed. (ft) Work free. 

move the magne^ts between the ON and off positions. An arrangement similar in 
operation is employed with the circular chucks, except that a key is inserted in a 
suitable opening and withdrawn w'hcn the shift is accomplished. All the chucks 
are made with precision, and the plane faces of the tup and bottom parallel. Setting 
up the work is greatly simplified, especially where a number of thin strips or w asherlike 
objects are to be ground to a uniform thickness at one time. 

The electromagnetic type of chuck has a structure that is represented in Fig. 2B-44. 
All the steel or iron parts are of high permeability so that as much as possible of the 
magnetomotive force may be made efl'ective on the work. The magnet cores, siUiated 
between the t‘Jp plate and the sole plate, are wound with magnetizing coils, as shown. 


- Work^ fixed 



Flux path 

Diamagnetic 

separator 


" Top plate 

[- Magnet Core 

r Sde plate 


'v^ Of high 
I permeabitit/ 

I 


Flu. 28-44. ElectTomagnetic chuck. 


The windings are connected in such an order that the poles at a given end alternate 
between north and south, and flux is caused to traverses the workpiece somewhat as 
shown in the figure. The work is thus held firmly. To detach the work, a reversing 
switch is used open the circuit and reverse the direotioii of the current in one quick 
movement. If properly timed as to length of dwell in the reversed position, the flux 
reversal kills the remanent magnetism, and the work may be removed from the chuck 
in a demagnetized condition. 

It is not always possible to demagjuetize a material of high retentivity entirely 
when removing it from an electromagnetic chuck. Since no reversal occurs when 
objects are removed from a permanent-magnet chuck, some magnetism is retained. 
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'HalB w troubkfknne in this case of toals, pariieularly cutting tools, since the swjiifl will 
Interfere with vision of the working of the tool, ee Well as cause it to jam, and result 
in spoyage of work. In the days when only d-c dynamos were used, attendants and 
otJim .soon leEj.rned that the stray flux from the strong bipolar fields destroyed the 
timekeeping qualities of their watches by magnetiziiig them. They also soon learned 
that ths same field which did the damage could be employed to undo it. This was 
accomplished by suspending the watch from a string passed through the bow. As it 
hung vertically, the string was twisted. The watch was then suspended in the stray 
field and rotated in the field as the string unwound. This subjected the magnetised 
parts of the watch to a strong alternating flux; and if the watch was withdrawn while 
rotating^ it would be found to be demagnetized. This same method may be applied 

to any other small parts, but it also 
5 illustrates the principle involved in de- 

magnetization. The magnetized ma- 
■r fl i terial is subjected to an intense rapidly 

^ ^ ^ alternating flux (25 or 60 cps is useful), 

5 and the field is decreased in value to 

Hwla while it is still acting. This may 

L i ^ M be simply accomplished by inserting the 

- ^ 7 H "T | | —p-.- ^ - object in a solenoid energized wdth an 

lIQLrn _j—' alternating current and efferyting a re¬ 

duction in current until it reaches sub- 

(_ stantially zero. A convenient device 

for use in connection with magnetic 
_ chucks is a surface consisting of a 

Fio. 28-46. Elementary form of maRnetio ^vided Oat plate liomectetl to the two 
clutch. limbs of a lanmiated silicon-steel core 

energized with alternating current of 
commercial frequency, riercs larger in area than the surface of the plates may be 
moved about while in contact with them, so that the alternating flux will act on all 
portions of the magnetized surfaces. 

Magnetic clutches represent an important industrial use of magnetism. One type 
of single-plate, dry-type, magnetic clutch is shown in the elementary sketch, Fig. 
2M:5. . Current is supplied to the magnet coil C by means of the collector rings R 
which revolve with the body B and collect current from stationary brushes not shown. 
To engage the clutch, current is supjjlied to the coil C\ which attracts the movable 
armature A against the restraining action of the spring B. The spring B normally 
holds the armature from contact with the friction-plate assembly, thus allowing the 
clutch to run free. On energizing the magnet, a substantial pressure is applied to 
the assembly P w'hich consists of a friction plate and pressure plates faced with treated 
woven-asbestos brake lining. Multiple-disk clutches are also made which greatly 
increase the effective area of the driving surfaces for a given body diameter and thus 
maintain a low ratio of moment of inertia to driving torque. The inapietic clutch 
possesses distinct advantages for coupling many machinery drives. It may be 
operated by a push button or small reinotc-oontrol switch at any desired distance 
from the clutch; there are no levers or other mechanical linkages necessary to engage 
the clutch; the only wearing parts are the friction plate and rugged facings which are 
easily renewed; a smooth gradual engagement of the clutch is ensured by the exponen¬ 
tial increase in current in the inductive circuit, even though full voltage is applied 
when the clutch is energized. The current increase depends on the familiar equation 
governing the increase of current in an inductive circuit, 

i = E/RO - 

where t « current at any instant of time t 
E « applied voltage 
R * resiatanco 
L » inductance of the circuit 
£ * base of the hyperbolic logarithms 
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The ©hitch can also be used as a twqll^^4illlitbg detlo^. 

of the clutch depends on the preseure applied to the fiictioii disks, which 
depends an the current. If a limit is placed on the current, a eofree^xu^ing lin^ is 
placed on the torque. Any torque exceeding this limit eaufl^ the dutch to ’dip. 
When slip occurs, the circuit may be opened by mechanical action or by thermal 
action from the heating of the pressure-plate system. Very little energy is necessary 
for the operation of the dutch; it may vary from something in the neighborhood ^ 
10 watts per hp for small or low-speed clutches to as little as 2 or 3 watts per hp for 
large or high-speed clutches. An effective arrangement for reversing service consists 
of an armature on the driven member and clutch bodies revolving in opposite direc¬ 
tions for each of the two drhung members. Either dutch may be engaged by ener¬ 
gizing the proper coil, and electrical interlocking is easily and effectively 
accomplished. 

The magnetic brake in one form (multiple-disk) is not unlike the magnetic dutch 
described in the foregoing paragraph. The fundamental difference, is that the spring 
is normally acting to set the brake; the brake is normally on. The coil of this 
brake, when energized with direct purrent, is usually in series with the armature of 
the motor and is released whenever the 
armature is energized. (It cannot be 
used in this manner for a-c service be¬ 
cause of the necessarily high inductance 
that would be inserted in series with the 
armature.) This brake finds its princi¬ 
pal use on the motor shafts of electric 
cranes and hoists operated by direct 
current. The motor has an extended 
shaft on both ends to accommodate the 
driven machine and the brake stops the 
motor within a few revolutions when the 
current is cut off. The brakes are made 
in the dry type, with Ireatcd-asbestos friction disks rubbing on steel plates; and in 
the oil-immersed type, with filler friction disks rubbing on brass plates. This type 
of brake is particularly adapted to severe service conditions because all wearing sur¬ 
faces and mtj'/iiig parts are entirely enclosed. Arrangement of the operating coil in 
series with thti armature is particularly desirable in hoisting service, since this requires 
that the armature be energized to hold the load before the brake is released. To 
obtain superior braking and magnetic-contactor service, the use of direct current is 
sometimes dictated. Steel-mill machinery, hoists, cranes, lift bridges, turntables, 
conveyors, and other applications where it is necessary to stop a load quickly and hold 
it belong in the fortgoing class. 

The drum type of brake with shoes is shown in Fig. 28-46. This tj-^pe of brake is 
of very general application and suitable for elevators, cranes, bridges, door and window 
operators, printing presses, rotating machines, etc. It is solenoid-operated and 
designed to stop a load qmckly and hold it but is not intended for lowering loads. 
The drum D is mounted on the shaft to be stopped, usually on one end of the doubly 
extended shaft of the driving motor. The brake shoe B should be so constructed as to 
eliminate chatter and so placed as to eliminate drag. Tt is usually spring-set by a 
spring /??, electrically released by a solenoid C, and normally in the applied position. 
The system of levers is operated by the plunger P. In small sizes, gravity sometimes 
takes the place of a spring for setting the brake. It has the advantage of a constant 
ever-present force but the disadvantage of requiring more cumbersome devices for 
Hdjustirjg the torque. In small to moderate sizes, say from a few pound-feet to a 
hundred or so, this brake is solenoid-operated from full-line voltage for either d-c or a-c 
service (25 hp at 1,150 ppm =*114 Ib-ft). Ijarger sizes, up to many thougands of 
pound-feet of torque, especially for alternating current, are Ihrustor-operated. The 
thrustor is a hydraulic cylinder and piston, the pressure being applied by a small 
vertical motor and centrifugal impeller. 

Band brakes are operated by a mechanism simitar to that described in the fore<k 
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Fio. 28-46. Drum-type magnetically oper¬ 
ated brake. 




me, 280 PHYSICS IN THW INDUSTRIES 

going paragraph and are satisfactory and do^rable for many types of service if properly 
constructed. 

For quidc starting and stopping, the brake drum should be of small diameter and 
low in^ia. The brake shoes shouhl lift clear of the drum when the brake is released 
to prevent dragging. The adjustments should be few and should embody adjustment 
of spring pressure for braking torque, shoe clearance to compensate for wear of the 
lining, and an adjustment to equalize clearance of the shoes. The brake rating and 
Settpig should usually be equal to or greater (say 2.5 per cent greater) than the full¬ 
load torque of the motor. If not on the name plate, it may be computed by torque in 
pound^feet « 5,260 X hp (rated)/rpm (full load). 

The eddy-current loading brake shown in Fig. 2S-47 is a very useful magnetic 

device for conducting output-load tests 
on small machines (5 hp or less), partic¬ 
ularly electric motors. The load may 
be varied oyer any range within the 
capacity of the brake in any increments 
desired by variation of the current in 
the loading coils. The aluminum disk 
D is keyed to the shaft and the rest of 
the brake carried on bearings mounted 
on the shaft and supporting the torque 
arms A, The disk cuts the adjustable 
flux from the magnetic yokes F, which 
are energized by the loading coils C. 
The rate of cutting the flux determines 
the magnitude of the eddy currents 
formed in the disk and hence the torque 
released by the shaft. Power is dis¬ 
sipated by natural convection to the air 
surrounding the rotating disk. Torque 
in pound-feet is determined by the 
product of the lever arm L in feet and 
the balance reading in pounds. The 
rating of this brake is practically limited by the rate at which energy can be 
dissipated naturally from the rotating aluminum disk. Since there is no friction 
involved in fixing the input to the device, it cannot grab or chatter, and the operation 
is steady and smooth. 

Magnetically operated valves serve a very useful purpose and arc extensively used 
for remote or electric control of fluid flow, They are usually of the full-on to full-off 
type and are seldom used for direct regulation. One example of the use in regulation 
would be the application to a gas-fired furnace. In this case a hand-operated throt¬ 
tling valve would be used to supply sufficient fuel to keep the furnace somewhat below 
the required operating temperature. An electrically operated auxiliary valve would 
supply additional fuel sufficient to exceed the operating temperature. This valve 
would be controlled by a temperature-actuated device and operated in an off-oii man¬ 
ner to maintain a constant temperature in the furnace. Many manufapturers furnish 
valves of this character, reliable and simple in operation but with various actuating 
mechanisms. For large valves, or for continuous variation in throttling, motor- or 
thrustor-actuated valves would be used. 

Magnets and solenoids are a very necessary complement to induslrial plant equip¬ 
ment and are often a requirement for special devices. They constitute a very reliable 
and important device if properly constructed and applied. Their design should be 
developed from treatises on this subject. It should be generally understood that 
direct current is most de.sirable for the operation of tractive magnets, plunger magnets, 
or solenoids. This objective can often be met, when only an a-c supply is available, 
by means of a boundary-type rectifier such as copper oxide or selenium. A magnet 
should not be relied on to hold any device in a safe position. Since current supply 
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may tail, the normal position or »latched position should be the safe one, and the 
magnet should be used for tripping or release. 

Permanent magnets have reached such a stage in development and manufacture 
that the designer of modem industrial instruments and control devices would be 
seriously handicapped if deprived of their use. Even small motors and generators 
can often be constructed with a cheapness and simplicity not possible with electro¬ 
magnets, Previous to 1934, the designer was dependent on carbon, tungsten, chro¬ 
mium, or cobalt magnet steels. The introduction of Alnico steels, composed of 
aluminum (Al), nickel (Ni), cobalt (Co), and iron, has given to industry a new series 
of permanent-magnet materials vastly superior in permanent magnetic properties to 
any previously existing. One in the series, Alnico 6^ has an energy value twenty-five 
times that of 1 per cent carbon steel. At present seven steels in the Alnico scries, as 
well as other magnetic materials, some without any iron, are available for making 
high-energy permanent magnets. Most of these modern magnetic materials require 
special casting or sintering and finishing 
methods. It is often better to buy the 
fabricated, and in many cases magne¬ 
tized and finished, magnets. So many 
permanent magnets in various sizes and 
shapes have been developed that it is 
often possible and advantageous to 
adapt a stock magnet to the designer’s 
use from the large numbers the manu- 
factiivers have available. 

Any permanent magnet is subject 
to demagiietizatinn from temperature 
changes, vibration, impact, stray mag¬ 
netic fields, or contact wilh other mag-, 
netized materials. Modem magin‘ts, 
stabilized against such influences, can 
be furnished by the manufacturers. 

The stabilized magnets are first carried 
to a residual induction higher than the 
flux density needed in the intended ser¬ 
vice and subjected to cycles of the partic¬ 
ular demagnetizing force somewhat greater than the serrice will demand, 
ensures a high degree of stability when the m.agnet is used. 



Fig. 2S-48. 
magnet. 


Hyaleresis curv'o for a permanent 


This 


Permanent magnetic properties may be discussed by tho aid of Figs. 28-48 and 28-4D. 
If any demagnetized magnetic material be magnetized by applying to it successively 
increased magnetizing forces // in oersteds, the flux density B in gausses will increase along 
fiuch a curve as the doited line OP, Fig. 28-48. If now the magnetizing force is decreased, 
the flux density will decrease, but not so fast as it pieviously increased, along the linePBr. 
It will be observed that at 0 oersteds there still remains a flux density of Br gausses. This 
is called residual induction. To reduce the flux density to zero, the magnetizing force must 
be reversed. As the magnetizing force is increased in a negative direction, the flux density 
will decrease along a line as shown, from Br at 17 = 0 to 0 at AT = —/7o. The value of 
negative magnetizing force required to reduce the flux density to zero is in magnitude Ho 
nrid is called the coercive force. Further increase of — 7f will produce a flux density in a 
negative direction at point R equal in magnitude to tjlie positive value at point P. The 
cycle of magnetizing forces and corresponding flux densities may be carried through the 
other remaining values to the point P and thus complete the hy^ereais loop. 

The important points to note are Br, the residual induction, and —-fiTc, the coercive 
force. The corresponding values of Br and —Ho measure the external energy of the magnet, 
i.e,, represent the variation in potential energy available for external use. The section of 
the curve between Br and —Hr is replotted to an enlarged scale in Fig. 28-49. The products 
of flux density Bd at any point and the correapondlng value of the demagnetizing farce 
—Hd are plotted in the curve at the right of the axis OB. This is the external energy 
curve. The curve signifies the flux density at which a magiiat w'ill give the maximum 

1661 





Seo. 9B1 


BHYSICS IN THE INDUSTRIES 


entities^ Dul^ot. To obtain a minlmtini v^mme in a maszwt* the idesisn Bhotild bo mich that 
it wUl operate at the flux density that makes use oi the maximuin external eneifKy^ 

Miignetic separation for protection of equipment and foods, as well as segregation 
sLTtA recovery of magnetic materials, is an important application of magnetism. In 
many industries it is necessary to protect from damage by tramp iron (manganese 
steel is nonmagnetic and an exception) and foods in process from parts of machinery 
and tools. In mineral and mining industries, considerable segregation and concen¬ 
tration of unlike materials may be accomplished by taking advantage of their differ¬ 
ences in permeability. In iron foundries, materials such as chaplets, spnies, shot 
iron, etc., may be recovered from molding sand. In the sugar industry, for example, 
the shredder or extraction rolls would be badly damaged if steel from the cane¬ 
barvesting equipment were carried along with the cane to the shredder or crushing 
rolls. It is also desirable to remove particles of scale or rust introduced into the 

syrup froig the inside surfaces with 
wliirh the liquid comes in contact. 
This material is not strongly magnetic 
and requires a field of high intensity for 
its removal. The intensity of field 


0 

Fig. 28-49. External energy curve. Fig. 28-50. Magnetic pulley, end view. 

required for a particular application will vary with the permeabibty of the material 
that is to be separated and the depth of the load on the belt or carrier. It may often 
be necessary to spread the load very thinly as it passes over the magnetic separator. 

A device commonly used in magnetic separation is the magnetic pulley shown in 
end elevation in Fig. 28-50 and in longitudinal cross section in F^g. 28-51. The pulley 
shown in Figs. 28-50 and 28-51 is magnetic over its entire surface. The magnetic 
material in the conveyor load approaching the pulley at L is held against the pulley 
through the one-half circumference or so until it is removed from the magnetic influ¬ 
ence in the neighborhood of M. The nonmagnetic material leaves the pulley under 
the action of gravity when it reaches a point where the surface of the pulley is vertical. 
The pulley consists of a number of magnetic poles as indicated in Fig. 28-51. The 
poles are created by the exciting coils E surrounding the core A, causing the flux to 
flow through the disks which separate the coils and form the poles. A strong field is 
created external to the nonmagnetic shell D and takes the general path indicated in 
F. Direct current for excitation of the coils is supplied through the collector rings C. 
Where only alternating current is available, direct current may be conveniently 
obtained by means of electronic rectifiei*s. It will be seen that for continuous service 
this pulley presents a problem in dissipating the heat generated in the coils. It is 
a more or less solid mass of material, often a few feel in diameter and several feet long. 
The cooling can be accomplished only by cimveetioii from the outer surfaces, and even 
this is not effective because of the usual low speed. Eliminaiion of the cooling prob¬ 
lem may be accomplished by making use of the newer high-energy permanent mag- 
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neti 0 materials. At the same time the necessity far movinir contact sad d-c 
is removed. 

Ihe magnetic separator drum shown in Fig, 2S-52 is somcdimes used. The drum 
1? is ^ ttonma^ctic material and surrounds the stationary magnet If, which has its 
polos Sreated in a manner similar to the magnetic pulley. The drum revolves con-> 
stanily around the magnet, the unsorted material is delivered at L, the nonmagnetic 
material leaves at AT, and the magnetic material is carried around on the drum ^ Af 
where the magnetic held becomes too weak to hold the material, and it is discharged. 



I'la. 28-51. Magnetic pulley, longitudinal section. 


Another very effective magnetic separator, used for the rudimentary forms of 
separation, such as removing tramp iron from coal, is made by suspending a magnet 
similar to a lifting magnet over the conveyor belt. Since the highest Aux density 
is at the center of this magnet, the total diameter of the magnet should be great enough 
for this high flux density to cover the belt width. This form of separator for iron 
pieces of troublesoine shape entrained with large lumps gives good performance. It 
is also possible with this device to operate the conveyor belt at a much higher ^peed, 
500 fpm or and still maintain effective 
separation. 

A more refined type of separator is con¬ 
structed by running a horizontal conveyor 
belt between the ])ole8 of very strong magnets 
with their fields vertical through the belt. 

The poles below the conveyor belt are broad 
and flat, and those above the belt are brought 
to a narrow edge in order that a very high- 
density field may be obtained. Small trans¬ 
verse belts move over the main belt and its 
load but under the concentrated pole where the 
high flux density exists. Magnetic material 
rises from the conveyor belt through the high 
flux density toward the narrow poles but is 
intercepted by the moving transverse belt and 
^■arried off to suitable chutes or collecting 
bins. This machine may be provided with as 
many pairs of poles as desired so that a mixture 
of materials of many permeabilitiesj varying from strongly magnetic to feebly magnetic, 
may be separated. A series of materials of decreasing susceptibility, such as magnetite, 
franklinite, ilmenite, cerium, mangane^, pyrrhotite, palladium, stnmtium, biotite» 
and chromium, could be separated in the order given. The first-named mineral has 
the highest susceptibility and is removed first under a comparatively weak field. The 
others are removed in order as the conveyor belt carries them to stronger and strongor 
Adds under successive pairs of poles. 
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il^deBtliEicijhre testing by magnetic methods has become of great imporbimee in 
the manufacture and use of stee! products within the past two d^adefi. It is based 
on iJhe very h%h reluctance of gas or other occluded iioninagitetic bodies compared 
with the low reluctance of the steel body in which it appears as a flaw. Of course, 
sutface cracks, whether resulting from improper methods of hcat-trjjating or grinding, 
or from other cause, fall into the same physical category. The interruption in the 
magnetic continuity is most evident when the flaw is at the surface, but in any Case 
it will distort otherwise parallel flux lines as represented in Fig. 28-53. It is desirable 
that the flux be perpendicular to the long dimension of the defect, and this is accom¬ 
plished by properly orienting the magnetizing force with respect to the defect. For 
•example, in a steel bar or shaft where the defects are suspected of being transverse, the 
bar may be magnetized longitudinally by means of a solenoid that encircles it. How¬ 
ever, defects may be longitudinal, resulting from long seams, splits, slag inclusions, or 
other defects rolled into the piece. For this work a heavy current through the bar 

from end to end will magnetize it circumferentially. 
On the other hand, a hollow shaft that would be 
likely to have longitudinal defects could be con¬ 
veniently magnetized by a heavy current^ in a con¬ 
ductor threaded through the shaft. This would create 
a flux around the periphery of the shaft normal to the 
general direction of the defects. It is desirable, but 
not essential, that the flux bo normal to the long axis 
Flo. 28-53. The distortion of <jf the defect; for no mutter what the respective general 
magnetic flux by flaws. directions of flux and flaws are, there is usually some 

directional component that will reveal the defect. 
MethcMls of detecting this deviation of flux are numernus. A modified form of 
fluxmeter, with an exploring coil which may be moved about over the surface of the 
piece undergoing test, is very effective on some types of work. Thsi presence of a 
fault may be indicated by a scale on an instrument scale or dial or by audible means. 
The audible detection is particularly useful in the form of a headphone when an a-c 
excitation is used in connection with an amplifier. In general, a higher flux density 
will be produced by direct current and more obscure faults revealed; hence its use is 
more general. When an alternating current is used, the necessity of subsequent 
demagnetization is climinalcd. Detection of faults by observation of the orientation 
of finely divided magnetic particles was the first method employed and has been highly 
developed. The article under test is often immersed in an oil suspension of the mag¬ 
netic particles and their orientation readily observed. The iron filings first employed 
w ere found to be most faulty as detectors. They often contained carbon and retained 
permanent magnetism, were not finely enough divided for exact work, and settled 
too rapidly for use in an oil suspension. Magnetic oxides are now available in gray, 
red, and black, so finely divided as to orient over minute flaws, remain in suspension 
in the lightest oil, as well as offer a high degree of visibility on account of the possible 
contrast of color that may be selected for a particular surface. The magnetic powder 
may be dusted on a surface from a shaker or applied in an air stream from a suitable 
blower. This method is often used in preference to oil immersion or when oil immer- 
ffloii is impracticable. A convenient detector is made by enclosing a thin layer of 
oil-suspended particles in a very thin, circular, highly polished, nonmagnetic tray or 
dish with a clear-glass or plastic cover. When this detector is moved over a magne¬ 
tized surface, the particles may be seen to orient themselves about the distorted 
magnetic lines at a fault. This method, as well as the fluxmeter method, avoids the 
necessity of cleaning the article following examination. 

The magnetization and demagnetization may be accomplished in numberless ways, 
and many special equipments have been developed for this express use. Direct cur¬ 
rent is most frequently used but is not so easy to obtain in high values as alternating 
current because of the ease of transformation of the latter. Direct current may be 
obtained from a large storage battery with cells connected for a high rate of discharge, 
from special high-current low-voltage generators, or from the discharge of large 
capacitors. Capacitors are also useful in demagnetization if connected in parallel 
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with a magiietiKing ooil. When the magnctUmg (jurrent is Removed by" optadhg the 
Bwiteh, the decaying bscillatory diecharge which reealis will demagnetize any 
thteaded by the cofl finx. Where the size and shape of work will pennit, it may be 
introduced into an a-c solenoid and the Cfurreiit slow Jy decreased from its maxiiiium 
vahm to zero. The demagnetizing coil is improved by having a laminated outer 
casing to limit the current inrush when its load of material to be demagnetized is small. 

A fluorescent method of detecting surface cracks or flaws iix nonmagnetic material, 
including plastics and ceramics^ possesses considerable merit and will be noted here, 
although it is not magnetic in character. In its ultimate concepts and develo]Hnent 
it is a relatively new method of nondestructive testing. It may have been suggested 
by the old method of permeating surface cracks by wiping the surface with whiting 
and kerosene. The whiting was often carried into cracks by the kerosene and thus 
revealed otherwise invisible flaws. The newer method is a distinct refinement of 
this somewhat crude procedure. A very finely divided powder is combined with a 
penetrating oil to go into flaws too small to be found by the unaided eye. When the 
surface is illuminated by “black” or ultraviolet light, the fluorescent glow emanating 
from the permeated flaw's is plainly visible. Tlie object is preferably viewed in a 
subdued light under ultraviolet excitation of 3200 to 4000 A. Total darkness is 
unnecessary, as the fluorescence emits a blue-green glow from the flaws and is readily 
visible except in bright ligld. In addition to its use on nonmagnetic materials, this 
method has been used to advantage on highly polished magnetic materials where the 
highlights interfered with high visual acuity. 

ELECTRONICS 

Electronics in industry has been increasing in importance siiir e about 1932, but 
its applications were greatly accelerated under the influence of the demands of the 
Second World W'^ar. There are innumerable ways in which electronics can serve the 
industrial plant, and new ways are being found and used daily, but they may bo 
grouped in five categories: 

1. Tool in production processes 

2. Testing and in.spection 

3. Instrumentation 

4. Measiuement 

6. Protection 

Electric theory and eloctronio principles will not be developed here because numerous 
texts are available dealing with these extensive subjects. Neither will a catalogue of the 
innumerable rirruits and appUcatioiis be introduced heie, rather, some examples suggesting 
typical applications will be cited The electron tube, or photoelectric cell, furnishes the 
brain of an applicalion; and the electric circuit that it controls, the body of the creature. 
The electrons within the electronic tube or photocell have so little inertia that the time 
involved in their nioveiiiBiit, or energy for their control, ih negligible. The electron tube 
may be looked upon as a switch that can be completely clobcd in a microsecond or so and 
opened in a millisecond. The lever that operates this switch may be a few microamperes 
or less from a photoelectric cell or other detecting device. These very small amounts of 
energy, when propeily directed and amplified, can easily control writh exactitude thousandz 
of kilowatts. In a true sense, an electronic function involves the control of free electrons. 
Among common examples is the action in a thermionic tutic, photoelectric cell. X-ray tube, 
cathode-ray tube, electron microscope, gas and vapor rectifieiB, and the oominoii fluorescent 
lamp. High-frequency induction furnaces, dielectric heating equipment, and many other 
similar devices are also classed as electronic, since, though not strictly electronic, they are 
closely associated with the clBctronic domain. 

Induction heating was recognized as practicable by many scientists and ongineerz 
as early as 1890, but it was 25 years later before extensive use was made of the process. 
The melting of metals for the manufacture of ingots of brass, bronze, nick^-^v^, 
jeweler's metal, etc., in this country' is nearly all done by the low-frequency or eore^- 
type induction furnace. This furnace is essentially a core-type transformer where 
the primary coil is connected to a source of commercial frequency, and the secondaiy 
consists of a ring or single turn formed of the metal that is to be melted. In the early 
furnaces this ring was horizontal, but this form of furnace—largely beeause of tb^ 
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tmuUesQine pix|di effecft —wta abandon^^d in favor of the vertical'ring.type i^pre- 
eented by the A^-Wyatt furnace, A diagram of this furnace without tho st^ruetural 
detaiis^ aupporf^ frame, etc., is given in Fig. 28-S4. The ring of metal in the 
V-«ha|>ed cWnnel E is completed by the reservoir A, The laminated core D is 

magnetized by the primary winding C. 
The body of the furnace F is constructed 
of refractory insulating and supporting 
materials. The molten metal is rapidly 
stirred by the electro dynamic forces in 
the V-shaped channel E, and this rapid 
movement carries on into the reservoir 
Aj as indicated by tho dotted line near 
B, The most common size of furnace 
has a capacity of some 900 to 1,000 Ib of 
^ metal, and from 600 to 750 lb is tapped 
at each heat, the balance being retained 
in the furnace to preserve the closed 
ring in the channel. When started, the 
furnace is filled with molten metal and 
must be entirely emptied or kept run¬ 
ning at reduced energy input when pro¬ 
duction is interrupted. Heats can be 
run off quickly, the furnace has a low 
energy consumption under continuous 
production, and the powder factor ap¬ 
proximates 75 per cent. 

l^h-frequency induction fur- 
' ' ' 'naCB has been developed since the low- 
freqnency one proved so successful. 
Fig, 28-54, Vortical-rinB low-frequency in- The charge in this furnace is also thn 
duction furnace. Secondary of a transformer which oper¬ 

ates without a core, and this furnace is frequently called the coreless induction furnace. 
In Fig. 28-55, a charge of conducting material A is contained in a refractor}’’ lining or 
crucible B. The charge is cut by a high-frequency electromagnetic flux supplied by 
the single-layer exciting coil C. This coil is usually made from round copper tubing 
that has been partially flattened to the approximate cross section of an ellipse, 
through which water flows to carry away the heat and 
reduce its resistance losses. It is commoidy made 

with the height about equal to the diameter, but it ^ ^ - X ^0 

may vary more or less from this proportion. The ^ 

heating of the charge is by induction from the action of q A 

eddy currents, and hysteresis in the case of magnetic C y . 

materials when below the recalescence point in tern- JJll ilyn 

perature. (Nonconducting materials arc often melted q ^ \ v ^ ^y A q 

by placing them in a conducting crucible, such as yQ 

Paphite.) J R 
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The depth of penetration is governed by the reaiativity \ V f J 

of tho material and frequenc y of t he flux. It is expressed Ofyl ^ S 

by the formula 5 = 5,030 \/p//, where S is the equiva- 

lent depth of penetration in centimeters when uniform oo ee rt \ i.- l 

eurrent over the shell of fi-cm depth is assumed; p, the . ' ^®re ess or ig 

resistivity of the material in ohms per ceutimeter cube; , quei cy in uc ion urnace, 
and /, the frequency in cycles per second. The effective elementary arrangement, 
reustance Re equals 62ip(o — 6 / 2 )/SI (ohms), where a is 

average outside radios of the charge and I its axial length. The effective reactance 
Xe equals 27 rnpiV*/ 6 f -f (b^ — o>)i 0 ”* (ohms), where b is the av^age radius of 

the primary ooU and E is the number of turns in the primary. From these formulas the 
electrical characteristics of a coreLess induction mating furnace may readdy be oompUtecU 
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The equivaient cireuit of tbe <^eIeM mdoction ftimaoe ia 'mdicati^ ill 
As ia UflUai, th^ primaiy tuid secondary paraioefiOT may eombined to form 
lerit zoflistaiice, reactance) and impedance incited to the piimary aide. Bfer oean** 
mercial furnaces with capacities from a few hundred pounds to a few tons, |>0wer at 
frequencies of 960 or 480 cpa is used and as obtained from speriaUy built synohronoua 
generators. In order that a good power output of the generator may be obtained 
without excessive heating, power-factor-correcting capacitors are applied to tjbe 

furnace circuit as indicated in Fig. 28-57, where A-A ' ' i . . p~ ■ 

represents the primary coil of the furnace with taps ^ ^ ^ 

for adjusting the voltage. It may thus be used as an 1 ^ \ 

autotransformer for adjusting the voltage on the cap- { *’» > ^ •'f 

acitors, thereby adding flexibility to the arrangement. I > ^ 

Smaller high-frequency induction furnaces for I ^ ^ 

laboratory use or for commercial melting of a few V k L 

ounces or pounds of precious or high-melting-point ^ ‘ J J 

metals use frequencies of 10,000 or 20,000 or more i —C 

cps. The generator for this use consists of a steel- | j ) 

core transformer with a relatively high leakage react- i X| 

ance. The primary winding P-P (Fig. 28-58) is con- ^ ? f 

nected to a supply line of commercial frequency. A - ' ~~ ' ' 

high-voltage secondary iS-;5 is connected to the indue- 28-56. Equiv^ent cir- 

tive coil of the furnace F-F through the capacitors C' corelBsa induction 

and C”. This will be recognized as an oscillatory pir- 

cuit. The hydrogen-quenched mercury spark gap G is comiected across the high-volt¬ 
age terminals of the transformer. "WTien the voltage across the transformer reaches a 
critical value, a breakdown and spark discharge occurs, and the ensuing oscillation 
furnishes the necessary frequency of several thousand cycles per second. Each alterna¬ 
tion of the primary voltage initiates a new oscillatory discharge, thus maintaining the 
high-frequency supply. The same principles discussed in connection wdth the syn- 



Fig. 2S-67. Circuit arrangement for power- Fi«. 28-68. Circuit arrange- 
f actor correction of coral eaa induction furnace. m ent for small high-frequency 

induction furnace. 


f'hronous-generator-opcrated furnace apply to the oscillator-operated furnaces, except 
that the frequency and wave form are neither fixed nor constant. 

Itadio-frequency induction heating started about 1925. The automobile industry 
needed parts with a hard surface to resist wear and a tough core with better mechanical 
properties than could be had by cosehardeiiing mild steel. This wiis accomplished 
by subjecting the parts to an alternating flux of so high a frequency that there wasr 
very little depth to its penetration and then quenching the part to produce the hard 
surface. When cold ferrous metals are subjected to radio frequency, the permeability 
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Fio. 28^9. Heating the middle of a bar by 
high-frequency mducUon. 


—-'wbic^is of ft h^h value aince the metal is far below the point of recalescence—‘must 
be oonaidered. Hiis requires that permeability be introduced into the denominator 
of the radical in the penetration formula. ' It will be evident, then, that the depth of 
heating may be kept as clofie to the surface as desired or increased by proper control of 

frequency and time^. A short-time 
f heating does not allow heat penetration 

I by heat conduction, 

I ^ example, is to have a 

tough strong center which will resist 

■ ' ^^ 1 |=^V-^ I [==i^=i^ - shock, yet have the surface of the teeth 

)'/ ^1 I ^ kard enough to resist wear, the result 
® Jjy •* may be achieved by quickly heating 

*ke object in an induction heating co3 
no cn XT +- -JJI f U 1 quenching it instantly in situ. 

” 5-“^ ....".i-ja br d™. 

the heating in a basin that may be 
instantly flooded with quenching fluid and as quickly emptied. The basin is ready 
for the next workpiece as soon as it is emptied, which results in very rapid heat-treat¬ 
ing with the rapidity limited mainly by the very short heating period. Very rapid 
brazing of parts may also be accomplished by high-freqiicney induction heating. If 
a flat surface is to be heated, this is effeciivcly accomplished by means of a pancake 
coil adjacent to the surface. Threii representative conditions are indicated in Figs, 
2^-59, 28-60, and 28-61. In Fig. 28-59, 
a bar is introduced into a coil of a few 
turns and heated only in the region a6, /y77\\ 

w^hich is cut by the flux of the coil. The V | ^ 

remainder of the bar wiU receive heat ^ ^ ^ ^‘ ( 

only by conduction from the heated "TIT^ ^ ^-1 

region, oven though this region is at a T T i 

bright orange heat. The bar may be I J I LJ . 

heated in a few' seconds, and the short h * V \ / V v 

time allowed for condurtion of heat pio. 2S-60. Heating the end of a bar by 

along the bar is one of the strong advam high-frequency Induction, 
tages of this method of heating. In 

Fig. 28-60, the end of a chiisel is introduced into a coil, and only the end within the 
coil for heating to a hardening temperature wiU be acted on by the coil flux. A flat 
block is Adjacent to a pancake coil in Fig. 28-61, and only the face of the block 
nearest the coil will have any great amount of heat developed in it. Such examples, 
given as illustrations of the method of selective heating, could be repeated indefi- 
^ X nitely. The configurations of the 

fields ,and eddy-current paths are so 
~X obscure and complicated that it is diffi- 

/j'^ - -£ - \‘]t to predict by computation just 

f what heating results vrill be achieved 

111 (a given coil, frequency, and object. 

Y\ —n—- y The variation of frequency and con- 

I _y struction of a coil are so simple, how- 

- ' y ' ' ' ' i —a ^kat a trial can be made in a frac- 

OB XT 4 1. a J. r r ^kc limc that would be used in 

tM- “ an attempted calculation. Qnee the 

block by high-frequency induction. , ^ j -i x 

frequency and cod construction are 

established, however, the heating process can be repeated with exactitude. 

Dielectric heating is sometimes called “electrostatic” heating. This is an error. 
Static electricity is stationary and, of course, can produce no heating effect. A 
capacitor, suoh as is used for power-factor improvement, consists essentiaUy of two 
conducting plates separated by a dielectric. There is a small amount of heating in 
the dielectric of the condenser when the plates are energized by an alternating current 
of low frequency. 


Fio. 28-CO. Heating the end of 
high-frBquBiicy induction. 


Fio. 28 - 61 . Heating the flat surface of a 
block by high-frequency induction. 
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The heating is considered to be duo to dieiectxiq hysteresie^ wHoh had ft characte^dfitlfi 
similoit to magnetic hysteresis, and also to the Joule effect of the cuirent ^wiug 
through it. The quotient of this loss expressed in watts atid the volt-ain|)eies 
delivered to the terminals is the power factor of the capacitor. As the frequency uf 
the applied voltage is increased, the impedance of the capacitor decreases in the iavecse 
sense, or with a fixed voltage, the current increases directly with the frequency. The 
heating is also dependent on the dielectric constant of the materiaL 

If a dielectric fills the space l>etween two flat plates and the edge effect is neglected, the 
frequency used will depend upon the characteristics of the material, i.e., the power factor, 
dielectric constant, and the loss factor at the frequency at which the materiaL is to be h^ated- 
The power absorbed is approximately 

P = 1.41 X lO-iyr^XiTA/d watts 


where f = frequency, cps 
V — rms voltage 
X = power factor 
K = dielectric constant 
A = area, sq in. 
d = thickness of the work, in. 
The heating energy in watthours is 


W = ii.cATl0V0.95 

where w = weight of dielectric heated, lb 
c = specific heat 
A T = temperature rise, deg F 

By making use of the foregoing formulas, the heating of a dielectric may be closely 
approximated. However, the following points should be noted: (1) the power factor of the 
material at the operating temperature and frequency ahould be known; (2) the dielectric 
constant docs not change greatly with temperature, and if the value at room temperature 
is used, the results will be as precise as the remainder of the computation warrants; (3) no 
allowance is mode for edge effort, and it is also assumed that the ihickiioss of the dielectric 
is small compared with its width; (4) for most materials, voltages should not exceed 3 kv 
per in.; (5) a total voltage in excess of 20 or 25 kv will result in troublesome corona and arc¬ 
ing. At present the available equipment limits the frequency to about 200 megacycles for 
power output no to 100 watts; to 30 megacycles for power to 40 kw; and to 4 megacycles 
for greater powot outxmta. To avoid nonuniform heating from standiug waves, the maxi¬ 
mum dimensions of an electrode should not exceed one-eighth the wave length used. The 
wave length in meters is f — 3 X 10*// in a vacuum and substantially the same in air. Air 
gaps between the electrodes and the material introduce a series capacitance and will intro¬ 
duce large errors in the estimates. Solid dielectrics usually have dielectric constants 
between 2 and 8. 

Rectification of alternating current is by far the most extensive use of electromca 
when t<)tal energy conirollcd is the criterion. Transform era to change the voltage 
and tube or siecd-tank rectifiers to convert the current to direct provide flexible and 
efficient apparatus with no moving parts wdih relatively low investment costs. More 
than 10 per cent of Ihi' total energy used in the United States at the present time flows 
llvroiigh rcctificrB before use. The magnitude of current conversion extends from a 
few microamperes to supply a positive potential to the plate of an amplifier tube to 
many thousands of amperes—furnished by mercury-pool steel-tank rectifiers—to 
iHjuipineiit for the electrolytic* reduction of aluminum or magnesium. The mechanism 
of rectification is the same in either case. It results from the physical circumstance 
that electrons or negative ions will flow freely from a cathode which is maintained 
negative to an anode which is maintained positive and will not flow in the opposite 
dii-eclion so long as the inverse voltage is kept below a certain critical value, the 
inverse-voltage rating of the device in use. In the tube, conduction is established by 
electrons emitted from the hot filament (thermionic emission); in the mercufy-arc 
rectifier, conduction is established by the release of negative ions from the mmury 
surface to the arc stream by a very high voltage gradient at the surface of the mercury* 
The electronic or ionic conduction is maintained on the same basis: movement of tbe 
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chak^ied bodies m % partictilftr direction, t.e,, positive, in an electric Md. 
Tli reeiiiter't'hns supplied is necessary far a variety Of d-c appHcatioiis where proc^ 
oontrol, electrical, mechanical, or optical measurements, or alarms and safeguards 
am required. l!he most extensive use is in the millions of kilowatts of jnstaHed capac^ 
ity for aluminum and magnesium reduction. Much additional use is for d-c. railways; 
d-c power for adjustable- and variable-speed machine drives; auxiliary drives for 
hoists, cranes, ore bridges, coke ovens, and blast furnaces; as well as extensive use on 
main drives in steel mills. The mining industry makes use of this equipment to supply 



direct current to mine haulage systems, coal-cutting 
and ore-loading equipment. Battery-charging equip¬ 
ment for any battery can be secured. 

The adjustable-speed electronic drive for d-c 
motors provides, in one device energized from an a-c 
supply line, starting and accelerating with rontrol of 
speed and torque. Figure^ 28-62 is a schematic dia¬ 
gram of the arrangement. The electron tubes convert 
alternating current from the transformer into direct 
current which is supplied and controlled independ¬ 
ently for armature and field. The instantaneous 
response of the tubes provides constant and precise 
control of speed and torque by control of both arma- 



Fig. 28-62. General arrange- Fio. 28-63, Electronic control of rebistance 

ment of electronic operation welding, 

of adjuatable-Bpeed drive. 


tore and field current. Compensation for armature IR drop aids in maintaining con¬ 
stant speed independent of load, and armature control in conjunction with field control 
provides for a very wide speed adjustment. Constant-current acceleration is also 
provided, and the current and torque peaks that would result from step-by-step 
a>oceleration are eliminated. 

Resistance welding control is one of the most important contributions of electronic 
control to industrial applications. Electric resistance welding is the only method of 
metal fabrication that adds no w^eight nr additional parts to the striicture, and it 
l>rovides consistent quality in the junctions with fewer handling operations It ^s 
adaptable to sheets from a few millionths of an inch to in. or more, in thickness. 
In the control of this w'ork, ignitrona controlled by thyratrons provide instantaneous 
switching with practically perfect timing or spacing of wields without noise or vibra¬ 
tion. Control of the magnitude of the current provides adjustment of heat wdlhoqt 
tap changing. Synchronous switclung by thjTatron control allows adjustment of 
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time *nd ciirrent cotit]:i>l tor eadi'wel^, “mtli injcreflised speed of 
quality of weld, aod greatly increased life of the welding iqatJiine* lie very immw 
range of temperature fof the plastic state of most nonferrous metak made the do'^elbp- 
ment of the energy-storage system of w^diug desirable. In this system, a^ energy 
is converted to d-c energy and intprinilteaitly stored in capacitors or inductors^,^en 
quickly discharged through the welding transformer. The slow stoi^age and quick 
discharge of the energy, together with the distribution of the load over three phases, 
greatly reduce the kva demand on w*eldcr supply systems. Electronic eontml k 
highly de.xible and readily adapted to local needs and plant conditions. Figure 28-63 
is a typical circuit arrangemetit for a resistance w^elder. 

Electronic timing, aside from the timing of resiatance welding previously nojbed, 
is very widely used in industry; it is accurate, reliable, and readily adjustable. If a 
potential E is applied to a capacitance C and resistance R connected in series, the value 
of the current i at a time t sec after the voltage is applied is fixed by the following 
relation: 

t = 

where e = 2.718+ is the base of the natural logarithms. The time constant is RC 
in seconds with E in volts, i in amperes, C in farads, and R in ohms. If the resistor 
and capacitor are connected in parallel, the relation is 

i = ~{E/R)r^^iic 

An inductor of L henries could also he used, and if connected in series with a resistor 
the relation of the quantities is 


i = {E/R)(l - 

If the inductance and resistance are connected in parallel, the relation is 

% = -{E/R)r^^^ 

The time constant for the inductive cases is L/R, The foregoing relations form the 
basis of electronic timing. It will be observed that with a fixed voltage and induct¬ 
ance, or capacitance, the resistor ran be varied in value to cause the current to reach 
any selected value in a predetermined time. By proper choice of the circuit and its 
parameters, the time taken for the voltage across capacitor, resistor, or inductor to 
reach a desired value is subject to definite adjustment. 

The timing device described may be connected so that the voltage across ai^ 
element of it may be applied to the grid of an electronic tube, and the voltage so 
selected that the tube is rendered conducting or nonconducting at a predetermined 
tune. This combination represents a timing relay and may be combined with more 
powerful devices to meet almost any industrial timing need, whether it be milliseconds, 
seconds, or even several minutes. It is used for timing plastic molding—the various 
divisions of press-operating cycles in injection moulding, for example—and is generally 
used for any machine-operating sequences that can be controlled by electrical or 
electromechanical means. 

Temperature control is also readily accomplished by electronic means. Xhift may 
be particularly simple and direct in the case of electric resistance heating.. Chie useful 
method consists in supplying the heating load through a main winding of a two- 
Wiiiding iron-core reactor. This winding has a low resistance and, when the core ia 
unaaturated, a considerable reactance. Of course the reactance wiU be greatly 
reduced if the core is saturated by means of a direct current in the auxiliary wmdiiig. 
This suggests the electronic control of a-c resistance heating. The furnace or ov^ 
windings are fed with a saturable-corc reactor in series. A control pond embodies a 
rectifier to supply direct current ior the reactor auxiliary winding and an electronic 
means of increasing or decreasing this current to adjust the furnace temperature in 
response to a thermocouple or Other temperature detector. The elements embodied 
in this method of regulation are indicated in Fig. 28-04. This regulati^ method ip 
suited to a great variety of processes suggested by heat-treating of all ki^, yulcan- 
izing, strip annealing, glass lehrs, air heaters, etc. 
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depilating appUcationa of electronics numberless, particularly speed regulating 
and voltage control. Most controls of this character involve the elementary system 
indicated in Fig. 28-65. In this system a piece of equipment, often very large, is to 
be controlled to meet a definite condition set by a reference standard. This standard 
and some small detecting device actuated by the main equipment feed a signal into 
a balance detector. This signal generally represents the difference between the 
standard quantity and a quantity represented by the operating condition of the main 
device. The balance detector determines the unbalance between the detecting device 
and the standard and supplies a corresponding signal to the controller. The controller 
then acts on the main equipment to reduce the variation between its operating condi¬ 
tion. and the standard condition represented by the reference standard. It thus 
effects the operation of the main equipment under preselected conditions. 

An example of the foregoing control is the paper-machine drive. In this machine 
several machines must be coordinated, each performing a j^eparate function on a con- 



/ur/iace 

Fig, 28-64. Automatic temperature control in reBistarice furnace by saturable-eore reactor. 

tinuouB web of paper which rhangos in length as it passes through the machines, and 
must have their various speeds adjusted to aceominodate them to the change in 
length. I'urthermorc, the web starts as a mixture of per cent cellulose suspended 
in a matrix of water, travels at a speed betiveeii 300 and 1,500 fpm, and must result in 
a finished roll of paper of the required size between 0.0002.5 and 0.040 in. thick. 
While traveling at its normal speed the water is removed and the paper dried, sized, 
calendered, and reeled. Each separate machine has its own pilot generator driven 
from the driving motor of the machine. The voltage# of the pilot generator is matched 
against a reference voltage and the difference applied to the grid of an electron tube. 
This signal acts to control the motor field—and hence its speed—through an electronic 
amplifier and an amplidyne exciter. This is but one example of numerous controls, 
extending from the lightest to the heaviest machinery, that are becoming increasingly 
common but precise in their action. 

The photoelectric cell, from its beginning as a control for the familiar door-opening 
device, has become one of the most useful electric tools of the century. It receives 
its excitation from a light source by direct radiation, by reflected light, by transmitted 
light, or by refracted light. This light impinging on the photocell sets free, by phdto- 
emission, electrons which become a current—^usually of a few microamperes—which 
initiates the desired control, sounds a warning, opens or closes, counts, diverts, dis- 
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cards, liznits,^ protsci^, suslscta, juatches, pr does any oi thousands of things timt it 
can do better with vastly greater speed than nan the human eye, A very few 
applications will be mentioned here as representative. Any la^ge manulacttiw of 
photoelectric-control equipment can supply lists of hundreds of successful applioktsons 
of this tool so extensively used that it has long since ceased to be new, 

One of the early applications of the photocell was to initiate movement by the 
obstruction of a light beam. As long as the beam of light shone on the photocell, its 
stream of electrons through a resistor would prevent the grid of an electron tube from 
becoming negative. An interception of the beam would remove the positive voltage, 
allow the grid to swing to negative, the tube to conduct, and, for example, the door 
to open. Another early representative use was for burglar protection. A labyrinth 
of beams of invisible ultraviolet or infrared liglit could be reflected between mirrors 
and ultimately reach a pbotocell. With any inteiruption in this multiple beam, the 
conduction of the controlled tubes would fail, and an audible or visual signal would be 
given. Innumerable assemblies, both standard and special, for sabotage fences were 
used during the war, and many were arranged to photograph the intruder auto¬ 
matically. WTien smoke intercepts the beam, a measurement of the density of the 
smoke may be made and recorded as an aid in smoke control. The same principles 
apply to turbidity control for giving a warning when a w^ater supply is contaminated 
or automatically diverting the supply that has entrained sediment. It is also useful 



R9f9rBne0 D^fweting 

stafH/ar^ 


Fio, 28-65. & heme for electruiileall> matching performance of equipment with a refer¬ 

ence standard. 

in the automatic supervision of chlorination, in filtering, determining hydrogen-ion 
roncentrations, titration, indication of sludge level, and in innumerable applications 
where the partial or total interception of a beam of light wdll convey the needed 
information. 

Pinholes in metal or other opaque sheets are automatically detected by photo¬ 
electric cells and the defective sheet marked or diverted. Many plants also use 
machines that sort the sheets for thickness, count, and pile them, all by electronic 
means. Tons of beans are sorted and any discidored bean rejected into the chute for 
discards. Traflic-control equipment sorts traffic as readily as the bean sorter sorts 
beans. A vehicle of excessive height, or one cariying a load that projects too high, 
signals its condition to the traffic officer on duty, and if it is not immediately halted, 
the traffic light is changed to red. Traffic is often regulated in tunnels by devices 
that count the number of vehicles entering the tunnel and the number leaving. The 
difference represents the number of vehicles in the tunnel. Any excess over a preset 
number causes a red traffic light to show. At the same time, more ventilating fans 
are sturtefl. Of course this same scheme is applied to the movement of smaller and 
less cumbersome articles. The number of cars passing over a highway, as w^ell as their 
speed, is often recordetl by photoelectric equipment and the information thus secured 
used as a basis for traffic regulation and highway development. 

The human eye, at best, can detect perhaps 10,000 colors and shades. The 
spectrtqihntometcr, an instrument combining suitable filters and photoelectric cells, 
can differentiate between more than 2 million colors, hues, and shades and record 
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mirvea or re^Mreseixt tKem An wave-length numbers in the visibleepec- 
trnna."’'The informatiDn represents the reflectance pf each tirflerent wave length by 
theaain|!ite a$ measured by the instrument. By this means twe pieces of cloth manu¬ 
factured in widely differing localities can be made to match perfectly. A banana 
ripened in Boston could, by proper control Of temperature and humidity, be ripened 
to match a similar one in New Orleans. This instrument is invaluable in many 
applications in the medical, pharmaceutical, metallurgical, and chemical fields where 
defioate color changes are to be studied quantitatively. 

Ihe photoelectric cell may be used as an important device for aiding in temperature 
determination and control when the range is of the order where radiation pyrometry 
is useful. The improvement in uniformity and quality and decrease in spoilage of 
product of many steel mills have been marked by its use. A photoelectric pyrometer 
located to “look at” the center of the section of a bloom or bar in process may be 
interlocked with controllers in the pulpit, ensuring a finishing at the best rolling tem¬ 
perature. Thephotoelectric cell may watch the flame of a Bessemer converter through 
specially select^ filters, record the progress of the blow, and catch the end point of 
the blow at exactly the preselected instant. In centrifugal casting the photocell 
watches the inside of the spinning pipe or tube as it cools and causes the driving motor 
to stop at the critical temperature. This enables the maximum use to be made of the 
casting machine, with a corresponding increase in output. In portland-cement 
manufacture, control of clinker temperature has increased the output per kiln, lowered 
fuel cost per barrel of cement, and produced cement of better and more uniform 
quality. The control is complete and automatic. A suitable optical system focuses 
the hottest part of the clinker bed on the photoelectric cell, and the speed of rotation 
is changed to maintain a constant clinker temperature. Temperature and kiln speed 
are also simultaneously recorded. A legion of photoelectric controls is suggested 
by these diverse applications, which are intended to suggest applicability rather than 
to be guides to practice. 

Photoelectric positioning control brings scientific assurance that a piece of printed 
paper, a strip of steel, a web of cloth, a packaging container, or a power shovel w'eighing 
more than 1,000 tons will be in the proper position at precisely the right time. Weft 
straighteners, for squaring the weft with the warp in cloth, operate by light transmitted 
through the cloth to impinge on phototubes. W'hen threads are square, the fre¬ 
quencies of light impulses to the tubes are equal; when skewed, are unequal. Elec¬ 
tronic controls operate straightening mechanisms in the teutering machine to make 
proper corrections. Cloth speeds may range from 20 to 150 yd per min and from 20 
to 100 picks per in. Side controls on steel strip reels furnish a control that produces 
smooth ends on the coil. 

Another important device is represented by the automatic loop control applicable 
to all kinds of moving webs, whether light materials such as paper or cloth or heavy 
materials such as steel or brass strips. Figure 28-66 indicates the dements of this 
important control. The motor-driven rolls move the strip under control of the photo¬ 
electric cells through the amplifier and thyratron. ’VSOien the loop of the strip inter¬ 
cepts about one-half the light from tlie source, the strip is in equilibrium. Any 
increase or decrease in the amount of light reaching the photoelectric cells acts through 
the amplifier and the thyratrons to change the field of the motor in such a direction 
as to restore equilibrium in speed. 

Photoelectric control of registry is an extensive field of application and embraces 
such tasks as registry of postage stamps for perforating and cutting into sheets. The 
registry of four or more colors in turning out millions of copies of colored pictures, 
BUeh as magazine covers, is accomplished by means of photoelectric register control. 
' £)iach color must be printed directly on top of another within an accuracy of a few 
thousandths of an inch to avoid spoilage of the picture. An early application of 
photoelectric register is the p]*oper location of the wrapper on candy bars or bread, 
for example, with respect to the object to be wTapped. Tliis is (hjue by making use 
df the pattern printed on the wrapper or by means of special registiy marks printed 
on the wrapper. In many elevatons ilie leveling of the car at the landings is done by 
photoelectric tubes mounted on the car and light sources mounted in the shaftway, 
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Slevator s^ety is promoted' by making li ii^possibl^ to m^ve u oar 

part of a pagseager's body extends into tlie doorway. is easUy aceomplif^od 

means of photoelectrio relay control reacting to any obstruction of a lig&t 

ing across the doorway. Injury to operators of dangerous machines is prevant^ by 

making it impossible for the marhiue to move when any i^rt of an operator’s psnOn. 

is in a dangerous position with respect to the machme. 

liighting control by photoelectric means is exteninvely practiced. When the day^ 
light falls below a selected level in factories, offices, or schools, owing to the sun going 
down or to storm clouds passing over, the controls automatically turn on the lights. 
When the daylight returns to the proper level, the artificial lights are turned off. In 
installations of this character the method just described protects the worker's eye 
muscles from serious strain and fatigue, In stage and theater lighting 'where colors 


Brmrof^ 



k'lu. 28-0(1. Aiitoniatic control of a loop by Blentrouic means. 


□f light are presented in various combinations of contrast, harmony, and mtensity, 
electronic control introduces features of regulation that are impossible by other means. 
The saturable re.a€tor for changing h'ght intensity and thyratrons or other highly 
conducting tubes are combined to be controlled by small buttons or keys or even by 
photoelectric cells with ampUfiers. This permits the increase and decrease, the blend¬ 
ing and resolution, of vast numbers of lighting combinations over extended areas with 
no more fingertip action than in the playing of a musical instrument. This control 
combination is used in many installations of decorative lighting of interiors Or exte¬ 
nors of buildings to enhance the architectural beauty. It is also used in the blending 
of rainbow colors in combinations of light that play on rising and falling water in 
fountains and pools. 

Electrostatics play an important part in industry where control of the movement 
of small particles is necessary. Its most extensive application is in electrostatic 
precipitation and air cleaning. High voltage from transformers (usually of the order 
of 50,000 volts) is rectified by kenetrons or other high-vacuum-, hot-cathodc^type 
tubes. When an electric charge is imparted to the particles of smoke or dust entrained 
in a gas and the gas subsequently conducted through the strong electric field existing 
between plates, the field impels the particles to the plates of opposite potential where 
they collect. The plates are then vibrated by mechanical means, az^ the caUeoted 
particles fall into bins to be disposed of later without the need of shutting dnwii any 
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equipiKlfent, The foregoing is a description of the Cottrell method of precipitation, 
lids pfocesB is widely used in the recovery of valuable niaterialB, as well as for decon¬ 
taminating air and other gases. Particles of copper carried out of copper converters 
in the flue dust during the blowing process are recovered by electric precipitation. 
Valuable arsenic dust from ore refining is recovered to prevent its settling on surround¬ 
ing territory in the neighborhood, with the incidental advantage that the value of the 
recovered product soon pays for the precipitating equipment. Cement dust with a 
high potash content recovered from cement-kiln gases had a higher value per pound 
than the cement. 

Electrocoating of many materials results in products unattainable by other 
means. An important example is the manufacture of high-grade abrasive papers 
and cloths. The arrangement is shown in Fig. 28-67. A backing coated with glue 
is fed into an electric field, from left to right in the top of the figure. On the bottom 
rolls a conveyor belt travels in the same direction. It receives grains of abrasive 
from a hopper which releases them in proper quantity. As they are carried into the 



electrostatic field they first stand on end with their longiludinal axes parallel to the 
field. They then fly upward along the field and are embedded in the glue with their 
long axes still parallel with the field. Since the particles all cariy’’ like charges, they 
are uniformly distributed over the surface with their sharp points outward. This 
results in an abrasive sheet that cuts much faster and more freely and lasts longer 
without loading with the abraded material than abrasive sheets with ordinary coating. 
If greater spacing between grains is desired—an open-coat abrasive—the rate of feed 
is decreased, and the electric charge evenly distributes the smaller quantity with the 
same uniformity. 

The foregoing principles are made use of in the manufacture of many textile 
products. Flock materials are made by cementing cotton linters to a cloth or paper 
backing. Some 250,000 to 300,000 fibers per sq in. (over 500 per lineal in.) can be 
applied as compared to about 30 per cent of this number (150 per lineal in.) by weaving 
methods. The flock cloth may be made to resemble suede leather in surface appear¬ 
ance and feel. Other fabrics are produced by the use of longer fibers and resemble 
plush cloth and long-fibered rugs and carpets. Patterns are also produced by printing 
the design on the cloth in cement, in which case the fibers adhere to the printed design. 
The electrocoating process will expand greatly in the future, presenting many possi¬ 
bilities in upholstery and side-wall coverings and in the shoe and pocketbook trade, 
as well as in floor coverings. 

MECHANICAL VIBRATION 

Vibration engineering, an extensive and rapidly expanding field, involves many 
problems in isolation and absorption of mechanical vibrations. Some degree of unbal¬ 
ance is taken to be inherent in nearly all moving machinery, and the forces set up by 
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this unbalance produce Viirjung degrens ef vibratidfn and nPiso* In eomo degree tb-io 
reduces the effectiveness of the macliine and the efficiency of the employees kt the 
neighborhood and shortens the life of the neighboriiig stnictures and equipment. 
Vibration is transmitted to the neighboring structures mainly by convection, the 
noise principally by r^ation. Best machine design reduces vibration at its source 
but seldom eliminates it. Statk balance is not sudicient to oliminate vibration; com¬ 
plete dynamic balance must be achieved, and this is not possible. A shaft of a 
machine may not possess uniform. stiffuesB, or the held of a motor may be improperly 
distributed; a correction of vibration from these causes must be made when the 
machine is built. The seriousness of vibration effects depends upon their amplitude 
and frequency; and so far as human response is concerned, curves have been con¬ 
structed from tests that indicate the tolerable frequencies at varying amplitudes. 

The isolation, neutralization, or absorption of the vibration is often the only means 
of relief. Isolation is accomplished by elastic suspension, with or yrithout damping. 
Although an isolated system possesses 6, deg of freedom, only motion in the direction 
of the principal disturbing force is considered in the solution of a vibration problem. 
In treating vibration troubles, several principles should be followed. The center of 
gravity of the isolated structure should be as nearly midway between the supports as 
possible; mounts should have the same static deflection; the center of gravity of the 
isolated structure should be as low as possible to improve stability (links may be 
necessary to achieve stability); where large masses and heavy impacts are involved, 
the center of gravity should preferably be below the supports. 

So many unknowns enter into calculations of vibration isolation that results are 
not uniformly satisfactory. Damping coefficients are difficult to evalnste. Metal 
springs arc easiest to calculate because of their small damping effect. A floor is often 
considered rigid but may m reality often contribute one of the masses and a restoring 
force of a two-mass system. Auxiliary devices for vibration damping are often 
employed, such as dashpots nr other fluid damping devices used on automobiles. 
Friction dampers, such as those used on the crankshafts of automobile engines, are 
used. A cast-iron crankshaft may sometimes be used to advantage because of its 
iiiternal damping due to the greater hysteresis of cast iron compared with that of steel. 
In the general case encountered, experience will reduce the amount of cut-and-try 
method necaHi^ary to solve a problem. 

In commercial suspensions, metal springs will meet a wide range of vibration 
conditions. This is because a large variation in deflection may be had by changes in 
fUmensions or material. Springs have the beat stability when the working height is 
1 to 1.5 times the diameter. Springs arc not subject to damage from oil or tempera¬ 
ture. If a spring suspension is found to transmit an excessive amount of sound, a 
layer of rubber, cork, or felt may be interposed. 

Rubber mountings with the rubber bonded to the metal are extensively used with 
effective results. When used in compression, rubber wdll carry heavy loads, but 
allowance for the flow of the rubber must be made in designing the support,?. When 
used in tension it is softer than when used in compression but is unreliable because of 
its weakness when abraided or nicked. Rubber is a very satisfactory material when 
loaded in shear, is also softer and more yielding than when used in tension or compres¬ 
sion, and furthermore follows Himke’s law approximately when moderately loaded. 
It is especially useful in isolating the high frequencies of sound when through-metal is 
ii \oided in the supports. It is not so suitable as springs for isolating low frequencies. 
Oil and temperatures above 150®F deteriorate natural rubber, but under good condi¬ 
tions it should be serviceable for 5 or 10 years. Synthetic rubber stands oil and ele¬ 
vated temperatures better but loses its resiliency sooner. 

Cork was one of the first materials used for isolation of vibration. Ground cork 
bonded into large slabs is a material having uniform structure and properties. Con¬ 
trol by the bonding permits several densities for varying applications, and the deflec¬ 
tion varies inversely as the density. It is also a good material for acoustical isolation, 
but through-metal must be avoided. It is particularly satisfactory for placing under 
a large mass and serves well when the machine is bolted to a large concrete block and 
the whole assembly placed on cork. 
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Ha^ felt is mother material that has g^ood preperties far sniall deBeetions and 
Irequeneiee, Hence it is aleo a good material to limit sound transmission. Tlie 
loading on large pads is usually limited to 50 psi^ but on small confined pads it is 
sometimes used under greater pressures. 

For sound and noise, screens and filters are frequently employed. An example 
of a screen would be a wall of suuud-^1)sorbmg material interposed between the cause 
of the noise and the space to be quieted. An example of a filter would be the muffler 
for an automobile-engine exhaust. Large ducts are made, following the same prin¬ 
ciples. In such passages, free flow must be allowed in order to prevent excessive 
back pressure. 

VibiatiDn instruments responding to frequency, displacement, velocity, accelera¬ 
tion, or wave form may be necessary in the study of vibration problems. The most 
common need is a knowledge of frequency. Very low frequencies may often he 
counted by observation or by mechanical or electrical counters. For higher fre¬ 
quencies, vibrating-reed tachometers are useful. Various forms of stroboscopic 
instruments may also be used. Amplitudes of large displacements at low frequencies 
may be observed directly, or records of them made by means of a stylus attached to 
the vibrating member either with or without an amplifying system. Small vibra¬ 
tions of relatively higher frequencies are the more usual type and may be conveniently 
and completely studied by means of electrical instruments. A coil moving in a magnetic 
field is the commonest and most versatile device for this instrument. Its response 
may be shown on an oscilloscope or recorded on an oscillograph. Since the voltage 
produced by the movement of a coil in a uniform field is proportional to the velocity 
of the moving coil, a single integration of the velocity will indicate the displacement 
or a derivative—^the acceleration. 

SONICS AND ULTRASONICS 

Sound Generators. The human ear can pick up sound with frequencies from 
about 16 to 20,000 cps, the upper limit often decreasing with increasing age. Ultra¬ 
sonic frequencies arc those above the audible range. 

There arc three general types of sound generators in commercial use, two using 
electric energy as the source of power and the other using compressed air. The 
pieioelectric generator employs a crystal, e.g.^ quartz or Rochelle-salt, through which is 
passed a high-frequency alternating current. The crystal expands and contracts 
at signal frequency, generating sound waves. At the present time (1950) commercial 
equipment using tliis principle could probably be built to deliver in the order of 500 
kw output. The magnetostrLction generator employs a metal tube, bar, or laminated 
rod (nickel gives good results) inside a coil of wdre through which is passed a high- 
frequency alternating current. The tube, bar, or rod expands and contracts in the 
resulting alternating magnetic field, and when attached to a metal diaphragm, high- 
frequency sound waves are produced at twice the signal frequency unless a polarizing 
current is applied. A machine using com.pTessed air, similar to a siren, has been 
built which operates over a frequency range of 1,000 to 200,000 cps with intensities 
from about 100 to 170 db. Between 50 and 70 per cent of the energy in the compressed 
air is converted to sound energy. 

Sonic vibrations produced by sonic oscillators are made use of in industrial 
processes to an increasing extent as their potentialities are recognized. One example 
is the application to the homogenizing of the fat and curd in milk. It consists of a 
stainless-steel cylindrical chamber about 2 ft in diameter with a bolted-on cover on 
one side and the other enclosed with a stainless-steel diaphragm. The diaphragm is 
driven electromagnctically at a frequency of 360 cps. Milk to be treated is introduced 
into this chamber at the outer edge of the cover and leaves the chamber at a central 
opening where it is subjected to the intense vibration at the center of the diaphragm. 
This treatment breaks up the fat globules so that no cream line can form and results 
in a softening and fining of the curds. 

Another application of the vibration principle is an oscillator for Fourdrinier ahake 
sections on paper machines. This device is termed a compensator. It makes use of 
a compensating mass in conjunction with a spring system which is built to resonate as 
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tha niBJSB of the comi^nfiBitDr move in opposite directions bo that the eiierjgji!^ bjpB 
bataced. Tto peraaits greater shake speeds and Stroke with the result oi hkter 
felting and higher wire sxieeds. This is an examine of Mow vifarationt with a mass of 
several toi6 at something like 500 to 750 strokes per minute through an ampHtude 
of in. or BO. 

For experimental work wdlh sound-wave frequency operating on liquid chemicaJa 
and living organisms, a 9-kc oscillator was found to be of optimum frequency. It 
depends for its operation on the magnetostricture principle. Its operation is an 
extension and contraction of a laminated-nickel rod activated by an alternating mag^ 
netic held. The bottom of the test cup forms the diaphragm and transfers the energy 
of vibration to the liquid under t^t within the cup. Its use in bacteriological and 
biological research has shown that the disintcgralion of bacteria is more rapid at this 
rate of vibration than at higher rates. R^earch workers in the production of stable 
emulsions for heavy chemical industries have also found that mure energy can be 
introduced into the sample at this freqiujncy than at ultrasonic frequencies. 

Ultrasonic vibrations, on the order of 0.5 to 12 megacycles, have found use for the 
transmission of waves directed in straight lines through solids for the detection of 
flaws. One such electronic instrument embodies a pulse generator whose frequency 
is controlled by a quartz crystal. By the reflection method, one crystal may be 
employed as both transmitter and receiver. Ultrasonic vibrations are sent through 
a material under teat and arc reflected from the opposite end or from an intermediate 
point where a flaw exists. The indicator is a ^in. cathode-ray tube on which the 
pattern of the wave appears, together with timing wave by which the flaw is located. 
The quartz-crystal searching unit must be applied to a relatively smooth and flat 
surface—about OEo f* is recoininended. As the search unit is moved over the reflected 
surface, the reflected pattern is observed and interpreted by the operator. This 
method of nondestructive testing is particularly valuL-ble in the testing of large 
assembled equipment where disassembly is costly and inconvenient. Such cases are 
represented by large shafts, crank pins, and axles such as arc used on large machines 
and locomotives. 

The compressed-air high-intensity sound generat/or is being used to agglomerate 
fine particles of furnace black made from natural gas. A frequency of 3.5 ko and an 
intensity of l^»0 db is used to treat about 2,000 cu ft of gas per mxn and results in 
the recovery of about 96 per cent of the carbon black in the cyclones w^hich follow 
the aggloinerator towcT. In general, sound-wave agglomeration can be used when the 
particles are below 10 to 15 microns in diameter and their concentration exceeds 2 
grains per cu ft. Similar applications under consideration are soda and salt-cake 
recovery from paper- and pulp-mill stack gases, precipitation of sulfuric acid mist, and 
recovery of dust from flue gases. The generator may also have application in the 
dispersal of fog, in the more rapid spray drying of powdered soap, milk, and drugs, 
and in other fields. 

Among other actual or possible applications of xiltrasonics may be mentioned the 
acceleration of chemical reactions, modification of crystallizations, control of poly¬ 
merization and depolymerization, creation and destruction of emulsions and colloidal 
suspensions, improvement in photographic-emulsion stability and grain size, aging 
of beer, wine, and whisky, degasification of liquids and foundry melts, alloying of 
molten metals, submarine signaling and detection of underwater objects, destruction 
of microorganisms, and knifelcss surgery. 

GRAVITATION AND CENTRIFUGAL SEPARATION 

Gravity for separation has been a fundamental in mining practice for centuries. 
Now the same methods, certainly as to fundamentals, can be applied with advantage 
to many manufacturing processes. The classification of grain size by screening with 
perforated shtsets, wire screens, and boiling cloth needs no remarks. As a review^ the 
general principles of classification by free settling in a liquid may be stated. 

* A Burfaoe-fikiioothnesii iiiciaaijro. 
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1. When two particles hav& different specific gravities^ the one wiUi the higher 
will fall faster. 

2. Of two particles, the larger will settle faster. 

3. tff two particles that will just pass through the same screen, the more nearly 
spherical particle will settle faster than the long slim one, and the latter will settle 
faster than the flat one. 

4. Of two particles—one to which air bubbles adhere, the other free of bubbles— 
the latter will settle faster. 

6. With a group of particles strongly magnetic and another group not, the former 
will clot together by mutual attraction and settle faster. 

6, With two liquids of different den^ty, a particle settles more rapidly in the 
lighter liquid. 

7. With two liquids of different viscosiiy, a particle will settle more rapidly in the 
less viscous liquid. 

The foregoing facts arc the results of man’s observations, probably extending back 
to the dawn of civilization. For spherical bodies, which are seldom the ones involved, 
Stokes's equation can be used, where the velocity of fall V under the force of gravity 
of a spherical particle of density py and coefficient of viscosity tj is given by 

V - {2/%)gr^{p^ - p,) 

Tables of settling times for different substances under the influence of gravity may 
be found in texts on ore dressing and thus save much calculation. Fine abrasives 
are commonly classified by settling in w’ater or light oil. Wlien ground in water and 
followed by fractional sedimentation, the process is called levigation. The product 
is often referred to as 2-hr water, 4-hr water, etc., as a statement of fineness. Con¬ 
centrators, coarse-sand jigs, finc-saiid jigs, flotation processes, etc., as described in 
mining literature, can be reviewed with profit if quantities of materials are to be 
classified according to size. 

The centrifuge and centrifugal separator permit the use of a force many times that 
of gravity, and the larger ecnlrifiigal field makes possible the separation of particles 
of smaller size and mass difference. If we consider the force in a centrifuge as a ratio 
to the force due to gravity and express it as pounds force on the periphery of the 
basket, 

Fg = or F = DrtV5,870 

where F = force, lb, at the piuiphcry of the basket 
g = 32.2 
n = rpm 

u = radians per sec 
D = diameter of the basket, ft 

Centrifugal extraction is u.sually the problem of removing a liquid from a solid mass. 
The problem of the extractor design is one of balancing the load or else providing 
stnieture and bearing that will endure the unbalance. Special-purpose machines are 
made for the extraction in chemical industries, sugar refineries, coal washing, laundries, 
chips in machine shops, and manj'^ other kinds of waste. Extractors for different 
materials w'ill require different designs, and the problem of loading and unloading 
the machine is often the most difficult factor encountered. 

Separators for milk, oil, and other liquids call for a bowl- or plate-rotating member 
rather than a basket. The problem of balance is largely eliminated, but centrifugal 
force becomes such that particular attention must be given to the strength of rotating 
parts. In cream and oil separators, groups of hollow cones .surround the central 
shaft, and the liquid is fed to the cones eontimiously, the heavy portion being carried 
in a continuous flow to the low outside edges of the cones, while the cream rises to the 
top of the cones in the center. Other arrangements embody the name principles. 

Considerable work has been done in recent years on ultracentrifuges. Professor 
Svedberg's early ultracentrifugea gave centrifugal fields of 500 to 15,000 gravity. 
His second type of oil-turbme ultracentrifuge will give centrifugal forces within the 
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TftAgc of 15,000 to 750,000gravity. 'This is on examideof results that caa boathiisvsd 
by precise design, 

lUDIOACnVITY 

Natural radieaettvity was discovered by Becquerel in 18^. The same year the 
Curies isolated from barium, radium, which has 3 million times the activity of bariuttn. 
They isolated a substantial amount (about 0.1 gm of radium chloride) by 1902. It 
was later found that this element was a step in the spontaneous transmutation of 
radioactive uranium into a stable isotope of lead. In 1919, Lord Rutherford accom¬ 
plished the artificial transmut alion of nitrogen into carbon. Tliis was the first answer 
to the alchemists’ search of centuries for conversion pf one element into another until 
they finally lost hopCj and chemists incautiously declared that the elements were 
immutable. After J 930 the advance in this field was very rapid, and in 1939 nuclear 
fission was discovered. 

In the structure of matter there are seven known building blocks*—thfe proton, the neu¬ 
tron, the positive meson, the negative meson, the positron, the electron, and the neutrino 
—whose existence is suspec5tud but not demonstrated. Three of these particles are funda¬ 
mental—the proton, neutron, and electron. The atomic weight of the element is detw- 
mined by the number of protons and neutrons eombined to form the nucleus. The atomic 
number and chemical properties of the element are determined by the number of protons 
in the nucleus. If a proton ib added or subtracted from the nuelmis, the cheniieal charac¬ 
teristics of the element are completely changed; and since each positron carries a positive 
charge, its electric charge is increased or decreased by one unit. If a neutron is added or 
removed, only the weight of the atom is changed. The weight of a neutron is approxi¬ 
mately equal to the weight of a positron. For each positron in the stable atom there is an 
electron which must carry a negative charge equjd in magnitude to the positive charge in 
the positron. Hence the number of electrons in a stable atom is equal to the atomic num¬ 
ber of the element. The Edectron has a mass about 1/1,840 the mass of the proton or 
neutron. The atomic weight of an atom is found by comparing its W’eight with the weight 
of the oxygen atom, 0 = 16.0000. The number of neutrons in an atom is the atomic 
weight minus tlie atomic number; c.ff., Dzf/*®* has 238 — 92 = 146 neutrons as well as its 
92 positrons and 92 electrons. 

Isotopes are substancos having identical chemical properties but different atomic 
weights. For example, zinc is a mixture of substances having atomic weights of 64, 66, 67, 
68, and 70 in such proportions as to give a mean value of 65.38 for the atomic weight of sine. 
These are stabl.,< isotopes having the nuclear charge equal to the number of extranudear 
electrons. Zinc may also have the radioactive, fir unstable isotopes, 63, 65, and 09. Car¬ 
bon, ia a natural heavy isotope which exists as about 1.1 per cent wntli as the other 
98.9 per cent of normal carbon. I'bur other isotopes of carbon can be produced. Natural 
unstable radioactive isotopes change to stable oiiea by emitting particles, which in the early 
days of theii- discovery, w’hen little was known of their character, wero termed alpha, a, beta, 
/3, and gamma, -y, rays. Further research revealed that at pariiclos consist of two protons 
and two neutrons with two units of ptibitive charge, really nucleuses of helium atoms. 
Beta particles are electrons and hence have unit negative charge. Gamma rays are similar 
to very-high-voltage X-rays, contain no charge, and cannot be deflected by a magnetic 
field. They have penetrating pow'er exceeding ordinary X-rays, and it was soon discovered 
that they have an inhibitory action on many cancerous growths without destroying adja¬ 
cent healthy tissue when the treatment is suitable. When a radioactive substance decom¬ 
poses, the emission of an a-particlc transmutes the dement into a new substance with an 
atomic number of two units leas and an atomic mass of four units less. When it emits a 
^-particle, it changes to a substance wdth an atomic number one unit greater but with no 
change in atomic mass. The time that it takes for a radioactive eleriicul to decay to half 
ith original activity is calJed its half-life. The half-life of any radioactive isotope is a 
definite value, but different isotopes of the same element have greatly varying half-lives; 
for example, the half-life of is 8.8 sec, that of oC“ is 20.fi min, and that of (rC^* is 
6,000 years. 

The uranium pile is a massive structure of alternate layers of pure uraiiium and 
carbon. The first one made had over 6 tons of uranium in it. (7avilies are main¬ 
tained in the pile for the introduction of cadmium rods, which will arrest the reaction 
by absorbing neutrons and will keep the reactor from getting out of hand. Pure 
carbon rods, eallod moderators, may aJso be inserted to slow down the neutrons without 

* 1 D 60 . 
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ibbBorMng fheisa. In manner the pile produces quantities ctf slew-^pecd neutrons 
^hiclk are effective in disintegrating nucleusefi. The sample to be bombarded is 
plSrCed in welded aluminum vessels and inserted into openings in the pile where the 
neutrons penetrate the aluminum without being absorbed and transform the enclosed 
element into a radioactive isotope. Tliis transformation is accomplished in several 
ways. If the nucleus of the atom picks up a neutron, it may emit an a-particle, a 
positron, or a 7 -ray. Radioactive carbon is readily made in the uranium pile 
by the action of neutrons on nitrogen. 

+ IP 

A solution of ammonium nitrate may be subjected to the neutron bombardment, and 
the result is a bicarbonate ion. Kadioactive-eaibon samples contain as much as 5 
per cent of the radioactive isotope. 

The curie is the unit of measure of radioactivity. One curio of radium is approxi¬ 
mately equal to 1 gram of the element. It is actuall^^ an amount of the substance 
such that 3.71 X 10 ^® atoms per sec of the substance are undergoing disintegration. 
The unit is a large one, and it is found convenient to state radioactivities of commer¬ 
cial isotopes in inillicurics. 

The Geiger-Mueller counter is commonly used to determine the radioactivity of 
a sample of an isotope. This may be a metal cylinder for one electrode and a con¬ 
centric axial wire for the other, all enclosed in a glass vessel with the enclosed gas at a 
pressure of a few centimeters of mercury. A direct voltage a little below the glow- 
discharge voltage is applied to the electrodes. When any ionizing particle enters 
the ionizing chamber, it produces ions which produce other iojns by collision. A 
momentary current flows through an amplifier, similar to an amplifier on a radio 
receiver, and an automatic counter records the number of pulses. 

Radioactive isotopes have innumerable applications, and while their use has been 
extensive in medicine, the extension of the use to industrial processes is taking place 
rapidly. For example, the sodium of ordinary table salt is activated and made into 
an isotonic saline solution and introduced into the veins of a patient. A Geiger 
counter will show the efficiency, time, and extent of the circulation. The importance 
of this will be recognized if it is considered that a limb with defective circulation is to 
be amputated. The point where effective circulation ends is readily found. Many 
organs of the body selectively absorb certain elements or compounds; c.g., the thyroid 
gland uses iodine in synthesizing thyroxine, and the bones selectively absorb phos¬ 
phorus. These facts point to the use of elements or compounds containing radioactive 
material that will go directly to the desired part of the body and there release their 
radioactivity. This can be used as a tracer or may even be used for radiation treat¬ 
ment where X-rays cannot be used. The time of dosage is also controllable by select¬ 
ing an isotope whose life is of the desired magnitude, it being remembered that their 
half lives may be a few seconds or thousands of years. As tracer el( 3 menta the radio¬ 
active isotopes are revealing many facts otherwise unobtainable. Many biochemical 
reactions can be studied and their rates determined by following the course of the 
tracer atoms. 

This tagging of atoms aids, too, in the study of plant physiology and plant pathol¬ 
ogy. Phosphorus because of the extensive use of phosphorus in plant growth, 

is suitable for these studies as well as for tracing the path of fertilizer from its place in 
the soil through the plant tiasucs to the fruit. may be used in studies of photo¬ 
synthesis by exposing the leaves that have grown in an atmosphere of radioactive 
carbon dioxide to photographic film. The imprint of every part of leaf or stem that 
contains the radioactive element will be shown on the film. 

In metallurgical processes the importance of radioactive tracers will be obvious. 
If it is suspected that a particular clement i.s being carried away in the slag, a quick 
reading with a Geiger counter Ijefore the metal is poured will indicate the presence or 
absence of the required amount. A textile or paper operation may be hampered by 
accumulations of static elpcirieity. Small quantities of radioactive isotopes suitable 
for alloying with parts of the machine such as rolls or shafts would act to discharge 
the static electricity from an electrified body. 
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Bif^ in radioaetire work can l»e ^sured lyy careM 8 a|>en^ifiion. 

Wlioi^ toleranoeis in cotmta pm* minute du O^iget csounters for vaiiims of 

laboratory clotliing, for work^s’ iiands, and for other pajrts of thf body aroeotabHahedt 
it ie a eimple matter to perform checks at jnoper daily periods A dental Blm 
with a paper clip an it can be worn by the worker and replaced weekly^ The removed 
film ie then developed and observed for an image of the paper clip on ita emulsion and 
density of backgiH>iind measured. A regular commercial film-badge service is also 
available for health-maintenance purposes. Normal tolerance is conventionally taken 
as 0.1 roentgen per 24-hr period. The badges are usually equipped with two films, 
one of high sensitivity, the other of low sensitivity. A weekly exchange of bad^ 
between the supplier and the subscriber ensures a copstani check on the radioactivity 
to which the worker is exposed. A recosd of the measured roentgens is kept and 
report-ed to the subscriber. 

Nuclear fission of uranium occurs when a neutron collides with a nucleus and 
combines with it, forming a nucleus. Since the resulting nucleus is unstable, it 
will split into two fragments, each itself an atomic nucleus the sum of whose atomic 
weights is 92. Suppose an atom split into strontium and xenon nucleuses with the 
production of 17 neutrons: 

nlP'*® + + BiXe^i + IToni 

There must be a conservation of charge 38 - 1 - 54 = 92 and mass number 

8 S -h 131 H- 17 = 236 

Usually there is uiisymmetrical splitting with one nucleus having a mass number 
betw’een 80 and 110, and the other between 125 and 155 being formed. This nuclear 
fission results in the emission of a large amount of energy, about 5 X 10^* cal per 
gram-atom (235 grams of U). This is about 38.2 X 10® Btu per lb. It is about 
2,800,00(1 times the amount of energy produced by burning the same amount of coal, 
or 14,600,000 times the amount liberated by 1 lb of nitroglycerine. Uranium as a 
source of eiiergj’^ may be 2,800,000 times as v^uable as coal. Thorium isotope «oTh*“* 
has also been shown to undergo fission under the bombardment of fast neutrons. It 
may be that all the elements with atomic number greater than 90 ran be made to react 
to release atomic energy. There aic large amounts of thorium and uranium in the 
earth’s crust—^aboiit 12 parts per million and 4 parts per million, respectively. Tho¬ 
rium is the thirty-hflli element in abundaure and uraninm the forty-sixth; tho two 
together about equal iii amount lead, which is thirty-first in abuiidanre. 

11 raiinot be assumed from the foregoing discussion that commercially produced 
atomic pow^^ is just around the corner Methods of handling such prodigious quan¬ 
tities of power and temperature must be found. Ways may be found to release the 
energy efficiently and .slowdy, and long-time prosjieots look bright. There are several 
essentials in the problem of making atomic power a commercial reality. The energy 
must be produced in a usable form; the material used must have a usable rate of 
generating power; there must be adequate stocks of the fuel to operate d. power 
industry; wastage of this costly material must be prevented, and the valuable ashes— 
unsptmt nuclear fuel—^must be recovered. Improvement in fuel-burning plants may 
be safely continued without fear of early obsolescence because of atomic power. 
There will be ample warning before atomic power even supplements the present 
prime forms of energy release. 
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Maguetie Circuits, Chaps. I-VIII, John WUey dc Sons, ^nc., New YorJk, 194^ 
Adequate discussion of theory of ferromagnetism and magnetic circuits with 
fundamental principles of (Momputation for the engineer. 

MoUoy, E.: “Magnetic Tools and Appliances,” Chemical Publishing Companyj Inc,, 
Brooklyn, 1942. Pictures and diagrams of industrial devices. 

Still, Alfred; Hements of Electrical Design, Chap. Ill, IV, V, Magnetic Coils, Mag¬ 
netic Circuits, and Magnetic Design, McGraw-Hill Book Company, Inc., New 
York, 1932, For saturation, see manufacturers’ curves for specific material. 

EUciTonic& and EledrostaHcs: 

Bendz, W. I., and Scarlott, O. A.: “Electronics for Industry,” John Wiley & Sons, 
Ine., New York, 1947. Application of electronic principles to industry. Refer¬ 
ences following each chapter. 

Cockrell, W. D.: ‘‘Industrial Electronic Control,” McGraw'-Hill Book Company, Inc., 
New York, 1944. Essential material on circuits for electronic industrial controls. 
(For data on electronic tubes and their characteristics, refer to handbooks, 
bulletins, and catalogues of the manufacturer.) 

Massachusetts Institute of Technology; “Applied Electronics,” John Wiley & Sons, 
Inc., New York, 1943, Text and reference book on theory of principles of elec¬ 
tronics. 

Mechanical Vibration: 

Den Harbog, J. P.: “Mechanical Vibrations,” McGraw'-Hill Book Company, Inc., 
New York, 1947. An int^'rmediate treatment of mechanical vibrations. Mathe¬ 
matics used but kept as simple as tlie solution of a particular problem permits. 
Bibliography. Problems with answers. 

lYeberg, C. R., and Kemler, E. N.: “Ehunents of Mechanical Vibration,” John Wiley 
& l^ns, Inc., New York, 1943. A treatment of .such vibration problems as can 
be solved by simplified mathematics. Bibliography. 

Kimball, Arthur L.; “Vibration Prevention in Engineering,” John Wiley & Sons, Inc., 
New York. The usual vibration problems treated in a practical way without 
extensive iuatheiTi.ntics. 

Timoshenko, R.; “Vibration Problems in Engineering,” D. Van Nostrand Company, 
Inc., New York, 1937. Extended treatment with treatment of Adscous damping 
and vibration absorbers. Illustrative problems. 

Sanies and Ultrasonics: 

Bergmann, Ludwig, translated by Hatfield, H. Stafford: “Ultrasonics and Their 
Scientific and Technical Applications,” John Wiley & Sons, Inc., New York. 
tVom the German work, “Ultraschall.” Last printing, 1943. 

Schecter, Harry: Electronics^ vol. II, No. 1, p. 34,1938. A bibliography of ultrasonics 
and Bupersonics. 

Wood, Robert Williams: ”Supersonics, the Science of Iiuiudible Sounds,” Brown 
University Press, Providence, 1939, Three lecl-urcs on mechanical and electrical 
sources and the physical and biological effects of high-frequency waves. Bibli¬ 
ography of 52 references. 

Gravity and Centrifugal Force: 

Alliott, Eustace A.: “ Centrifugal Dryers and Separators,” Ernest Benn, Ltd., London, 
1926. A practical book with some engineering formulas and considerable refer¬ 
ence to practice in the United States. Bibliography. 

Beams, J. W.: “The Ultracentrifuge, Science in Progress,” Yale University Press, 
New Haven, 1940. A discussion of the development and application of the 
ultracentrifuge. References. 

Richards, R. H., and Locke, Charles E.: “A Textbook of (h« Dressing,” McGraw- 
Hill Book Company, Inc., New York, 1940. Reparation of materials according 
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to floze and d^aity ia extensively treated. An aj^ndix supplies many 
mulaa and fundamental conatante for calculations. 

HaditMiiiniy: 

Cork, Jamas M.: "Eadioactivity and Nuclear Phyaica/' D. Van Noatrand Company, 
Inc., New York, 1947. A history of the development of various phases the 
subject titled with references to each (194 references). 

Goodman, Clark, Ed,: "The Science and Engineering of Nuclear Power,” Addison- 
Wealey Press, Cambridge, Mass., 1947. A series of seminars embracing fun¬ 
damentals of nuclear physics and "of chain-reacting systems in terms that are 
understandable to the nonspecialiat, particularly to engineers interested in the 
industrial applications of nuclear energy.” A second volume is in preparation. 

Smyth, Henry DeWolf: "Atomic Energy for Military Purposes,” Princeton University 
Press, Princeton, N.J,, 1945, Story of the development of the atomic bomb. 
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GRAPHICAL MATHEMATICS 

BY R. D. Douglass, Ph.D,, Sc.D. 

Projmm of Maihcmatics, MassachusoiU Insiiiuif’. of Technology 

GEOMETRICAL CONSTRUCTIONS 

Tc Bisect a Line AB (Fig. 29-1). From A and £ as centers, and with equal radii, 
describe arcs intersecting in C and D, and draw CD, which bisects AB at E. 

To Construct a Perpendicular to a Given Line from a Point A Outside the Line 
(Fig. 29-2). With A as a center^ describe an arc cutting the line in B and C, and 
bisect BC at D. D is the foot of the perpendicular. 



Fkj. 29-1. To bisect a Fig. 29-2. To construct a Fig. 29-3. To construBt 

line AB* perpendicular to a given a perpendicular to a given 

line from a point A outside line at a given point P. 
the line. 

To Construct a Perpendicular to a Given Line at a Given Point P. Lay of! 

PA * PB (Fig. 29-3), and with A and B as centers draw arcs intersecting at C. PC 
is the required perpendicular. 

To Divide a Line into n Equal Parts (P^g. 29-4). Through A draw a line AC 
making any angle with AB, and lay off n equal segments on the line. Connect the 
end of the last segment with B, and draw parallels through the other divisions. These 
parallels will divide the line AB into n equal parts. 





Fig. 29-4. To divide a lino Fiu. 29-5. To construct a Fro. 29-6. To divide a 

into n equal parts. mean proportional to two line AB in extreme and 

lengths a and h, mean ratio. 


To Constmet a Mean Proportional to Two Lengths a and b (Fig. 29-5). Lay off 
AB =a <t, BC = b, and construct a semicircle on AC as a diameter. Draw a perpen¬ 
dicular at B meeting the circle at P. BP « \/rt5. 

To Divide a Line AB in Extreme and Mean Ratio (Fig. 29-6). At B construct a 
perpendicular BC equal to one-half AB, and connect the points A and C. Along CA 
lay off CP = CB, and along AB lay off AD = AP, D is then the required point, 
U, {ADy - AB-BD. 


1688 



amMBmiQAL [9*fc, m 


To Bisect Ka An^e AOB <B%. 29-7), 3jay olf OA * OB. With A atad as. 
reenters, describe arcs intersectiog at C. OC is the required bisector; 

To Pass a Circle through Thm Given Points A, and ?(7 or to Locate the C^ter 
o! a Given Circle (Fig, 29-8). Draw the perpendicular bisectors of AB and BC, 
These will intersect at the center 0. 



Fig. 29-7. To bisect an Fig, 29-8. To pass a circle through Flo. 29-9. To con- 
angle. three given points A, B, and C or to struct a tangent to a 

locate the center of a given circle. circle at a given point 

□f contact T. 


To Construct a Tangent to a Circle. (1) At a given point of contact T (Fig. 29-9): 
Draw 7^X p<jrpenclicular to 07\ (2) From a given external point A (Fig. 29-10): 

Oonstruct a semicircle on OA intersecting circle at T; then T is the required point of 
tangency. 



Fig. 29-10, To construct 
a tangent to a circle from 
a given external point A. 



Fig. 29-11, To construct a 
common tangent to two 
given circles. 



Fig. 29-12, To constaruct a 
common tangent to two 
given circles. 


To Construct a Common Tangent to Two Given Circles. (1) Let 0 and O' be the 
cent;ers and and Ri the radii {Ri > Ka) (Fig. 29-11). With 0 as center draw a 
circle of radius Ri — Ri] draw a tangent to this circle from O'; through point of 
tangency T draw OTi; draw O'Z’b parallel to OTj. and T-i arc? the points of tan¬ 
gency. (2) Draw line XY (Fig. 29-12) intersecting 00' at F; construct tangents to 
the given circles from P. 

To Pass a Circle through Two Fixed Points A 
and B and Tangent to a Given Line L (Fig. 29-13). 

Let AB cut the line L in C. Pass any circle 
through A and P, and let CT be tangent to this 
circle. Along L lay oil CD and CE equal to CT. 

Then both D and E satisfy the condition of 
tangency. The centers of the required circles lie 
ou the perpendicular bisector of AB. 

To Draw a Circle Tangent to Each of Three 
Given Lines, No Two of Which Are Parallel (Fig. 

29-14). Draw the bisectors of the tliree angles; 
these will meet in the center 0. The perpendic¬ 
ulars from 0 to the tliree lines will determine the 
Iioints of tangency. 

To Construct a Circle of Radius R Tangent to Bach of Two Fixed Lines XY and 
MN (Figs. 29>15a, 29-152i). Draw lines parallel to and at a distance R from each of 
the lines. The intersection of these lines is the center gf the circle. 

To Construct a Circle of Raditts R Tangent to a Circle of Radius with Ceutex 
at 0 and Tangent to a Fixed Straight Line MN (Fig. 29-16), Draw a line XY parallel 
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FIg. 29-13. To puss a circle 
through two fixed points A and B 
and tangent to a given line L. 
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iD MN' and at a Stance B from it. With 0 as a center and i2 + aa a racHuSi 
deBcribfi an arc int^aecting line XY &i A. ii is the center of the desired circle. 

' ta Conatnict a C^de ol bdiiis B Tangent to Each of Two Fixed Cirdea of lUidii 
i$i and Bt (Fig. 29-17). Draw an arc of radius Ri B with the center of the circle 
of radius i?i as a center. Draw an arc of radius Ri + B with the center of the circle 
of radius as a center. These arcs intersect at X, the center of the desired circle. 



Fig. 29-14. To draw a circle tangent to each of three Fig. 29-15. To conatruct a 
given lines, no two of which are parallel. circle of radius H tangent to 

each of two fixed lines. 


To Construct a Circle of Radius R Tangent to Two Inside Circles of Radii Ri and 
i?a, Respectively (Fig. 29-18), Draw an arc of radius R — /?i w'ith the center of the 
circle of radius Ri as a center. Draw an arc of radius R Rz with the center of the 
circle of radius i22 as a center. These arcs intersect at JT, the center of the desired 
circle. 


o' 



Fig. 29-16. To con- Fig, 29-17. To con- Fig. 29-18. To construct 

struct a circle of radius struct a circle of a circle of radius R tangent 

R tangent to a circle of radius R tangent to to two iiiside circles of 

radius with center each of two fixed radii Bi and Rz. 

at 0 and tangent to a circles of radii Ri 

fixed straight line. and Rt. 

Parabola. Equation, =» a^/b (Pig. 29-19). 

CmHrvcUon. Divide the distance a into n uqual parts and the distance b into 
the same number of equal parts. Draw lines from 0 to the points of division of I 
and linea to each of the divisions of a paraliel to the ^-axis. Th^ intefisections of the 
lines bearing the same numbers in i''ig. 29-20 will be points on the required parabola^ 
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iTom ^0 vertex 4^ tke pcirabola 

ie a*/46, 

S’0 Coni^ru^ a TfmfferU io ^ 

PimMatUu Point P on ^ Poroboia 
fFig- 29>21). Lay off OB « OA oit 
FP ®» FB, BP is the required 
tangent. 

To Construct a Tangent to the 
Paf(&ola from Any Exiftnal Point 
(Fig. 29-22). WithP as a center 
and radius PF^ draw a circle cutting 


to its fimm ks 

Y 




a:“ = a^y/b. 


Fig. 29-20. To construct the parabola = a^y/b. 





struct 11 tangent to the 
parabola at a point P on 
the parabola. 


Fig. 29-22. To construct 
a tangent to the parabola 
from any external pouit P, 


Fig. 29-23. Ellipse. 


the directrix at A, Draw AB parallel to OF; then B is the required point of contact. 


Ellipse. Eq-iiation: “2 + ^2 “ ^ 
(Fig. 29-23). 

Construction: To constnict an el¬ 
lipse of length 2a and width 2b (a > hi, 
di\ule a into n equal intervals, and 
divide b into n equal intervals. Draw 
lines from the lower end of the minor 
T-viB (Fig. 29-24) through the end of 
each interval into which a is divided, 
and draw lines from the upper end of 
the minor axis through the end of each 
inteival into which h is divided, 
lahelmg each line as indicated in Fig, 
29-24. The interspctirnis of like num* 
biired lines lie m an ellipse. 

The distance from the center of 
the ellipse {x^/a^) -|- (y*/h*) »* 1 to a 


y 



focus is \/a» — h\ 
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To Oimslmci a Tangent to an Ellipse. {1) At a point onthe eUipse; Bisectthe 
angle between PFi and PFi (Fig. 29<25). (2) From a point P external to the ellipse 

(Fig. 29-26): With P as a center and radius PFz, draw an arc; with Fi as a center and 
aradius 2a, draw an arc intersecting the first in X and Y. XF i mterseots the ellipse at 
Tij YFi intersects at Tt. T\ and T% are the points of tangency. 



Fio, 29-26. To ponstruct a 
tangent to the ellipse at a 
point on the ellipse. 



Fig. 29-26, To construct a 
tangent to the ellipse from a 
point P external to the ellipse. 


Y 




Y* 


C(2a+c) , 

~~7T* 


AF = 
Fig, 


A v/cVzac+lf - \/c‘-^aac 

L \/c*+ sac 

29-28. To construct the hyperbola. 


Hyperbola. Equation: ^ ^ 29-27). 

Condruction. To construct a section of a hyperbola of width 2b and height c with 
its vertex at a distance a from the center of the hyperbola, divide b and c into n -equal 
intervals (Fig. 29-28). Draw lines from the lower vertex through the end of each 
interval into which h is divided, and draw lines from the upper vertex through the 
end of each interval into which c is divided, labeling the lines as indicated in Fig, 29-28. 
The intersections of like numbered lines lie on a h>'|)erbola. The opposite branch of 
the hyperbola is constructed in a similar manner. 
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The distance from the center the hypabola Ctl^/a’) ~ • 1 to s fiJonB is 

Va* + ft*. 

To Consirvt^ a TangefU at the Point P on the Hyperhola (i^g. 2U-29). Draw PA 
and PB parallel to the asymptotes, and let OC equal 20A and OD equal 20B, CD is 
the required tangent at P. 



Fig. 29-29. To construct a tiuigeiit to the hyperbola. 

GRAPHICAL REPRESENTATION OF FUNCTIONS 

Scale. A graphical scale is a eiirye or straight Ime on which are marked a series 
of points or strokes corresponding to a set of numbers arranged in order of magnitude. 
If the distances between successive strokes are equal, the scale is said to be umform 
(Figs. 29-30a, 29-30?»), If llic distaiuies between strokes are unequal, the scale is 
said to be noininiform (Fig. 29-30c). 



Fio. 29-30. Scales: (a and b) uniform; (r) iionumform. 

Representation of a Function by a Scale. Consider the function u. Lay off from 
a fixed point O on a straight line or curve lengths equal to mu units; mark at the 
strokes indicating the end of each segment the corresponding value of u. If m is 
unity and the unit of measure is an inch, the resulting scale is a; = "W inches (Fig. 
29-31fl). 

U [MODULUS m-i) 

L.lulliiilimlniili iiilmilniiliiiilimliiuliiiiliiiilimlui iliiiiliiiiliULliiiibiiiliJijJ 
0 I 234S&7B9I0 

Fitf. 29-.Ufi. 

For a function u® of the variable u; from the talile 

u = 0, 1, 2, 3, • • 10 
u* ^ 0, 1, 4, 9, ■ ’ ICO 

and lay off the disiani'cs x — mu®. If m « Jio a-ud the unit of measure is the inch, 
then u will be the number on the scale at the end of inches measured from the 

fixed point, or origin, of the scale (Fig. 29-31h). 

u* 

2 3 

■ t —I_I_ 1 - 1 _I I ■ 1 I- 1 -» ^ 

Fio 29-31 h. 

m is called the scale nuirfa/a-s, and x »* w/(m) is called ths equation of the scale of 
the function /(v). For a given range of the variable u and for a desired length of 
scale, m is determined. Thus if it is desired to represent /(u) on a scale f inches long 
and u varis^ from m ** «© to u «* ui, then the equation of the scale is ^ mfiu). 
When u -* uo, Xa «= »»/(««); and when u * ui, Xi « and it follows that 
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- /(V(>)] f* aci - a?o i. - Therefore 

I 

^ "*/M -/M 

and ike resulting scale equation is 

^ fM 

Two of the most commonl)'^ used scales are x = ntu (uniform) and » » to log u 
(nonuniform). These and other scales are illustrated in Figs. 29-3la to 29-3U'. 

Figure 29-31f shows a uniform scale of length 10 in. with a range of values from 
0 to 1. Its modulus m is 10, and its equation is = lOu. Figure 29-3la sliows the 
same scale reduced in size to one-tenth that of Fig. 29-31 r, and its equation is i =* u. 

u (mddulus = id) 

Lunhiiiliiiiliiiiliiiilmiliiiiliiiiliiii liiiiliiiiJiiiilimliiiilniiliii ilMiiiiiiil iLuliiul 
OO ai 0.2 03 Oj* D.5 0.B 0.7 OB O.D I. 

Fi«. 29-31C. 

Figure 29-31d shows a scale of log u and is called a logarithmic scale. The range 
of values of u is from 1 to 10, its original length is 10 in., and its scale equation is 
a; - 10 log u. This is the C scale of the so-caUed 10-m. slide rule. The equations 
of the A and K scales on the same slide rule are x = 5 log u and x = log u, 
respectively. 

LOO U 


I 2 3 4567BBI0 

I ■ « ■ I I I 1 I I I _1_I_I_L, I I -I L 1 1 LJ U I _I_ I _I-1—I I I U J 


no 

1 

0 1 
» 

Fig. 29-3Id. 

^/u 

0.2 0 3 0.4 0 5 0.6 0.7 OB 0.9 1. 

1 1 1 1 1 1 1 J_ J 

00 

1 


Tig. 29-3Jc 

iu 

0 1 0.2 0.3 0.4 0 5 0,6 0.7 O.B 0.9 1. 

1 I I 1 1 1 1 .1 . I _J 

1 


Fig. 29-31/. 

JU\ u 

2 2.3 

.1 1 

L_LJ_ 

L_J_ \ _ I_ 

Fig. 29-310. 

1 

u 

1 1 


10 B D 5 4 3 Z I 

Fig. 29-31 ?i. 

0 I 2 2.3 

t_IJIUI I.J I I J-^_1_^^_L_I_I J ■ ■ I ■ I _I 

Fig. 29-31t. 

When a scalp of rn/(u) is ennstnjcted, any scalp kmfiu) may he irnmodiately 
obtain((»d by u.sp of similar triangles. Figure 29-32 shows how a scale of log u with 
any mmhilus may be obtained. Figures 29-33, 29-34 show the scales of sin w and 
log (10 sin u). 

Statio&azy Scales. A relation between two variables v and a of the form v « J(u} 
can be represented by constructing the two scales t « to/(u) and x « mu on the oppo- 
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site sides of ilMJ same axis, Each sealo lias the same modulus and is measured from 
a common fixed point or origin. In some cases it may be convenient to represent the 
fiinetional reUiiionship ^(v) ^ fin) directly without transforming the equation tp 
u = It is evident that the adjacent scales are x «* ni/(w) ifind x »* 



Tho scales previously mentioned are called natural scales. Usually it is desirable 
0 use laganthmif scales in representing relationships of the foim ^(») — f{u) or 
' = J{u). The following illustrations show the use of the above scales for the rela- 
innship u = \/v. 

u *= \/» and mu * rn V« (1) 

Using the scales in Kgs. 29-31s, we have the stationary scales shown in 

29-35. 

u* “ V and mu* ** mv (2) 

Using the scales in Figs. 29-31a, 29-316 we have the sbationaiy scales shown in 
■* ig 29-36. 

u = \/v 2 Jog u log V and m(2 log u) » m log e> (3) 

Using the scales of Figs 29-3Id or 29-32, we have the stationary scales shown in 
Fig, 29-37. It is to be noticed that, w'henever logarithmic scales are used, neither 
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u nor V can l^e taken to be 2 ero. However, because of the cyclic character of the 
logarithtnic scale, any number on either scale may be taken as that number multiplied 
by any positive or negative integral powej* of 10. 



on 



u*VV" 

0.5 


X 


0.9 

-V- 




0.2 0.3 

Fin. 29-35. 




0.7 0.B 0.9 


V |hii|iilljlflT^II1l|lllljlMljllll|| 
0 12 3 


U 

V 




ii i i|iiii|iiii|iiii bM i |i i ii|i i |i' | ii n| i i ii | iiii |i iirhnTrj 

5 6 7 B 9 10 

Fio. 29-36. ^ 

U«v (2LOO J- LOS V) 


3 4 5 6789 10 



78BIO 2 3 456789 10 

Fig. 29-37. 


Adjacent stationary scales may bo used to advantage in representing the relation¬ 
ship between the two variables in a conversion formula. C^onsider the formula 

1 = 0.3937f7 

which converts centimeters to inches and vice versa. Assume that C lias values from 
0 to 25 and that the length of the scale is to be 10 in. approximately. 

Using logarithms, 

log / = log C -h log 0.3937 

Since the constant term log 0.3937 affects only tlie position of the scales with respect 
to each other, it can be neglected in the process of calculating the scale modulus m. 


0 5 0.5 0.7 0.8 0.8 I. 

-U 


-T-1—I—T 


CE NTIMETERS 
3 


J_ 


9 fO 


03 


"r 


0-4 0.5 0.6. 0.7 0.S 0.9 I. 

INCHES 

Fio. 29-38. 1 = 0.3937f'. 


Let m *= 7, and the scales used are (Fig. 29-38) 

X ^7 log / and x = 7 log C 

Other conversion scales are shown in Figs. 29-39 to 29-41. 

Perpendicular Scales. A relation between two v-ariables u and v of the form 
^ = Oj or/(«) “ 0(w) can be represented by constructing two perpen¬ 

dicular scales instead of two adjacent scales. Construct the scales x = 7Wi/('ii), 
y - where/(u) and 4>{v) are any functions of u and v, on two perpendicular 

axes, and through the points marked on these scales draw perpendiculars to the axes. 
Any pair of values of u and v that satisfies the equation /(u, i;) = 0 will determine a 
point in the plane of the axes. The locus of all such points is a curve which is said 
to represent the functional relationship /(m, v) — 0. The rectangular or cartesian 
equation of the curve, referred to the x- and p-axos, is frmnd by solving for u and v 
from the scale equations and substituting these values in the equation /(u, v) = 0. 

It is evid^t that the nature of the locus will vary with the equations of tho scales. 
For many purposes scale equations will be chosen so that the resiilting locus will bo 
a straight Ime^ 

Various Types of Coordinate Paper. Rectangular. The equations of the scales 
are x » mitt and y *= m^. With the exception of a linear relationship between u 
and V, the locus of /(u, «) wdll be a curve. 

The graph of the curve uv - 12 is shown in Fig. 29-42. 
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Loffor^wdc, H the deales x ^ mi log % and y ms log « are marked off on the 
and j^ucea, lespeetively and perpendiculars are drawn to both axes, there will 
result a logfuithmlc coordinate paper. The prepared logarithmic paper usually has 
scales of the same modulus. For example, if we are to plot the graph of ix^ » k, 
where p, g, and A;, are constants, on logarithmic paper, the result will be a straight line. 
If u*v^ ^ k, then p log a + g log v ^ log k. Now if the perpendicular scales are 
* ■= m log u and y ^ m log s, then {p/m)x -h (q/m)y = log k, which is a straight line. 

Eza-MPIiB; Sketch the graph of the curve uv ^ 12 on logarithmic coordinate paper 
Since log u + log n ^ log 12, the equations of the scales are m log u and m log « (Fig. 29-43). 



Semilogarithmic. If u = o/j«, where a and b are constants, tlien 
log u = V log b H- log a 

Now let z =* mip and y = m 2 log u be perpendicular scales. The graph of the above 
relationship will then be a straight line whose cartesian equation is 

y/mi =» (~“) ® 

Coordinate j>aper with scales of this kind is called semilogarzihmic. 


1700 





gUAFBXtiM REF^nSENtATlOM W FUWCTWm n 

ExjL^aPMi: If i» — »-2u, then log’« « ulog 2 + log 3. Figu»« 29-44 shows the grofA 
when i^otted on twtMsyde eemilogaTitkinic jf^Rper. 29-4S shows grsil^ on a 

ainglB-cycle paper. 

10 

9 



Reciprocal, Equations of the type v = u/{au + b) may be represented by a 
straight line on a coordinate paper whose perpendicular axes carry reciprocal scales. 
The equation v = w/(aiz + b) may be written in the form l/v = (6/u) + o. If the 
T- and y-axes carry the scales x « m(l/ti) and y = m(l/D), respectively, then the 
graph will be the straight line 

y = bx am 
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.Semimfsei ' i^xis m Semite papei^ (jaatiel A «me soaIa, oth^ » Bajfdrm 
ficale, Flgunj 20^6a showij the plot of tho equation 20 ain « u -f 10 
of pap^. 



Ol-1-1-1-1- i -1-1-1-u-- 

0 123456789 10 

20 Sin V’^O-i-tO 

Flo. 29 - 40 aw 


Representatioti of a Relation between Three Variables. An equation in three 
variables of the form/(«, v, w) = 0 can be represented graphically by extending the 
methods used for graphing a two-variable relationship v) - 0. If one of the 
variables, say w, is hold constant, then ^(ii, v, r) = 0, and the graph for oarh value of 
( held oonstant will be a curve or a stiaight lino depending on the scales used. 

To illustrate some of the possibilities, grajili the relationsliip 
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1, H laniform Bcales are need for S and D is reprcaented by a family of eurves 
(Fig. 20 - 47 a). 



p 
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straight lines (Fig. 2»*4rt). 

s 
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€tfic, 2d] 


B. If uniforaa Bo^lies aj© used fo® P sAd ijS is represented t)y a famOy of radiaiuiK 

straight Kaes (Fig. 29-47c), 



I 23456 700 

Fig 20-47c 

Figure 29-48 shows torrcspaiidiiig giaphs for the equation 

li = 0 003a$^ 
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Fiq. 29-49. Hexagonal chart. 
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Fio. 29>50a. 
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QVAmATW; CUBIC ANB BldVABKATiC BQCAftQNB 

HeziBoiul Chajl Thifi is a useful type of chart for the relatioi] 

/i(«)+ACf') 

In Fig. 29-40^1et OX and OY be pep>endicular axes, and let OZ be the biseotor ef the 
angle between them. Lay off the scales m/s(i;), and (/n/\/2)/a(t«) on the 

X’-f K-, and 2^^axe8, respectively. From any point P, draw perpendicul^s to OX, 
O Y, and OZ. The three points of intersection will give values of u, w, aitd w, satisfying 
the equation/ i(m) +/a(«) =/ 3 (t«). 

If the angle between OX and OY is 120 deg and OZ is the bisector of the angle, the 
modulus of each of the three scales will be the same (Fig 2(M9fc). 

For examples see Figs. 29-50a, 2d-50b. 



Fio. 29-50b. 


QUADRATIC^ CUBIC, AND BIQUADRATIC EQUATIONS 

Quadratic Equation. Every quadratic equation in one variable can be put in the 
form 

!C* + Az + 5 * 0 (1) 

This equation may be written 

B - -A® - X* 
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If A and B are taken to be the coordinates of a point in a>plane» the equation will 
represent a straight line for each real value of x. These lines are drawn in Fig. 29-51. 

The eomplex roots of the equation may also be found graphically. S^ce the solu¬ 
tion of Eq. (1) is known to be _ 

* = ^HA ± ■s/KA> - B 

we may replace the quantity under the radical by —ib*; z.e., 

HA^ - S ^ 

or B ^ HA» -f- (2) 

where k is the coefficient of i [i = \/ —1) in the solution. 

Equation (2) represents a family of parabolas for different values of k', where 
is the intercept on the b-axis (see Fig. 2^51). 



Cubic Equation. Every cubic equation can be writifui in the form 
-\-aV^ + 61' + r =* 0 

By making the substitution 

r = X - (o/3) 

Eq. (1) may be writ ten 

X® -h Ax 4“ ^ = 0 

where A — 6 — 

B — c — ^(\ab 

Equation (2) may be written in the form 

B = ~Ax — x^ 


( 1 ) 

( 2 ) 


which is the equation of a straight line for each real value of x plotted in thci A B plane. 
The straight lines are shown Av Fig. 29-52. 

If Eq. (2) has complex roots, the three roots are of the form 2a, —a + and 
—a — ^6, whore t = 

IVom Eq. (2) 

A »= 6» - 3«* 

^ « -2a3 - 2a6» 
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I. 29-52. r» + oF* +-.5F + c 


. SHq. 29} QBAPmCAL MATSEMATICS 

from Eq. (3) 



Sub^ituting the value of n in Eq. (5) into Eq. (4), we have 

“ -HiiA-b^KA -4b*)* (6) 

Note that when 6 » 0, Eq. (G) becomea 

s* - -H^A> 

Thia curve forms the boundary between the region of all real roots and the region of 
complex roots. The completed chart is shown in Fig. 29-52. 

Exauplb 1: Find the roots of the cubic equation ^ 

a:* - 13x +12 « 0 

A * —13, JB 12; then « *= 1, —4, and 3. 

EiXXMPLX 2: Solve the equation 

xi - I5i - 126 = 0 

Here A » —16 and B - —126. Since only positive values of B from 0 to 15 are on the 
chart, let x — — 3js, for example. Then the equation becomes 

- 1.67« + 4.7 = 0 

From Fig. 29-52 we read 

a “ -2. 1 ± 1.13t 

therefore a; = 6, — 3 ± 3.39i. 

Exxkplb 3: Solve the equation 

2/» - 3v= + 91/ + 13 =0 
Let y « 2 + 1. Then the resulting equation is 

X* + 6x + 20 = 0 

As in Example 2, J3 20 is not on the chart. Now let x = 2s. Then the equation 
becomes 

+ 1.5? +2.5 =0 

Hence A = 1.5 and B » 2.6. 

From the chart we read 

z = -1, 0.5 ± 1.5i 

and X -2, 1 + 3i 

Therefore y — —1,2 ± 3i 

Biquadratic Equation. The equation of the biquadratic is 

a:^ + Ax^ + + Cx + /:> = 0 (1) 

This equation may be vvitten as 

(x* + ax + b) (x* + cx + d) =0 

where A « a + c 

B = b +d + fltc 

C = ad + be 
z; - bd 

Let K ^ M and Ij * b + d; then B = L K* 

From the equations L = b + d and D = bd, we obtain 

h ~}iL + H Vi’ - 40 

and d -HL-H Vi’ - 4D 

From the equations A ** a + c and K ^ ac, obtain 

a — + ^4 yf A^ — 4K 

and c ~ }4A — }4 A^ — iK 

Substituting the values of a, h, c, and d in the equation C =* ad + br, together with 
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the relation K ^ B — ti, we obtain the i^bic eqtiation 

- BIA + (AC - 4D)l -h 4BJ0 - C* - A»J> 0 (2) 

By letting Z< ^ Z + the last equation becomes 

+ (AC - 4D - + H(ABC + 8J?i) - - 3C - 3A*Z)) - 0 

It is to be noted that the coeilicieiits of cubic Eq. (2) are obtained directly from the 
coefficients of the original biquadratic Eq. (1). 

The values of Z are obtained from the cubic chart (Fig. 29-52), and 6 -|- d is 
obtained from the relation L=h-\-d^Z-\- MB. The numerically greatest of the 
real values of Z -|- }iB will alw^ays give real values of b and d. 

Since b -j- d = L and bd — /), then b and d are roots of the equation 

u* — Z/U -)- ZJ = 0 

and are found from the quadratic chart (Fig. 29-51), 

Any method for obtaining the exact values of the roots of a biquadratic equation 
is laborious. However, making uhp of the resultant cubic and its chart reduces the 
time element to a minimum. The following example will illustrate the process of 
transforming an equation. 

Example: Solve for the rsot.^ of the equation 

Gx* - 8 j; - 3 0 

Here A = 0, B = — 6, C = —8, and D = —3. Therefore Z = 0, and L « —2. Then 
u® -f 2u — 3 =0, Hiid 1 / ** 3, —1; t.c., b = —3, and d = —1. k = —fi -f- 2 = —4, and 
ac = —4; a -j- c — 0. Therefore a = ±2, and c = + 2. The biquadratic reduces to 

(j* -j-2x -3) ix* - 2* + 1) =0 
or (j .2 -2t - 3){x^ + 2x -I- 1) ==0 

Hence x = 1, —3, 1, 1; or i = —I, 3, —1, —1. The first set of values does not satisfy 
but the second set does. Therefore x = —1, —I, —1, 3. 

SOLUTION OF EQUATIONS CONTAINING A SINGLE VARIABLE 

It is often necessary to solve an equation of the form f{x) — 0, where the exact 
solution cannot be found by any known method. An approximate solution ma> be 
found by one of several methods. Three of these methods are as follows: 

1. Skefeh the curve y - fix), and estimate where the curve crosses the x-axis. 


Y 



Fiu. 29-53. 


Example: Solve the equation 

pr_2x— l^O 

Sketch the curve u = c' — 2 j- — 1 fiom the following table of values (Fig 29-53), 


a? 

y a- 

V X 

V 

0 

0 1 1 

-0 2 1 21 

-0 07 

1 

-0 2S 1.2 

-0.08 1 26 

-0 01 

2 

+2 30 1 3 

+0.07 1 20 

+0 006 
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The ^st Iftble aihows that the value ot t id betwaon d; 1 and z >■ 2. 

The fledond table shows that the value ef z ia between x 1.2 and x »» 1.3. 

Now magnify the scale between x =■ 1.2 and x » 1.3, and draw a line from point (1.2, 
—0.08) to point (1.3, 0.07). The point where this line crosses the z-azis is a good approxi¬ 
mation. The value is approximately 1.258 (Fig. 29-54). 



e* - 2a; - 1 = 0 

Fig. 29-54. 


2. a. If Bcalesareavailable, divide thefuiiction/(z)int50 two parts, =/ 2 (z), 

and lay off stationary scales for /i(z) and fiix). Ijocatc on these scales where the 
markings opposite each other have the same value (Fig. 29-55). 


2X4>I 




- " ■ r ' I ■ 'i' 


I 2 

Fig. 29-65. ^ — 2x — 



T 


tH 


Exaicplb: Solve e* =• 2x 1. 


b. Instead of stationary adjacent scales, use perpendicular scales. This amounts 
to sketching each of the curves y — c* and y — 2z -j- 1 on the same diagram. At the 
point or points of intersection drop an ordinate to the x-axis. This value of x will 
be an approximate answer (Fig. 2^56). 



3. Lay off an e* scale on the y-axis and a uniform scale on the x-axia. The sketch 
of the equation = 2x + 1 will be a straight line. 

If perpendicular axes are drawn on a sheet of transparent paper and their inter¬ 
section is moved along the straight line, always keeping the respective axes parallel, 
until the numbers at both feet of the moving axes are the same, this number wU.1 be 
the required answer (Fig. 29-57). 
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NOMOGRAPHIC OR ALIGNMENT CHARTS 


Types. The fiindaniciiial principlfS involved in the eonstnietion of a nomo¬ 
graphic, or alignment, chart consists of the representation 

of the relationship between three variables of the form x 2 v 


/(u, V, w) = 0 by means of three scales along three axes 
(straight or curved) in siicli a way that a straight line cuts 
the three scales in values of w, v, and w, satisfying the 
equation /(u, w, ic) == 0. Some of the most common meth¬ 
ods of constructing charts are described below. In the 
notation used, /i(u) is any function of u alone, f 2 (v) is any 
fuixetion of V alone, etc. 

1. fi(u) +fz{v) 

a. Draw' two parallel lines OX and O'Y any distance 



apart, and on these axes constnict the scales x = mifi{u) /i(u) -b/atii) 


and y » rn^f^iv), measured from convenient points 0 and Fio. 29-58. 


O', respectively, where Wi and m* are convenient moduli. 

b. Draw a third line 0"Z parallel to OX and O'Y such that 


Distance (di) from OX to 0**Z mi 
Distance (dn) from 0"Z to O' K 
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c. Determine a starting point for the graduations of the v) scale. It is convenient 
to draw a line from a value uo ou the u scale to a value of vo on the v scale. This line 
will cut the w scale at a value which is computed from the equation 

/i(mo) H-/2(Wd) -Mwa) 


Now take any other pair of values of u and », and on the w scale mark the correspond¬ 
ing value of 1/7, say wi. 

d. The equation of the v) scale is 


z 


mifUz 

vtl H" wi2 


Mw) 


e. Move the z scale in (d) along the z-axis until the number 1 / 7 o on the scale is 
opposite the number Wn already calculated by (r). A check on the work up to now 
reveals that wi ou the scale is opposite the number wi already calculated by (c). 

/. If we have a scale of /(u) constructed as in Figs. 29-31o to 29-31/;, it is easy to 
make the check suggested in (e) by using compasses to take off measurements. 

Example: Construct a nomoeram for the equation 2U -|- TT = 10 log V. Let the 
variables range as follows: V from 1 to 10, U from 0 to 5, and W from 0 to 10. 

If it is desired to have the W scale in the center, rewrite the equation as 

10 log y ~ 2f7 = TT 

The scales are 7ni(10 log V), mz(2U), and maClF) where Ws « mimz/Cmi + m 2 ). The V 
and U Scales will be ponstructed in opposite direetinn.s because of the negative sign. The 
length of the chart is to be 10 in. Therefore, mi = 1, ms =» 1, and mg = 3^. The scales 


V W 



to be constructed are 10 log V, 217, and }-^W. Since {d\/di) b (mi/m?) » 1, dt » dz, and 
the W scale is midway between. When t7 = 0 and V « 1, TT = 0; and when 17 »= 0 and 
y = 10, ly B 10. The completed chart is shown in Fig. 29-59. W’hen y = 6 and W » 3, 
V B 3.01. 

A chart for the equation of net radiation q/A b • T%*) is shown in Fig. 29-50q. 


2 . 


“Mvi) 

1716 



NoucmApmc on AtiOMUBi^T charts 


Any equatipu in this form can be put into the form of (1) by taking logaritli^a nf 
both sides. Thus 

log/i(tt) +log/?{«) «log/a(w;) 

This equation then taken Hid form 

+ FM = fi(w, 

and the method of (1) applies, 

ExampIje: Construrti a uumograin for the equation 

E ^ trB sui* 6 

wherB E is illuminatirin in lumens per square eentimetpr, B is brightness in candles per 
square centimeter, aud 6 is the solid angle subtended by tlie source. 


1500 

0 


1500 

0 


Fig. 2!)-50a. h/A =<riTi* — 7V). 

Taking logarithms of both wdot. of the equalion, wp have 

log - log ^ 4- 2 log BUI 9 + log JT 

The rnnuea of the variablw are B from 1 to 100, « from 1 to 16 deg, and E from 0.01 to 20. 
It ia deaiied to have the B and 9 Hcalos earh of length 8 in. The eoBlea arc mi log B, mt 

U log «m 6>), and ffid lug £. . j, 

Since log too = 2 and log 1 « 0. mi ^ 4. Suice log sin 16 deg = -0.5597 and log 
s<in 1 deg - “1 7681, 

Tfiii-l 1194 + 3.5162) =8 or Wi = 3 34 
((/,/rfj) = (nn/wia) = 4/3 34. Let the distance between the B~ and 6-axcs 
(di + di) » 7.34 in,, 


then rfi = 4 in., and da = 3.34 in. The equations of the scales are 4 log B, 6.65 log wn 5, 
and [4(3.34)/(4 +3.34)1 log JS? = 1.82 log E. The completed chart is shown in Fjg. 
29-60. 
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Fio. 29-60. E = irB am* 0. 


ExABiFiiH: Construct a nomogram for the equation 



where Z> varies in units from % to P varies from 1 to fl, and iS varies from 10 to 90. 
Taking logarithms of both memWs of the equation wo have 

log D =* log P + log 

The completed chart is shown in Fig. 29-61, 

3. ^Mw) 

Taking logarithms of both sides, the equation then takes the fonn 
fi(v) log/i(«) = log/,(«;) 

Taking logarithms again of both sides, the equation becomes 
log/sfw) -f- log log/i(u) = log log/aCxo) 
which, again, is of the form 

F,(u) -f Fiiv) « Fi{w) 

4. /i(u) +/2(tf) H- ■ • - “/nCO 

• * • «/-(0 
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Tfedb equatioti ia merely an extenaion af (1), and the method of charfang is an exten¬ 
sion fjf the method employed in charting (1), For example^ ooiftsid^ the case ^onr 
vaitahles in an equation of the form fi{u} + fi(v) + /*(«)) «• 



Tiu. 29-f»l 



/i(w) +/a(«) 

+ /d(w) =/4(0. 





Let/i(u) +/s(w) = k, then k + />(«>) * Each of these equations is in the 

form of (1), and each can be charted by means of three parallel scales, but the Seale 
need not be graduated (Figs 29-62, 29-63). 

The first type is illustrated by the following charts (Fig. 29-64)- 

W * 12PA*/{U X 29 X 10“n 
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W »2XPA" 

64X29XI0>XT* 

Oumwei P taA with n •tralght line Intartscfing 
dummy of Q Drow TO end reod Itt inteructlon 
wlfhW 




Chezy formula for tho vcloc-ity of flow of Wiitor, V — C 29-05), 

Nomogram on mol por ernl—woiglii ppr ppnt (Fig. 29-00), 

The sepond typo is illustratcvi by oharts for solution of trinriglos by tho law of 
tangents (Fig, 29-071, draft oorriHdion for salt and frpsh-water-going vessels (Fig. 
29-68), and the equations = (pi/» 2 ) (Fig. 29-(>9o) and x =» vu er>s ^ (Fig. 

29-696). 

5. */»(w0 -ACO or fi(u)/Mv) ^ 
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The first equaliun is oliviously of the form <1), and the second equation is imme¬ 
diately transfonned into the first form by taking logarithms rf both members of the 
equation. However, sometimes it is convenient to a|>ply the following scheme: 

If the range of variables is Hueh that we can use the modulus mi for each of the 
terms fi(u) and fi{v) and tiij for each of the terms fi{w) and lay off thb scales 


A H 

IQpOOj I 

8 , 000 ^ 

€, 000 ^ 
5,000V.2 
4^D0- 
3,000- 

-.4 

2,00<H-.5 

1 . 500 ^:-" 

:--a 

1 , 000 :- 1.0 

800j 

600 ^ '-5 

500--2 
400 ^- 
300^7 ^ 

1-4 

eooils 
150 ^: 6 

' lOoiLfo 

: BOH 

= 60^-15 

I 50- 


E 

a 

O 


20 
25 

15 H- 4) 
45 
10-;- 50 
55 

gj- 60 

s -- 65 

=:-7o 

a-;- 

^-80 

- 85 
L5:„go 


90- 

B5 

60 

75 

70 

65 

60 

55 

50 


r:. 

2 

2.5 

3 

4 

>6 

£ 8 

10 


40-^ 


30 


« 20-H 


Z 10 

I B 

^ 6 

c 

at 

■5 4* 

* 3 


2- 
1.5 

1 . 0 - 
D.8 
0.6 

0.4 
0.3 

0.2 -t 


Ncfle- 

A line drawn between molecular weights of A and B 
will give a turning point on the center line. Any other line 
drawn through this point will connect weight and mol per¬ 
cents of component A ^ 

Relation g = 100-0 

Fig. 29-66. 


0.1 


15 

1-20 
25 
30 

r 40 

760 

E^flO 

-Hoo ® 

150 I 

:|-200 I 

f 250 e 
300 8 
■h40O 
^ 500 
1^600 
^BOO 

F-iooo 


1500 

>2000 

2500 

3000 

■4000 

'5000 

6000 

8000 

iqpoo 


X = y = miftiv), z = wjs/sCu;), and q ■= as indicated in Fig, 29-70. 

To read such a chart, join given values of n and w, and through a given value of 
draw a parallel line rutting the </ scale at the value of t whieh satisfies the original 
equation. 

Figure 29-71 shows a chart for the relation UiVi = UiV 2 , 

Mu) +Mv) ^Mw)/Mt) 
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I0"+I60* 


20*t 140“ 


40“:'100" 
45“:r 90“ 


-1« 50“t 80* 




Fiq. 29-67. 
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(A-B) 



( A - B ) , Change of Draft 


nmoQBAfmc 0& mmmsm 




e4,ooo< 


I. Pi-i / lOZS-J > 
( 1025 ) 


8,000-^ BO 


7 . 000-+-70 


(5 6 , 000-+60 


.5 5 , 000 - 4-50 


% 

■ 10(5 I 


4 . 000-4740 


o 3 . 500 -f -55 


Draft correction for salt and 
fresh water going iressels 


3 , 000 - 4-30 


2,500-4-25 


2,000-rZO 
1,800 -r IB 


Fia. 29-68 A - B ~ j, 


/ UQ2B - d \ 
\ 1.025 / 


1,400 ^-J4 
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Fig. 29-e9a. 

Scales are laid off on two parallel axes, OX and OT, drawn in opposite directions, 
and the intersecting axis 00'. T^et the length of 00' be K where K is any convenient 
length. Lay off the scales ami ntnUiv') on OX, rmfiiv) on O'Y, and 

on 00'f as indicated in Fig. 2^-72. 

The moduli are related by the equation 

mi/K *= m%lvu 

Any pair of parallel index lines [u, v) and (w, 0 will cut the axes in values of u, v, w, 
and L satisfying the equation. 
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The fhart for this equation is the same as that above exeept that the axes OX and 
O'Y are drawn in the same direction. Again 


mi/Ki » nii/mi 

_L+J_L- 

/l(u) />(») Mw) 
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Fio. 20-71. 
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FlU. 2fl-76. Path of drag in ship launching. 

The method of charting Ihis equation is an oxtensioii of the method employed in 
the previous case, (consider the ease of four variables 

Il//.(»il + ll/Z^Wl + I1//4W)] = Il//<«)1 

Tf we introduce an auxiliary variable Q, we can write 

J-q-—= - d L + J- J_ 

fi{u) Mv) Q 

Chart each of these equations wuth a common Q scale wliit li iieerl not he graduated 
(Fig. 29-70). 

10. /l(u) +Mv) -/aM = Mw) 

Draw two parallel axes OX and O'V, and let K be the length of 00\ On OX lay 
off the scale 7rii/i(w), and on O'Y lay off the scale 

(Fig-29-81). Construct the scale X J 


along the axis 0O\ and the scale 

miyrii ^, 

S'* “ 


o-m.f,(u| ■ 


parallel to OX. ^ 1 ] 

Each value of w determines values of Xi and Eio, 29-77. ^ 

ijif t.e., the jmsilion of a point (ii, yi) and the 

series of points determines a w scale on a curve or straight line. Any index line will 
cut the three scales in values of n, v, and w, satisfying the equation 

fi{u) +/*(») •/,(«>) =/i(w) 
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Fiu. 29-81. Mu) -\-Mv)’Mw) «/4(tr). 



Fig. 29-82. 


Charts of this type are illustrated by the following examjiles; 

Exampld 1. Stability number for the infinite .slope in a homoKeiieoua soil 
C 

= COB* a (tan i — tan 

yU 

where C » coheBion of soil, Ib/sq ft 
H « depth of element 
% «= slope of ground surface 
0 s: an^e of internal frirtion of soil 

The dimensionless quantity C/yH is the stability number. This equation may be written 
C/yH + tan 0 co.i* i = cos* i tan i 

and is in the form -f /8(w)/s(aj) = /i(w). 

The scales are * « wi (C/yH), y = mt tan 0, 


Xi 


miK 

mi cos* i -j- ma 


tnima 

mi cos* i + m« 


cos* i tan i 


Let mi » 16, mi ■= 6, and K = 10. 
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C'ojit^trucl Ihii Mcale» 


X == 15(r/^7/l) y =■ 5 tan 0 


a-i 


30 


3 COB®i + I 


-T COM® i 


15 


3 COB* i + 1 


COB* I tau i 


Koticc that the rectangular equation of the (an, y\) curve is 

_L _3'i!_ = 1 

which is a circle wiili center at (^'H, Oj and radius equal to The chart in Fig, 29-82 

shows that for any given value of 0, theie are two values of t which give the same stabdlity 
number. 

ExAMPnis 2. Chordal height and length of chord 


d* = 8rh - 4^* 
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'wlnere r «> radiub of the cirold 
d ^ length of the chord 
h s chordal height 

On the chart in Fig. 29>S3, mi 0.2, mi 1, and k *• 11.2 in. 



Fig 29-83a. 

ExAJiPiiH 3. Energy content for a rectangular chanrel with uniform flow 

E - D + (gV2ff/?*) 

where E =* energy, ft-lb per lb 
D “ depth of flow, ft 
Q « flow, eu ft/(sec)/(ft) (Fig. 29^833) 



Example 4. Cubic equation. Figure 29-84 is a chart lor the real vidue 8olul4jOua qf 
the cubic equation y* + ay^ + tv + « “0, For each value of a, a single curve of (;fi, i/i) 
is produced. If a is sero, only the curve marked C is nocessary to solve the equation 
y* ^ by + p 0. If c * 0, then + ay h 0, use the curve marked Q, 

Example 5. Francis formula for contracted weir (Fig. 29-85). 


Q « 3.33(S - 0.2H)J5rW 

ms 
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11. -/sWaM 

Scales are laid off on two parallel axes OX and O'Y, drawn in opposite direntions 
and at any clistance K apart (Fig. 2d-86a). Lay off the scales mifi{u) and mjfz{w) 




Fig. 29-85. 


on the OX axis and rriMv) and mj 4 {t) tin the O'Y axis. The miidiili are related by 
the equation 

Wi/Wz = Wlj/?ft4 

Two index lines intersecting in a point on 00' will give values of u, v, w, and t 
satisfying the equation. A chart for the equation Ui/v\ =* is shown in Fig. 29>87. 

Boyle's law is shown in Fig. 29-87a, Draft correction for salt- and fresh-water-going 
vessels is shown in Fig. 29^7b. 
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U-B) 


d 



T 


D 



lOH 


' z^oo 

- 4,000 


zoH 


4- B,000 


30 4 


404 


50 4- 


60 4 


TO 4 


6,000 


10,000 


|-12,000 

14,000 

16,000 

18,000 

}-20fi00 


^ 22,000 


1-24J0O0' 


Fiu 29-87ft 


0, Diipldcsnwnl In Long Tons 
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It shQuld He noticed that the two equal angles on whose sides scales are constructed 
may be plae'1 in various positions as indicated in Figs. 20-86?>, 29-86r. 

The charts for T ^ H sin A (Fig. 29-87c), Hp = (Fig. 29-87d), 

A - 5 = /)l[(35,87/t) - 351/35T1 

(Fig. 2!)-87e), and the equation 1/u ^/v -^w/l (Fig. 29-87/) illustrate this type. 

lla. Mu) =/3(w) '/s(») 

Tf / 4 (/) = C (constant) in type 11, then /i(i() = [/a (id) */ 2 (e)]/C. Consequently 
the t scale in type 11 is replaced by a single fixed point. In this case, however, it is 
convenient to project through the fixed point each of the points on the w scale onto 
the line 00'. 

The form of the completed chart is shown in Fig. 29-88c. 

llb. /i(m) = CMv) 
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CHART FOR 
I >/7 r 
} 

ex: u-2 
v«o.a 

4 - 0-7 





-.0 8 4 





Fio. 29-S9 
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lifiivf) * C (constant) and/i(i) = 1, typo 11 r^uces to the fonii/i(M) » C/s(s). 
By the method used in 11, the chart would appear to be as in Fig. 29-^1. An indeK 
line joining the two fixed points would determine a fixed point P on the InterBeeting 
line 00'. 

Consequently, to chart an equation of the form fi(u) * Cfi{u), draw the scales for 
/i(Ti) and /a(y), assign a value to v, and find the corresponding value of u from the equa¬ 
tion. Draw the index line between the values of « and w, and where the index line 
cuts the line 00' at P, a fixed turning point is established. 



This is a convenient type of chart to use for conversion formulas. It is evident 
that an infinite number of conversion formulas can be solved on one chart. Each 
fixed point is a key to a definite formula. 

Figure 29-92 illustrates this tj’pe of chart. 

11c. ■ ■ ■ 

This is obviously an extension of type 11. For cx.'iinple, if 

/iN •Mv) - AM ' Q = M) -Ms) ■ Q * 1 


we can write 
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By the first equation wo have two parallel scales, while the third scale is reduced to a 
point. 

A.^!onversion chart is shown by Fig. 29-D6. 

Oeneralization and CombinationB. Sometimes an equation may be in such a form 
as not to adapt itself immediately to one of the previously suggest-ed cases. When 
this situation arises, it may be possible to introduce one or more auxiliary variables 




and split the original equation into two or more parts, applying one or more of the 
p^opos^Ml forms to each of the various parts. Tii other cases, by holding one variable 
constant, a single scale is produced. Then for the complete range of that variable, 
a series of scales results. This situation gives rise to a so-ealled network of scales. 
Nothing new is involved since it is an obvious extension of the prtrvious forms dis¬ 
cussed. It is evident that a six-variable relationship might be represented by three 
sets of networks, which is analogous to three scales for a three-variable relationship. 
The possible forms suggested are illustrated by the following typical equations: 
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CONVERSION CHART 


2H 


H.R HOURS 
GERMAN CANDLES 


kilowatt hours 

ENGLISH CANDLES 


MILES PER HR 


FEET PER SEC. 


I H POUNDS — SQ. IN. 

0 . 9 -] INCHES 


as H 


IN.OF MERCURY O'c. 
CE NTIMETERS 


06 

05 - 

0 4- 


03 H 


POUNDS 


POU NDAL5 


0.2 


Fid. 29-90. 


pO.5 
- OO 


ho.7 


t OB 

00 


- 3 

-4 

-5 

-a 

- 7 
-B 

- 9 

- 10 
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R « rote of return on equity 
£ " 1 P 1 * rate of ioterest on debt 


j - p P s proportion of debt to total capitalization 

E * rote of earnings on total capitalization 

EXAMPLE- P*0O E-7 1-5 R-15 



1- Equity debt equation (Fig. 29-97): 

^ - 1 _ p 

where R =* rate of return on equity 
I = rate of interest on debt 
P =“ proportion of debt to total capitalization 
E B rate of earnings on total capitalization 
2. Kectangular suppressed weir (Fig. 29-98) 
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Fiu. 2^-100. Excess air from stack gas anabasis. 
4. Excess air from fitai*k gas analysis (Fig. 29-100): 


(0* - 0.500)100 
- (b/- 0.500) 
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O.Z 05 0.6 0 7 

Fio. 29-101. Various t\pes of means. 










NommtAM$m m mABfB 

Chart for vaitoiis types of mean values (fig* 2&-101) 


05 



6. The fundamental bond equation (Fig. 29'102) 

^ UK) R _ R_ _ 

'(■+!&) (ife)'Gii)(‘+l56)' 

7. Equation for anchored bases (Fig. 29-103) 

Y.' + (id + 80 r. - 2idj - id' 
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soiirmHivK Tvarndym 


Rig!>*a 
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Graph z 



|M ' I I I M I I < M I ' I ' 1 I I M I 1 ' I I I I ' I I I M I I I I M I I I M I I M M I M I I I I I I ' I I I I I ] I n I I I I M I I I I r| M I I I M I I I 

OOOOOOODOO 

oiaor-iDini»(OPJ- 


Accelerafion^ ) cw (-), Inches / Second ‘ 

Tig 2fi-lt)4o. Crosshead aeeeleration. 

8. Crosshead and crank-pin accelerations (Fi^. 29-1040 and 29-104b) 
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•|siK!.a» 



9. Stoichiometry of combustion (Fig. 29-105) 

Sets of Charts. Since it is possible to represent an equation graphi^Uy m numer¬ 
ous ways, a few sets are included in order that one may make comparisons as to use¬ 
fulness or ease of construction (see Figs. 29-106 to 29-110). 


1769 



3 4 56 e 10 













































zm 



Cost of Energy Delivered in | ptf Hour - (a) 
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JcoilRieior^ 

•• DC 


9 Relalive Viscpsily of FIuk^, CenlipoiseS (Z) 


Z~B 


Vielocity of fluid, Feel per Second- (U) 



Correction Factor fi(x End Effects (0) 

- - . - 

I - - J , | ), 7 , . ... . . t 

sisssssssa 

Density of Fluid, F^nds per Cubic Fool (p \ 

' h (Z-B,p -D) 


!/ 


(f -D) 


btside Diameter of Inner ?ipe- Inches (D) 


miJirnSBiLVJS TYOiBJYWi 
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DETERMINANT AS THE BASIS OF A NOMOGRAM 

TIjc ('ondition tJiat any Ihroe poiiith (j;i, t/O, (12, 1/2), and (xg, yt) lie on a btraight 
line la that the determinant 

•Cl //i 1 

X2 Vi 1=0 
2:3 2/3 1 

In the case of an equation containing three variables u, 1 /, and w, it is possitile to 
express the equation in the form of the above deterininant. It is also possible to 
construct a nomogram. 

For example, the determinant 

\fiOO 9i00 1 

'Mv) u,iv) 1 -0 

|/g(io) 5ij(w) 1 

slates that the three axes cany the scales 


X\ = /l(lt) 

y^ = ffi(w) 

0) 

X2 ^ f2iv) 

Vi = 92 {v) 

(2) 

Xa 

y, = 

(3) 


and that values of v, t), and w satisfying the determinant equation lie on a straight 
line. 

Here Eq. (1) is tlie parametric representation of a curve on which are marked the 
values of M at each point having the coordinates (xj, yi). Similarly, Eqs. (2) and (3) 
are the curves on which arc marked the values of v and to,‘respectively. 

The determinant 

2u l| 

I) - 1 0 
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is way of wiittng tlie equation 

to(l + 2u — t^) + — u) - u(e + 1) * 0 

The equation of the curve on which the u scale is marked is z » u, 2 / ~ in 
parametric form, or the straight line y = 2x in rectangular coordinates. 

The equation of the curve on which the v scale is marked is z =■ s, v — 1, in 
parametric fonUf or the straight line y x — 1 in rectangular coordinates. 


V 




The equation of the curve on which the w scale is marked is z = u?, 2 / » in 
parametric form, or the parabola y ^ in rectangular coordinates. The appearance 
of the chart is shown in Fig. 29-112. 

The general method of deriving the determinant form of an equation consists in 
forming three simultaneous equations of the form .4z + fiy + C « 0, from which 
the determinant 


Al By Cl 
Ai Bi Ci 

At Bt Cl 
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ma^ be derived direetly by writisg^he eoefScientfi dt the equatium in ik& order«^WB. 
It k then neceeaary to ta'ansform tbis determinant into the baew form where ele- 
mentB occurring in one column are each equal to unity. This can be accompUidied 
by using the well-known properties of determinants. 

1. Rows may be changed into columns and columns into rows. 

2. Any two rows or columna may be interchanged. 

3. All the elements of a row or column may be multiplied or divided by the same 
quantity. 

4. To the element of any row or column may be added the same multiples of the 
corresponding element of any one or more other rows or columns. 

For example, consider the equation, 

a = Ofit - 16 Z* 

Rewrite the equation in the form, 


to = vu — 16u^ or 16u* — uv w =0 
Let X V and y — w; then the following three equations are obtained. 

Ihw* — + 1/ = 0 

af — i» = 0 

and y — w « 0 

Each of these equations is of the form 


Ax -|- By -{-0 = 0 

and may be written as 

X + Oy - V = 0 
Ox + y ^ w = 0 
and —ux + y + 16 m* = 0 


Since the equations are simultaneously true, the following determinant 


1 0 -V 

0 1 “W 

—M 1 16m* 


0 


A new determinant with a column of ones must be found, using the properties of 
determinants. This may be done as follows: 

1. Adding the elements of the first and second columns, we obtain 


1 0 -V 

1 1 —w 

1 — u 1 16m* 


0 


2. Dividing the third row by 1 — m and interchanging the first and third columns, 
we obtain 


-V 0 

—w 1 

16m* 1 


= 0 


u 


which is a basic form. 

3. For convenience interchange the first and second columns. 


Then 


0 “1^ 1 

1 -w 1 

1 15m* ^ 

1 - U 1 — M 


The equations of the scales are 

X 

X 


X - 


—0 


—w 

16m* 


1 — u 


1 — M 



s«G. M 


GRAPHICAL MATHEMATICS 


Scale factors may be introduced in a variety of ways. One way is to multiply 
the first and second columns by d and m, respectively. The form of the determinant is 

0 —mv 1 

d —mw 1 

d 16m«* , 

1 — u 1 ■ u 

where m and d are determined by the range of the variables and the desired size of 
the chart. 

Another way is to introduce scale factors at the beginning. 

Let z =‘ niiv and y = m^iW in the equation 16i/* - nv + w; = 0. Then tlie fol¬ 
lowing three equations are obtained: 

16^2 — {z/mi)u + (y/wiz) = 0 
X — miv =* 0^ 

and y — nw = 0 

which may be written 

— (ulmi)x + (l/rrh)y + 16?i* = 0 
a; 0i/ — rriiV = 0 
Ox y — vi^w = 0 

J_ 

nii 
0 
1 


16?v® 

—WiV 

^m<iw 


Therefore 


?«! 

1 

0 


By properties of determinants, the resulting determuiant is obtained: 

0 —niiV 1 

1 —mzic ^ « n 

7711 16W]m2l/® ^ ” 

— niiU + Wi —niiU + mi 


In order to control distances between scales, inultiply the olenieiits of the first 
column by d. Thus, the constructional form of the determinaiii is 


0 —niiV 1 

d —V12W 1 

viid IbTWimzU^ j 

— 702^/ + Wi — WzW + 7/Ji j 


0 


A cheek on the work at any time can be made by expanding the determinant at 
that stage of the work, and the resulting equation will be the original one. Tima a 
check on the final form arrived at is 


—miViu , Ifjmimadii* , m^n\idw , , _ 

-;-1-;-1-;-h IflldV = 0 

— mji/ + mi —m^u + mi —mzu -f 7ni 

or IGw^ — uv -\- w = Q 

Consider a second equation of the form 


/.M ”/.(«) 

or /i(w) +fiiu) -fiiv) = f 2 {v) 

previously discussed 

The corresponding deterruinant form is 

Mv) 0 ] 

/l(u) Mu) 1 

0 Mt) 

i7Ra 


0 
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The constructional detenuinant can be con- 
yeniently written v 

niifiiv) 0 1 

mifilu) msfiiy) 1 «0 
0 mafiit) 1 

The scales are ' Sv 

X = mxfiiv) T/ = 0 ” 

and X = 0 y - - ^ i 

It should be noted that, if nii = mj, the axis _ on no 1 _1_ ^ 1 

carrying the y scale bisects the angle between *' /a(®) "* /i(u) 

the axes. 

Common Types. The basic determinant together with its constructional deter¬ 
minant and form of chart is shown for common types of equations occurring in practice: 


1. 



fiM -^Mv) ^Mw) 


-1 

/.(«) 

1 


—di 7nifi{ii) 

1 

1 

M«) 

1 

= 0 

dz mzfzlv) 

1 

0 

HUM 

1 


mitriz X / \ 

0 , /a(w) 

nil H" fUi 

1 


where nii/mz = di/di. 


J'lu. 29-114, 


2. fi{u) -/aW - kMv) -Mv) - AW = 0 


Tia. 29-115. 


0 

Mu) 1 

0 

mtfiiif) 1 

Mv) 

iMv) 1 = 0 

d/Mi/aCtO 

tnyniikf.iiv} j 

f?»i — m2)/z(»l + mi 

('Hi - mijfiiv) + nii 

1 

Mw) 1 

d 

mzftiw) 1 


f (w) =--- 

^ Mu) +Mv) 


Fig. 29-1 ICf. 


0 

fiiu) 

1 


n 

?Wj/|('F/) 1 

/a(M) 

0 

] 

= 0 

dmiMu') 

(?rti - Wz)My>) “f '^< 2 

0 1 

1 

-Mv) 

1 


i d 
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Fio. 29 - 117 . 


0 

/i(«) 1 I 0 

nijiiu) 

1 

Myf) 

0 1-0 

0 

1 

1 

mifa(w) + ma 



1 

-A(t^) 1 d 

—ma/aCv) 

1 


;.(„)_ miML 

/.W +Mv) 



Fia. 29 - 118 . 


/i(ia) 0 1 dfiiu) 0 1 

0 Mv) 1=0 0 mMv) 1 = 0 

f»M f»M 1 dMw) mfiiw) 1 


6. /lOO -Mv) -h ^MMw) -Mu)] = 0 


0 M-u) 1 
/a(w) 1=0 
1 1 


0 

kmi<p{v) 


Fig. 29 - 110 . 

Wi/i(u) 11 

mimsMy) J _ 


-— 1=0 

(mi ~ m2)0(w) + wia (mi — m*)0(») + 

K 1 


7. /iC-u) '/*(«) + 0(i^) -/.(!«) ’My) = 0 



Fiq. 29 - 120 . 



0 1 

^l{u) 

0 1 

^(v) 

/z(w) 1 “ 0 

d4>{v) 

m/a(!i) 1 

0 

My>) 1 

0 

m/*(w) 1 
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^ My) ■ <»(«) - 4»(u) ■/>(») 

4>(v) - 4,(u) 



Mu) 

1 

k4iu) 

7»/i(w) 1 

0(v) 

Mv) 

1 « 0 

Hiv) 

mMv) 1=0 

0 

Mw) 

1 

0 

mMw) 1 


9. ^i(ii)I/»Ct;) - /,M] + 4>M\fB(w) 

- /.(«)) + - Mo)] = 0 “ 


*i»i{y) 

Mu) 1 

mi^iC-u) 

m?/i(u) 1 

M^) 

Mv) 1 =0 


m4/a(w) 1 

Muf) 

/sCuj) 1 

mn^s(w) 

W2/l(U)) 1 


Fi0. 29-122. 


Specific Equations Expressed in Determinant Form. As illustrations of equations 
expressed in the form of determinants are the following: 

1. Flow of steam through pipes: 

W = 15 ird*ra 

| 157rr/» . . - 

\w W 

i 0 J =0 or 0^1-0 


2. Hoiler horsepower: 


Boiler hp = 3.33(A - O.^VA) VH 
lOA 2 \/a ^ 

3(1 + 2 \/A) 1 + 2 \/a 

Vh 

1 1 1 


3. Shear strength of rivets: 


y.-ldV. 


1 

0 1 
1771 
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4. Kadius af gyration of circular cylinder: 

l3R^ + 


0 1 
11* 
6K* li 1 

5. Capiicitance of two parallol cjdinders: 

^ 10-»/v 


36 In {d/y) 

l3fi(10)»C 1 1 

Ind 


1 + hi d 
In y 


= 0. 


ll + In y 1 + In y 
6. Ijlast-presBurc fiirnar'o; 

- 14.7= = 0.0007 

0 1 


0.00071W* 


|0.0007m;= - 1 

0 D*(P^ - 14.7=) 1 

1 -H 1 


7. Ilrake horflcpowcr; 


8. Francis weir formula: 


H. Lens formula: 


Blip = d=w/2.5 
2.5 bhp 1 1 

d= 0 1 

0 —1 
I — m 


Q = 3.33(B - 0.2H)II^ 


H -h 5 + 5 

h ' 


0 


Q 


Q - 3.33 

1 = 1^1 

f u V 


1 1 


ly 11 


= 0 


10. Moment of inertia of a cylinder: 

W , 


/ = ^ (3/e= + h^) 


w 

12 

0 

/ 


1 

je= 

- 1 

A* + 3 A= H- 3 
1772 
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0 





y) 

\w + I to -h 1 

0 q I 

II P 11 

leneth of chord: 

rf= = 8r/i - 4;i> 


ant form, the eriuation ia 


n 



U 

40 


11 2 

—r 


22 4h 

h* 


2h -1- 10 

2h + 10 


Fig. 29-123. 
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% 


A -a 8 G 8 


The dsterminuit form of the equation is 
0 
5 

5H» 

+ 180 12S(H» -I- 180) 
The completed chart is shown in Fiff. 2^124. 


180,000 
4ie 
“ 125 
1.216fi« 


0 



3. Energy content for a rectangular channel with uniform flow; 

E = D - (QV2pZ)>) 

The determinant form of the equation is 

12.2 


9I>* 


( 100 ) 
B 
“ 3 
D* 




+ s^D>+i52!'j 

^73.2» “V. ^73.asy 


- 0 
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Fia. 29-126. T’e"®’ * C. 

The determinant farm and chart are shown in Fig. 29-126. 

6. Mean temperature equation 

1dB« Ti — luge Ta In Ti — In Ta 
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DETBRMffriLXT AS TBS BAMS QT 4 HOmXIBAM |a«H. 

Ex^Bsed Ut deternimimt form, tbe equation ia 


0 

T 

1 

Ti 

InTi 

inTi 

1 

r. 

In r> 

In r. 


The chart is shown in Fig. 29-127. 
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parity defat equetiexL 



l^he determiaant form of this e<^uation is 

0 HI 1 

12 I 

468(1 - P) 12^ 

39 - 31P 39 - 31P 

The chart is shown in Fig. 29-128. 

R s rote of return on equity 
P ^ ^ t P I = rote of interest on debt 

I - p P 3 proportion of debt to Motot copitolizotion 

E ” rote of earnings on total copitolizotion 

EXAMPLE P-BO E*7 1-5 R-15 



Fio. 29-128. 


“ 0 
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(^£iiltf HMnogrum. The gederAl form of the bane detenninuit for a dfoolu 
nomogram ie 

1 fiM 


1+!/.(«)]• i+I/.(u)l* 
1_ fM 


i+V>(»)]' i+l/.(«)l' 

1'+/•(«) ® ^ 


from whirh it is seen that the u and v scales lie on circular axes having the same center 
and with radii equal to H- 

The constructional determinant form is 


mi rntfiju) 

1 + l/i(u)]* 1 + I/i(u)p 

mi intfi[v) 

1 -h UM? 1 + UiW ^ ” 

0 1 

When mi ^ we will have arcs of cllip^ instead of circles 

In equations of the form /i(w) ’fziv) — /»(«»), the basic determinant is 

1 

1 + [/iCii)J= 

1 

1 + UMV 
1 

1 +/a(w) 


/iM 


l+[fi(l^)l» I 
-Mt>) ' 

l+l/sW 

0 1 


Consider the equation 

AB (OS (0 + ^) + Br/(ain <ji — cos -j- ilf/^Csin 6 — pds 9) 


The equation expressed in the form of a determinant is 


A sin 9 A cos 5 1 
if COB 0 B sin 0 1 

u 1 


0 


The equations of the scales are 
Circle of radius A: 


a: — A sin ^ 


Circle of radius B: 


a; = ^ cos 0 


y A cos 6 
y = B sin ttf 


Straight line making an angle of 45 deg with the x-axis: 

x=-U y=^U 


0 


Assume that A = 5.12 and B = 2. 

The scale of 9 is constructed on the outside, and the scale of 0 is constructed on 
the inside of a circle, outside the chart, since the value of each angle is the sam^ for 
each of the two basic circles along a radial line. 

Consider the equation 

AB eoa (S 4- 0) + B(inn 0 - cos 0 ) + A(sia s cos * 0 
where A, B, and 0 are variables. 
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EXAMPLE 

e-30* 

^> 313 * 

CUT U AT 2.1 

Fru. 20-129. AB cob (fl + 0) + fit/ (ain — cos 0) + At/ (ain 6 — cob ff) »- 0. 


In determinant form, the equation is 


A sin 0 
B COB 0 
1 


A cos 0 

B sin. 

1 


1 

1 

1 


- 0 


The equations of the scales are 
Dies of radius A: 


cles of radius B: 
ed point: 


a; = A sin 0 
I =s B COB 0 
1 = 1 


y = A cos 9 
y = B sill 0 

y = 1 


The scales of 0 and 0 are constructed on a single circular axis as in previous 
stration. 

Any line through the fixed point will cut the A and B circles in values of $ and 0 
Lch satisfy the equation 


AB cos (0 + 0) + 5(sin 0 — cos 0) + A (sin 0 — cos 0) 0 

Trom the construction of the chart, A and 0 are paired together as are B and 0. 
For example, if A = 5, 0 = 330, and B = 4, find the value of 0. 

Locate the point on the A = 5 circle where 0 = 330. (0 is graduated on the out¬ 

side of the outer circle.) Lay a straightedge through this point and the fixed point. 
At each point where the straightedge cuts the ^ = 4 circle, draw radial lines from 
the common center, and read the Value of 0 on the inside of the outer circle. Two 
rotating dials, one at the common center and one at the fixed point, are convenient 
when this type of chart is used. 
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ALTERNATE GRAPHICAL METHOD 


Basic Form, Another method for charting quite a general relationship between 
several variables can be developed from an equation of the form 


Mu) 

/.(«) Mt) 


( 1 ) 


Let OX and O'Y be two parallel axes, any distance apart, and OO' a base line. 
Lay o£E the scales and viifziv) on the OX axis with 0 as the point from which 


My XV 



Fm. 29-131. Fio. 29-132. 

fM . Mu) Mw) ^ 

Mi>) Mt)"'- Mt)^ Mt) 


measurements are made. Similarly, lay off the scales m 2 fi{w) and ma/iCO on the O'Y 
axis measured from O' (Fig. 29-131), To find the value of one of the variables when 
values of the other three are given, follow the direction of the arrows in Fig. 29-132, 
For example, if values of u, v, and t are given, find the value of w (see Fig. 29-132). « 

1. Draw a line from 0 to L 

2. Draw a line from 0' to v. 






OBAP^WAL mArSSMATiW 


3. Draw a line from u parallel to OD'Intersecting O'v at A. 

4. Draw a line from A parallel to the axis intersecting Ot at B, 

5. Draw a line from B parallel to OCP intersecting the O'Y axis at the value of 
w ion the w scale. 

It is evident that the value of any one of the variables may be found when the 
values of the other three are given. 


fi(u)+Mw) =Mv) (la) 

If Mv) “ACOi Eq. (1) takes 
the above form. The equations of 
the scales will be mfi(u), mfa(w), 
and mfi(v) (Fig. 29-133). 

Exaufle: If tv = 3 and « ^ 8, 
solve for « in the equation 2u + to 
» 10 log v (Fig. 29-134). Let 
m B Then the scale equations 
will he u, io/2, and 5 log v. 

The value of a is 3.01. 

X V 




/l(u) +/|('I0) ■=/3(l>). 


If lined paper is used, it is necessary only to lay off the o scale on one axis. 
A nomogram for this equation is shown in Fig. 29-59. 


1 

Mv) 



1 

/«(w) 


(Ih) 


If /i(uj) = /i(!0, Eq. (1) takes this form. Since the w scale is the same on both axes, 
it is necessary only to lay it off on one axis. 


X V 



As an example of this type consider the equation (Fig. 29^135) 

V^T JV 
1732 




A<9uirtforthe«iwalioii (l/2rr+ (1/87) = Wi8AowttlaFig.8ft.186. 
r - 8 and F - 3, t; - 3. 

A Aart fw the equation [l/2(r - 1)] + (l/3(r + J)] - l/iV - 2) is ehhtttt in 
Fig. 29-137. When T - 2 and F « 4, 17 -i 5.6, 


UR) •/ ■(») /.(g) -/.(w) 

SM /.(«) 


( 1 «) 


For thia case filR) and /.(g) ran he considered as scalp multipliers for /i(u) and /.(to), 
respectively, Tlic resulting form of chart will consist of a series of parA^ scaloB 



Fio 29-138 


for the range of values of R and S, Th»* senes r»f scales may be replaced by a network. 
This process will be illustrated by a simple example. 

Consider the equation 

{RV/V) + {SW/T) * 1 

On the left lay off the scales RVy at equal intervals from A 1, 2, 3, • , . , the etm- 
secutive scales being C7, 2r^ . . . (Fig. 2fl-138). Similarly, the scales for 8W 

are constructed ou the right-hand side. Now pass a curve (straight line in this case) 
through the same numbers on the scales, with a resulting network as m Fig. 29^139. 
When U * 1,07, 4 ? - 3, r « 10, F » 8, « » 3; then TT « 2. 

1783 



Fia. 29-140. 


W—4 w 








u-mBNiTE oHAPEiCAL usTBoo 

Tiro addilacnal charts are ilhietrated tg ^low the poedhjitios of 
rei»'eB0ntatioii (Fig, 29-140): 


{R + 2)(U - 2) (S - 1)W 
3(F + 1) 2{T - 3) 


Exampdb: Given T » 6.6, V = 2.33, jS » 4, IT - 2, and t7 - 5, find ii. 

Draw cross lines to T * 6.5 and V « 2.38. Locnte point where 5^-4 and IF - 2. 
Draw horisontal line from this point to the crossline, then down to the other cross line and 
across until it intersects the 17 = 5 line; then project it up to the JS-socis where it is estiitoated 
that R ■« —2.66. 


V-5 v-e \j W t 1 *3 



The R and S scales 
(Fig. 29-141). 


would be continued in both directions on a finished chart 

3(f7 4- 1) ■ 2{W - 3) 

(K 4-2)(F -2) (5 - 1)T ” 


The structure of this chart is the same as the equation for Fig. 29-140 above, with 
the U lines replaced by V lines and the W lines by T lines. 


m 


/iCu)/l/7CQ)l[/fi(Zi)lf/,(y)l+/,(in)/l/«(5)ll/4(t)l 






me. m ^ElPHWAL MATHSMATteS 

exutnaple type cemsiderthe equation 

lot; m 

HQV ^ ST ^ 

This equation may be written as 

(10/iB)t7 i5/S)W 
QV ^ T 

jBTere again consider 10/R and 5/5 to )io the multiplying factors of V and Wj respec¬ 
tively. The completed chart will consist of a network of straight lines and hyperbolas 
on the left and a family of hyperbolas on the right (Fig. 29-142). An example is 
shown on the chart. 

V-3 V-4 



Fio. 29-ia2. 
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It is to beiwficed if the Equation is rewri^ os 

mm . 5ir . 

QF 

4? is a seale multipKer of T, and a famfly of straight lines for T replaces the IF carves. 

/i(u) 

^ ^ />(")+/»Wf/>M - 1] =0 (li) 


TIm equation is a result of Bq. (1) when/^W - 1 . The i scale is replaced by a fixed 
point, and one of the cross lines is fixed (Fig. 29-143). 


fi(y) +/a(iy) « 1 {If) 

This equation follows from Eq. (t) when/,(p) = 1 and fM) =1. The f and oacales 
are replaced by two fixed cross lines (Pig. 29-144). 




Notice that the equation fi{R) ’fi{u) +MS) ’fsiw) = 1 could be charted by 
adding a network on either side. 

This type of chart can be extended to an unlimited number of variables or can be 
used in conjunction with nomograms. For example, consider the equation 


1 1 _ g 

V ^ t w 


or wf 4- ewi = vt 


Let tfw — l/Q; then (1/v) + (1/t) = 1/Q, and Q/w — 1/z. The form of the chart 
will be as indicated in Fig. 29-145. 



SIMPSON’S RULE 

This is a method of finding the approximate area under a curve or finding the 
approximate value of a definite Integrd. 

Given a curve, measure the ordinates spaced at intervals h apart (Fig. 29-146). 
The smaller the ititerval, the better the approximation. For an even number of 
intervale the area A is 

A (h/3)[yo “h 4(^1 + + ■ • ■ 4“ + 2(3/2 4- 1/4 4’ 

where ft is the distance between ordinates. 
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GRAPSICAL MATHEMATICS 


Exaidls 1: Find the area under the plotted from a table of values whose die- 

taiioee are meaeured in feet. 


X 

0 

2 

4 

6 

8 




16 

18 

20 

V 

12 5 

12.8 

12. g 

13 0 

13 0 




10.4 

6.8 

0.5 


A • Hi'^2.5 + 4(12.8 + 13.0 + 12.8 + 11.8 + 6.8) + 2(12.9 + 13.0 + 12,4 + 10.4) + 0.61 

= 226.1 sq ft 



Fig. 20-146. Simp.snn’u rule. 


EXAMPT..B 2: Find the value of / dx/x. This is equivalent to finding the area under 

J2 

the curve y = \ lx from x 2 to a: =10. Divide the interval into eight parts. Then 
h = 1, and we obtain the following table of values. 


2 

3 

4 

6 

6 

7 

8 

g 

10 

y2 

H 


H 


H 


H 

Ko 


A “• }i[a + 4(^^ + / ^ + K + H) + 2(*.£ + M 4- Hoi “ 1.6109 

HATCHET PLANIMETER 

The hatchet planimeter consists essentially of a tracing point and a convex chisel 
edge rigidly connected, the point and the edge being in the same plane. When the 
point is moved along a curve, the edge describes a curve of pursuit (Fig. 29-147). 
This instrument is used to approximate areas. Let the tracer point 0 start from a 


j. -- 

1 

O A 

Fio, 29-147. Hatchet 
pi ammeter, 



point 0 within the area (Fig. 29-148) (preferably near its center), move along any 
line to the boundary, then along the boundary and back along the same line to 0. 
The angle B (between the direction of departure and the direction of return) is meas¬ 
ured and converted into radians. The approximate area is 


A = IH 


The legs of the instrument must, at all times, be perpendicular to the horizontal plane 
of the paper on which the curve is draurn. 
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GEAmCAt INTEGRATION 

Evaluatioxi of Integrals b3r Areas. It is derared to find the value of the de&dte 

fb 

integral f /(*) dx or the area under the curve y » /(^), by a graphical method. 

Draw the curve y = f{x) (Fig. 29-149), and along the ordinate at any point /*(*, y) 
lay off the distance y', which is the numerical value of the area bounded by the curve 

y * /(*) the ordinates z ^ a and z ^ x, i.e., y' ** f{x) dx. Now for every 

point P(x, y) there is a corresponding point y'). The curve traced by the point 

V Y 



Fib. 29-151. Graphical Integra- Fig. 29-162. Graphical integration. 


tiou. 


Q ia called the tiUegral curve, and the curve traced by the point P is called the derimiwe 
curve. 

To construct the integral curve: 

h Divide the interval from a;u to Xn (Fig. 29-150) into n equal or unequal intervals 
and draw ordinates yn, yi^ 

2. Measure the areas XoPoPiXi — XiQi =* yi% xJ^nP^Xi = xzQ^ « j/a', “* * * , 
xaPt^HXn * XnQn = Thcsc ateas may be found by means of a planimeter or by 
the construction of mean ordinates. For example, the area xJ^nPiXi is equal to the 
area of a rectangle whose base is XitXi and whose altitude is the mean ordmate ttti 
within that area. Similarly, the area XiPiPjXi is equal to the area of a rectan^e whobe 
base is * 1 X 2 and whose altitude is the mean ordmate m 2 . 

The mean ordinate can be determined quite accurately by inspection since the 
mean ordinate for the arc segment AB (Fig. 29-151) is determined by findii^ a 
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V 



Xa X, Xz Xs X4 

FiGi. 29-153. Graphical inteicration. 


(HiiiliiliimlillliimniiiiiiiiilfiiHi 

1iHI9H!i999l99999!999l9999999999!19nnil 

SBHBe&assrBBassBBsasHSfiiasaBSBSBr^BaiHi 


Ml 

mL 

hmm 

»m\ 


m 


, .. iiiBEBiiBBiiBiBiiBBiiiBBiBBiBiiBiiaBBBBII 

HBBBIBHBniBiBBBMimHinBBliranRIBlBBI 
-^BIBnmilllllilBlIBBBillllBBI 

-^BSaBEilliliiS 

_^ilBrilllBBBBB 

'fPBBiiiiBiBaiHiBBBBiBHIiBliBli»|BIBBBBI 

r/iBBBEBaBi!B99!BBlBlIBEBBgBSBlBBr»Elllllll 

■BlBIBlBinilllinBlBBBlBBIBIi|BBIIBBnB 

raBBBiiEBBEfilBBBiBiiBiiiBiBiBnlBBIBHBBB 
'iBBBBBBlBBBBBBBBBBBBEBBlBBBBBEBBBBBBBBBBB 

■■■■■■■■■■■■■■IHHIiBmniiaBBBIIBIBBBB 
iBiaSIBSSBSBBIBBBSBBBBBBBEBSnBBBBBBBBBBBB 
BBBBEBBBBBBBBBBBBBBBBBBSBBIBBBBBBBilBBBEj 

l■■■l■■■BBi■■■i■■H■■■■■RaaBBlBlBll■B■la 

^aiiiBiiiiiBiBIBiniiBiBSBBIBBlIBBIlSlBIBl 
MaBBiBBBiiiBEEBBiBiBBiBaBBBBBBBBBBIlBflBBEI 
naBBBBBBaaBEBBBBEBBBBSBRIBBBBBBBBBBBBBBr 
jBBBBBBBSCBBBSEBBSR^ISIIBilBlBBBBBBBIBBBBBE:] 
^rSB&SEBBBSEBSSaBBB&B^IRI^BVSBanZBBIBBBBBB 

iBBBBBSSBB aaaaa ima BB g 

^atBBilBiaBBBBBBBRSIBBBBBBI^?l!>;<^7«13!:;3CHBBi 

•SBBEaaSSilBBBlBBBBBBBBBBBBflBBBBBBIBBBBBB 
^Sii^SSSSBSiBBniBBBSRiBBBBflfllfllBBBfllBBBBBB 




Fig 28-154. Area under curve. 
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mtAmicAij 

pwf^M oa tteeummieli that'U^«ree,ii^ the ■equal tetitoa**, 

undi^i? tbie AB ior suoh thait (ho ahoded Orreas AKIM aod MBB 

Fifst consider the caBe when the derivative curve consists of a series of disiOOi^dhi^-’ 
oiis straight Hues paraUel to the jc^axis (Fig. 29^152)., Choose a point Q at aoopVe^' 
lent distance K from^ 0, Extend AB to Af on the ^•axis, ^»;*»d draw MQ* Thcouj^ 
A% the projection of A on the a^axis, draw A^Pi parallel to MQ. The A^Ri is me 
integral curve of the line AB. IjCt B'Px = y'. Then by similar triangles 

y'/ya « A'B^K or y' =! ya{A*B*)/K » l/K ’ (area under AB) 

Similarly, B^Pi is the integral curve for the line CD, and D'Pa is the integral curve for 
the line EF. The broken line A'PiQiEt is the integral curve of the brokbn line 
ABCDEF. 



Ftg, 29-155 Area under curve. 

Now, consider a continuous curve (Fig. 29-133) Divide the interval from arp to 
x% into n parts, and draw ordinates at th^e points. Through Pa, Pit • • ■ , Pn draw 
short vertical lines. Draw horizontal Imes dividing each of the arcsPoPipPiPa, - • . j 
Pn-iPn into two parts such that the areas of consecutive shaded portions are oqual 
(to the best approximation). Choose a suitable point Q at a distance K from 0. 
The construction of a series of straight lines as in Fig. 29-153 represents approximately 
the envelope of the integral curve If the intervals x^x^+i are very small, the short 
sections of straight lines will approximate a continuous integral curve. 

Example 1 : Find the area bounded by the curve y =* x^, the aJ-axis, and the line « * 2, 
by a graphical method. Check the result by performing the required integration. 

The table of values and graphic solutions are shown in Fig. 29-154. 

Example 2, Given the graph of specific beat plotted against temperatUTB, find the fcotat 
heat content (Fig. 29-165). 

mi 
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mAPHiCAL MATHEMATICS 


BvttluAtiovi Jntegfdfl by Nomoi^ms. If the value of the indefinite 

integtal JfiZj &) dx is known, a nomogram can be made for values of the definite 
integral. 

If the value of the indefinite integral is not known, but a t^ble of values of the 
definite integral is available, then sometimes a nomogram can be made empirically. 

Charts for the integrals 


fxt 

I tan X dx 

Jxi 



and 


fxi _( 

Jn \/a 


a bx 


are shown in Figs. 29-15fia, 29-156b, 29-15Gr, respet tively. 



1792 











GRAPHICAL SOLUTION OF DIFFERENTIAL EQUATIONS 

First-order Equation dyfdx =» /(ac, y). If (x, y) are the coordinates of a point on 
a curve, then dyfdx is the slope of the tangent at that point. A diiTerential equation 
of the first order \dyfdx = /(a, y)] assigns a definite direction to every point {x^ y) in 
the X, y-plane. If a family of curves can be found such that, at every point of every 

member, the differential equation is satisfied, 
then that family is called the integral family 
of curves of the differential equation. 

Example 1: Solve the equation dyfdx = xy. 
First sketch the curves xy = c (for illustrat¬ 
ing purposes only curves in the first quadrant 
will be drawn) (Fig. 29-157a). 

In order to show the integral curves (Fig. 
29-l57a), it is convenient to draw a line OQ (Fig. 
29-167b) parallel to the positive direction of the 
x-axis and of unit length and lay off on this line 
a uniform scale of modulus 1. The slofie of any 
line OP is numerically equal to PQ units. 
Using Fig. 29-157ft, it is easj’^ to transler a di¬ 
rection at various points of each curve in Fig. 29-157a. Curves are now shown having the 
slopes sperified by a system of short strokes. These curves are approximations to the 
integral curves in the first quadrant. 

Examplb 2; A graphical solution is shown for the equation dyfdx s — j/* (Fig. 
29-158). Additional aids are noted to facilitate graphing: 

1. Along the curve x = dyfdx = 0 

2. Along the curve 1 — 2xy 2y* - 0, « 0 



P 

1.0 


Flu. 29-157. dyfdx => xy. 


Solution of dyjds * /(as, j/), with the Condition a? *= 3 ;d, y yo. Determine the 
elope at (a?a, i/*), and draw a short stroke from (sd, yo) to the line:co -|- and read off 
the value of yi for a: = a?o -f h. Now compute the idope at (xb + 5], yO, and again 
draw a short stroke. If this process is continued and the intervals are small, these 
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short lines ivill envelop a curve which is a good first approximation, to the int^ral 
curve. 

Graphical Solution of Two Simultaneous Equations of the First Order. Let the 

equations be 

dzfdi z, 0 (1) 

dxildi = U{% z, t) (2) 

and when t = U, y = yt, and z = Zo. Operate simultaneously with two seta of axes 
(Fig, 29-159). 

Solution of Higher Order Equations. An equation of 
the form 

(d^yldx^, dy/dXy i/, a;) = 0 

subject to the conditions, ^ 

j/ = ya dyfdx = Po at af = f 

can be changed into the form, ^ ^__ f 

d^yfdx^ «= 4>{dy/dx, y, x) ^ 

Iiet P B dyjdxj then the original equation and its condi¬ 
tions become Z' 

dP/dx = 1 /, x) 

and dy/dx = P 

where y = yo, and P = Pq at .t =» arp J 

Solve this pair of simultaneous equations as before. I t"! I I I. ^ 

EMPIRICAL EQUATIONS lo 1. 1. 

When expeHmental data are obtained it is often neces- /dt 

flaty to formulate a relation between the variables in the * 

f(Tm of an equation. From the observed data a graph is » * ■ 

made on ordinary rectangular coordinate paper. Often the form of the curve will 
suggest the type of equation. However, we should choose an equation of as su&file 
a form as possible. It is desirable to test the correctness of the form of the aquattoft 
by writing the assumed equation in the form, 


o Hr bi ^( x ) 


r » a + hx 


where Y * f{y^ and X « ^(a;) and plotting the points with (X, Y) aa coordinate^* 
If the points of this plot appear to lie on or near a straight line, then this line can be 
represented by the second form and hence the original curve by the first form^ 

vm 
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^snboUe and Hyperbolic Curves y ^ ax^ (Parabolic When i > 0 and Hyperbolic 
Whea b < 0). Parabolic curves pass throuj^h the points (0, 0) and (1, a), and as x 
increases, y increases. Hyperbolic curves pass through the point (1, a) and have the 
coordinate axes as asymptotes; and as one of the variables increases, the other 
decreases. 

The method of verifying whether the data can be approximated by an equation of 
the form y » is to take logarithms of both members of the equation. We obtain 

log y “ 6 log 3c H- log a 

The plot of (log X, log y) on rectangular coordinate paper or (x, y) on logarithmic 
paper will be a straight line. 

Consequently, if a set of data can he approximately represented by an equation of the 
form y = oa^, then the plot of {log x, log y) on rectangular coordinate paper or (x, y) on 
logarithmic paper approximates a straight line. - 

Exponential Curves, y « ae'**. Curves of this type pass through the point (0, a) 
and have the x-axis as asymptotes. 

If a set of data can be approximately represented hy an equation of the form y =* 
then the plot of (x, log y) on rectangular coordinate paper or (x, y) on semilogarithmic 
paper approximates a straight line. 

Paral^lic or Hyperbolic Curves, i/ = a + bx" (Where n Is Known). If a set of 
data can he represented hy an equation of the form. 3 / = a + bx", then the plot of (x", y) 
on rectangular coordinate paper approximates a straight line. 

H^erbolic Curves, y = a/{a + bx), x/y = a + bx, or l/y - (o/x) + b. This 
equation represents a hyperbola with asymptotes x = —a/h and y ^ 1/b. If a set 
of data can he approximately represented hy an equation of the form y = a/{a + bx), 
then a plat of (x, x/y) on rectangular coordinate paper or (x, y) on reciprocal paper 
approximates a straight line. 

Parabolic or Hyperbolic Curves, y = cx^ -|- c. Choose two points (x,, y{) and 
(xj, ya) oil the curve sketched to represent the data. Locate a third point on the curve 
such that Xi = y/ X 1 X 2 , and measure the ordinate at that point, which is yi. Find 
the value of c from the equation 

^ ^ 

yi ^ Vi — 


If a set of data can he approximately represented by an equation of the form y = ox^ + c, 
then a of log x, log (y — c) on rectangular coordinate paper or of (x, y — c) on 
logarithmic paper approximates a straight line. 

Exponential Curves, y = + c. Choose two points (xi, yi) and (Xz, 3 / 2 ) on the 

curve. Locate a third point on the curve such that X 3 =* + * 2 ), and measure 

the ordinate at that point which is ys. Determine c from the equation used in the 
previous case. 

If a set of data can he approximately represented hy an equation of the form y = + c, 

then a plot of x, log {y ~ c) on rectangular coordinate paper or of (x, y — c) on semi¬ 
logarithmic paper approximates a straight line. 

Parabola, y = a + bx + cx“. If a set of data can he approximately represented hy 
an equation of the form y = a + bx + cx*, then the plot of [x, (y — yk)/{x — x^)), where 
i^ky Vk) ctre the coordinates of a point on the curve, will approximate a straight line. 

Hjrperbolic Curves, y x/(a hx) c. If a set of data can he approximateh' 
represented by an equation of the form y ** x/(a + bx) -|- c, then a plot of [x, (x — x*)/C3/ 
~ yk)\) where (x*, y*) are the coordinates of a point on the curves will approximate a 
straight line. 

Logarithmic or Exponential Curves, log y = a + bx -|- rx* ory * If a set 

of data can he approximately representedhy an equation of the form log y — a + bx + cx*, 


tiienthephtof (*, 


where (xjb, y*) is a point on the curve^ will approximate a 


straight line. 
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FREE VIBRATIONS WITHOUT DJVMPING 

In order to be capable of executing vibrations, a physical system must contain 
mass and a restoring force, such as a spring. That is, if the system is moved from 
equilibrium in any direction, forces urging it back must be developed. 

Figure 30-1 shows the simple case of a mass of weight W sTispended on a coil 

spring whose rate is k lb per in. of deflec¬ 
tion. The mass is supposed to be con¬ 
strained so that it can move only in a ver¬ 
tical direction without rotation. 

Figure 30-1& shows the system at rest. 
The spring will be stretched an amount 5,* 
beyond its free length as indicated in 
Fig. 30-la. This ‘'statical deflection" 
Kt = W/k, since the weight must be sup¬ 
ported, and equilibrium will occur when 
kd^i = W. 

A vibration can be started by giving 
the w eight initial velocity, by moving it to 
another position and releasing it, or both The additional deflection is denoted by x, 
as shown in ¥ig, 30-1 c. 

A mathematical solution for all possible motions can bp obtained. Figure 30-2a 
shows a "freej-body diagram" of the forces on the mass when it is in the deflected 
position, as in I''ig. 30-Ic. Since W = the 
statical forces can be omitted, giving the simpli¬ 
fied picture of Fig. 30-26. (This is the reason for 
measuring x from equilibrium position.) The 
acceleration of the mass is dh/dP] since x is posi¬ 
tive downward, this is also the positive direction 
for acceleration. Summation of vertical forces 
gives 

(W/g)(d^xm = -Ax (l)t 


Fio. 30-1. Elementary system for free 
vibrations without damping. 


KlR+figT) 


Hx 


I 


♦ 


d!i 


w 

(fl) (b) 

Fro. 30-2. Free-body diagram for 
masfi in Fig. 30-1. 


the mums sign being due to the fact that the 
spring force acts upward for positive x. Thus, 
the acceleration will be negative when x is posi¬ 
tive, indicating that the spring is trying to return the weight to equilibrium position. 
When the weight is above equilibrium position, x is negative and the acceleration i,9 
positive, a correct result. 

If initial conditions are given as x “ Xo, dx/dl = vo when ( » 0, the general solu¬ 
tion of the differential equation (1) is 


Xb cos Unt + (Vi}/un) SlU Unt 

where = kg/W, 

* Bupfiiior numbeia refer to specific references listed at the end of this section, 
t Theee numbeis are for convenience in referring to the formulas. 
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( 2 ) 

(3) 




t^sscT hr mc'fflsssufc Fomm . 

XbiBi^jr t)« ^«dced bsr «ubBtitntSie Eq. (2) in Eq- (I)- % tueuu of tdgonMMrii^ 
ideutitks, Eq. (3^ can put in the equivjdent form; ' 

_ A COB (iU*/ ^ 

where A » \/®<i* + (»i»/w*)* and ^ - ta«-i 

Hie ayatem will always require a conataoLt time f to complete one full cycle of the 
vibratioji; r ia known aa the period. As the trigoncmietric functioiis in Eq^ C^) 
repeat their values whenever ujt increases by 27 r, we have 


tOnT « 2ir or 



( 6 ) 


The natural frequency "/„ is the number of cycles per second, vrhich lathe recipro¬ 
cal of the period. Thus, 



^ 1. \l^ _ JL \/£ 

2t 27r ~2 t 


cps 


(7) 


Figure 30-3 shows a plot of Eq. (5), with t 
The quantity A is called the amphiude of 
the vibration, and the “peak to peak,” or 
distance between the extreme positions, is 
called the double amplitude^ or 2A. 

Numebicvl ExavpIwEs: 1. A weight of 50 
lb falls a distance of 2 ft from rest and then 
makes contact with a voil spring whose 
k 100 lb per in. Find the greatest deflec¬ 
tion of the spi'ing. 

SoLirnois: = W/k = ®i'l [00 = 0 5 in. 

Kiiice the vibration starts with the M'eight 
above eqidlibrium po&ition, xd — — S** =* —0. 
developed by a 2-ft fall is found from Do® = 2 
Vs = 136 in. per sec. Irom Eq. (3) 


position of the w'eight shown vb, time. 



Flu. 30-3. Plot of free vibration (x vs. f). 


5 in. Fi om elcmentarj'^ physics, the velocity 
« 2(32.2 X 12) (2 X 12) = 18,630; hence 


«n = \ lcg/W = V (100 X 38fi)/50 - 28.2 radians/sec 

From Eq (5), A = 4 85 in. Thus the weight will ieach a position 4.85 in. below equHibi'ium 
positiou, and the greatest compression of the .spnug will be 4 85 + 0 5 = 5.36 in 

2. An elevator car is observed to o&ciJIate Vertically with a double amplitude of }i in. 
and a frequency of 2 cps If the car weighs 6,000 lb, find the spring rate of the supports 
and the maximum tension developed m them. 

Solution: From Eq. (7), = 27r/» — 2 X 3,14 X 2 = 12,57 radians per aec. From 

Eq. (3), 

k = = (0,000/386X12.57)® =* 2,460 lb per in. 

Since tlie double amplitude = 2 A = 0 25 in., A = 0,125 in., which is the maximum 
dynamic stretch in the cable. This ghukbs a dynamic force of kA = 2,460 X 0.125 = 307 lb. 
As the cable is already supporting the 6,000-lb car weight as a static load, the maximum 
tension ia 6,307 lb, 

EFFECT OF FRICTIONAL FORCES 

Dry Frictioxi. If the system of Fig. 30-1 must work against dry sliding frictiqn, 
as m guides, the amplitude of a free vibration will decrease by a constant amoupt for 
each cycle, as shown in Fig. 30-4. The motion disappears entiiely as soon as the 
W'eight comes to rest in a position in which the spring force is too small to overcome 
the friction A 

Velocity-squared Damping. Many actual systems are damped by fluid fiictioiij 
in which the resistaiipe is approximately proportional to the square of the velocity. 
Air friction, although very slight, is of thiB type. The mathematical treatment Is 
difficult, resulting in infinite series representing hifherto unknown functiottB, The 
solutiohs, with tables eompletB enough for practical purposes, have been giVeh by 
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who Had in view the problem of oseilktiozia of ivater in the long pipes 
leading to hydroelectric plants. 

With Milne’s tables, any free vibration with velocity-squared damping can be 
plotted, one-half cycle at a time. He shows that the same mathematical results 
apply to all such systems, regardless of the relative values of weight, spring rate, and 
friction characteristic. The period of the oscillations is not constant but approaches 
the value for the undamped system at small amplitudes. Under such conditions, the 
friction force becomes insignificant, being proportional to the square of a small quan¬ 
tity; the vibration then continues for a long time, This occurs, for instance, in a 

piano string when struck; the amplitude 
diminishes rapidly at first, then more 
slowly, the string continuing to vibrate 
for thousands of cycles. Owing to the 
relatively Wj^ak friction, the pitch of the 
string is not changed even for large am¬ 
plitudes. Another example occurs in the 
undulations of liquid in an open container; 
large amplitudes disappear rapidly, but 
small motions persist for a long time. 

Damping Proportional to, Velocity. 
If friction proportional to the first power 
of the velocity is assumed, an exact 
mathematical solution is easily obtained. 
The results have practical importance in 
the design of indicating instruments and 
vehicle suspensions. Figure 30-5 shows such a By.stem, It is again assumed thpt the 
mass has vertical motion only, with a total spring constant k. The damping force, 
represented by a dashpot, equals cdx/dt. Figure 30-5& shows the froe-body diagram, 
the weight again being eliminated by measuring x from the equilibrium position. The 
differential equation (summation of vertical forces) becomes 



Fio. 30-4. Plot of free vibration damped by 
dry friction. (Amplitude decreasea at con¬ 
stant rate with time.) 


W d^x , dx 

g df* at 


g dt^ 


dx 

+ c-+kx = 0 


( 8 ) 


Analysis of this equation by the usual methods show’s that the system may have three 
different types of behavior, depending on the 
relative magnitude of the damping force. 

There is a "critical” value Ce for the damp¬ 
ing. Letting u,,* = kg/W as before and 
introducing 

c. = 2 VkW/g = 2(ir/(f)«„ (9) 

there are three possible salutions, depending 
on whether c is greater than, equal to, or less 
than Cp. The equations are as follows: System for free vibration? 

1. More-ihark-cntical Damping. If c > vi&coua damping. 

Ccf there is overdamping. Let and S 2 be the tw’o roots of the quadratic equation 


nri 


r w 1 

1 * 1 

~T 

Ulj 



kx 


L 


“dt^ 


yfi“ + cs-l-/: «0 «i,2 == wn 1^^ ± ” 1 j (1^) 

It can be seen that Si and 82 will both lx? negative. The possible motions are given by 

X « H- C 2 e^ ( 11 ) 


in which Ci and C 2 are "constants of integration” whose values depend on the condi- 
tions assumed at f = 0, Thus the values of x are given by decreasing exponential 
functiiCms, as shown in Fig. 30-fia. The system, if ^turbed, does not oscillate but 
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slowly creeps back to the central pibeition. This k i^rcndmaiely the behavior^^ a 
door with a BpdnK-aiid<4ashpcit closer attadied. 

2. CrUical Damping. If c » Ce^ Ihere is critical damping. In this case, 


and the motion is given by 


ai = 8j =s —fti„ 

X c““"*(Ci -|“ Cjjt) 


cm 


A plot of such a motion is shown in Fig. 30-85. The motion is still not oscillatory, but 
it returns to equilibrium in less time than in Fig. 30-6a. 




(cl Less than critiCDi 
damping 


Fig. 30-6. Three types of possible motion with viscous damping. 

3. Lesi-than^nlical Damping. If r < r„ there is less-than-critiEsl damping. 
Introduce _ 

Then the possible motions are given by 

X = e-Cc''c«=J«"*((7i cos qt + Ct sin qt) (14) 

As shown in Fig. 30-6c, a vibration of decreasing amplitude will occur. Most physic^ 
systems behave in this way; cases 1 and 2 do not usuaUy arise unless damping is 
artificially increased by some means. r 

Correct Damping of Indicating Instruments. Proper appUcation of the above 
principles is essential in the design of automatic controls or indicating ^truments, 
such L grocery scales or electric voltmeters and ammeters. The indicating element 
m such cases has mass and is urged toward an equilibrium position by w 

upndulum action. When a load is applied, the location of the equilib^m p^taon 
is shifted. It is seen that the most satisfactory results will occur if the sys^ ^ 
critically damped (or slightly underdamped) as in ease 2. mdicator wm ^eg 

go to its new position in the least possible time, without oscillations. If the system 
is too much underdamped, the needle will swing for some tame before coming to rest, 
while with overdamping, it will only creep slowly ’ts final reading. 

Grocery scales are usually provided with an adjustable oil dashpot, so that ^ 
weight indication will be approached smoothly in the inmimum time. 
meters may have damping in the form of aar paddles or a nonmagnetic me^j^ 
moving between the poles of a magnet. In the Utter case, motion of tlw eonduc^ 
disk through the magnetic field generates eddy currents, which convert the vib*atmn 
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into hoa^. Wbeu the ayst^ ia atationary^no force is exerted^ and th€ wAkmr^ 
1 ^ 00 . is not af eeted, This is the only practical ease in which dampiisg proportional 
to the first power td i^e velocity is regularly found (except in a-rc electrie cireuits). 
The j^mo magnetic principle is used in the common automobile speedometer to give 
an indication of speed. 



Fig. 30-7. Com¬ 
pound pendulum. 


string of length f, Is 


PENDULUM SYSTEMS 

Figure30-7 shows a ‘^compound pendulum," i,e., one which 
has distributed mass. Ixit W be the weight, G the canter of 
gravity, r the radius from the swing point to (7, and Ib the 
moment of inertia of the body around the bearing B, Tak¬ 
ing moments around B, the equation of motion is 

Is{d^o/dt^) = -TTf sin 0 (15) 

For small angles, sin 0 may be approximated by 6 (in radians). 
The equation ia then siiniiar to Eq. (1); «„* becomes TTf/Za, 
and the natural frequency is 

/. = (1/2,) VWt/Ib cps (16) 

If the pendulum is reduced to a point mass W at the end of a 
= and /« - (l/2ir) 's/glf^ a familiar result in physics. 


ROCKING CHAIR, CYLINDER IN TROUGH, ETC. 

Figure 30-8 represents a number of possible vibratory systeiria, such as a rocking 
chair, a cylinder rolling in a trough of larger radius, etc. The moving element has a 
surface of radius r, and its center of gravity is at a distance h above the bottom. Its 
moment of inertia about a transverse axis through G is /c. The trough radius is R, 
It can be shown that, if the moving clement rolls 
without slipping, the natural frequency is 


/*» “ n 


1 / 


W{Rr rh) 


K'-7‘0 


cps 


(17) 


If the motion takes place on a level lioor, R = ^ and 
the equation becomes 


, JL / W{t - h) 

' 2, / ur 

9 


cps 


(18) 



Fig. 30-8, Hocking 
cylinder in trough, etc. 


chair. 


FORCED VIBRATIONS WITHOUT DAMPING 

Figures 30-9, 30-lf), and 30-11 sliow three cases in 
which a simple system is subject to alteniating forces 
whioh compel it to vibrate at a frequency diflerent 
from its natural frequency. In Fig, 30-9, the mass 
is acted on by a simple harmonic force Pa sin at, such as might be caused by mag¬ 
netic action with alternating current. In Fig. 30-10, the foundation is vibrating with 
an amplitude ao sin ut. In Fig. 30-11, the weight carries a rotating member on which 
there is a small unbalanced weight Wi at a radius r. If the rotor turns at N rpm, its 
rate of turning in radians per second is w = 27riV/60, and the centrifugal force on Wi 
is (Wi/g)ra*. The vertical component of this force is then iWi/g)rta^ sin <aL 

In all three cases, it is assumed that the mass W is guided so that only vertical 
motions can occur. Taking summariou of vertical forces in each case, the differential 
equations of motion are 
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ftMl) - ‘^19-) 

{W + ** ■ tel gia U< (F^. 30-10) W 

(W/g){ii*xfit*) + fe* = (iri/ff)»a* sittArf 3o.ll) <21) 


It IB B6Bft that the ccjaBtions are identjeal except for tiie 
attached to the coiiBtant$ on the xight-hand side. 

All the aysteitis are stiH capable of executing free vibrations os in 
E(^8. (4) and (7). However, in actual systems, such free vibrations 
are soon damped out by friction. Thus, the forc-ed vibrations are 
the only ones of practical importance, unless transient conditions 
must be studied, as in the case of a spring-supported^vehicle passing 
over a bump. 



Fio. 30-9. Forced 
vibration without 
damping (constant 
amplitude of dis¬ 
turbing force). 



Fig. 30-10. Forced Fig. 30-lla. Forced vi- 

vibration caused by bration caused by rotat- 

vibrating founda- ing or reciprocating un- 

tion, balanced (ampli¬ 

tude of disturbing force 
proportional to square of 
speed). 

Introduce «= kgJW as before. It is easily verified by sub¬ 
stitution that the forced vibrations in the preceding cases are 


Fig. 30-tl&. 
Deflection of 
flexible shaft 
caused by ro¬ 
tating unbal¬ 
ance. 




/*. 1 

A 1 — ((oVtiJn*) 

(Kig. 30-9) 

(22) 

9-4 


““ 1 - (..Vo.,’) 

WiT ^ 

(Fig. 30-10) 

(23) 



(Fig. 30-11) 

(24) 

Fig. 30-llc. 
Dynamic un- 

b^aiLCB. 


In Fig, 30-10, let y be the amount of rompression in the spring. 

j/ = a — fto sin 

Substituting Eq. (23) for x, 


(w V w„*) 


Then 


(25) 


Figure 30-1 lb shows a case closely related to Fig. 30-lla. A shaft is supported 
111 bearings and turns with an angular velocity of a» radians per sec. It carries a disk 
of weight W whose center of gravity is displaced a distance e from the shaft cepier. 
The spring constant of the shaft in the lateral direction (at the location of the disk) is 
A' lb/in. The problem is to find the amount xn by which unbalanced centrifugal force 
will deflect the shaft. As the center of gravity of the disk is moving in a circle 
radius a:n -f- e, the summation of forces gives ^ 


Using - kglW and solving for 

(w*/<iJn*) 

*• “ ' 1 - (««/«.*) • 
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TltUS, the magiutudeia of importftnt qusntitieB in these vibiations depend on the 
1 ^ (©Vwit*) 


esq^iFesBions 





These Spre known as ''magnification fac¬ 
tors ** and are platted against u/biti in 
Figs. 30-12 and 30-13, 

Figure 30-12 shows that the amount 
of vibration built up by the disturbing 
forces in Figs. 30-9 or 30-10 depends to 
a large extent on the ratio u/un or ///« 
of the disturbing frequency to the nat¬ 
ural frequency. Three general regions 
or types of response can be noted. 

1. Where the disturbing frequency 
is slow compared to the natural fre- 
quency^ there is little inertia effect. 
In Fig. 30-9, a constant force Pn would 
deflect the spring an amount PoA. 
At slow disturbing frequencies, the 
suspended mass will move slowly 
through cycles of this amplitude. In 
Fig. 30-10, at slow frequencies not 
much inertia force will be developed; 
the spring will remain of nearly, con¬ 
stant length, and the whole system 
will move up and down with an ampli¬ 
tude ao. 

2. As the disturbing frequency 
approaches the natural frequency, 
very large vibrations can be built up; 
this is known as “resonance.” The 
infinite amplitudes shown in Figs. 
30-12 and 30-13 arise because friction 
was neglected in the analysis and be¬ 
cause it was assumed that unlimited 
deflections may occur in the springs. 
In practice, neither of these assump¬ 
tions is correct. Friction or “bot¬ 
toming” of the springs may hold the 
amplitude to a flnite value; the springs 
may not retain their linear force- 
deflection characteristic at high de¬ 
flections; or breakage may occur. 

3. When the disturbing frequency 
is well above the natural frequency, 
vibration is held to a small value by 
the inertia of the mass. That is, the 
weight tends to remain stationary 
because the disturbing force changes 
direction so rapidly that the weight 
does not have time to build up veloc¬ 
ity in one direction. 

Vibration caused by rotating or 
reciprocating unbalanced weight, os 
in Figs. 30-11a or 30-1 lb, occurs many 
tim es in practice. The response curve 
(Fig. 30-13) shows tliat, at slow rota¬ 
tional speeds, the centrifugal force is small, and not much vibration or bendii^ 
of the shaft occurs. At resonance, violent motions may take place. At still 
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mMCED yiBBAfioK Wim viaeous BAMPim 

higher epeeda^ the eenter of gravity tends to lemain stationary in moe, toeing 
the ^prii^ or the shaft to accommodate themselves; t.e.* Wir/W and e represent the 
Mount hy which the center of ^vity is dlqjlaced from the cEHkter of rotation if Wi 
is compared to If. At high speeds the magnification factor approaches — i, 
showing that the shaft center moves outside to permit the center of gravity to remain 
nearly stationary in space. 


TYPES OF UNBALANCE IN ROTORS 

The condition of the rotor in Fig, 30-116 is known as static unbalance, as it can be 
detected by laying the shaft on smooth honzontal rails j the heavy side will go to the 
bottom. Thin disks, such as turbine wheels and the balance wheels of watches, can 
be balanced in this way, In longer elements, such as crankshafts and electric-motor 
armatures, a more troublesome condition known as dynamic unbalance can occur. 
This is shown in Fig, 30-1 Ic. Such a rotor is in static balance; but when run at high 
speed, it exerts strong shaking forces on its bearings. As the two centrifugal forces 
are not collinear, a force couple exists which can be balanced only by bearing r^ictiona 
rotating with the shaft. 

In order to correct dynamic unbalance, weights must be added or removed in at 
least two planes, as a couple can be counteracted only by an opposite couple. TTie 
correction locations should preferably be at the ends of the rotor and at the greatest 
possible radius, so as to minimize the weights required. 

Some sort of balancing machine is necessary to measure the combination of static 
and dynamic unbalance which normally occuis in production rotors. 

BALANCING MACHINES AND OTHER VIBRATION-MEASURING 
INSTRUMENTS 

Formerly, most apparatus for measuring vibrations was mechanical. The 
accuracy required, and the lack of a mass market, made the equipment cumbersome 
and costly. In recent years, electric and electronic devices have largely taken over 
the field; they can be made relatively cheaply, and the use of amplifiers makes them 
far more sensitive than any mechanical arrangement can possibly be. 

There are many such instruments now commercially available. Both old and 
new types ar^^ described in the general books by Timoshenko and Den Hartog.^'* 


FORCED VIBRATION WITH VISCOUS DAMPING 


In Fig, 30-14, a viscous dashpot has been added to Fig. 30-9. The frictional 
force (assumed proportional to the first power of the velocity) makes a considerable' 
change in the behavior of the system. The summation of ver¬ 
tical forces now gives •'f’ 


In the steady state (no free vibrations), the motion of the mass 
is given by 


a; * A sin (cirf — 0) 



where 


A 


Po_1_ 

fc Vii - (wV»»>)i’ + 


(27) 


Fiq. 30-14. Forced 
vibration with via- 
cous damping. 


0 is known as the phase angle, since it is that portion of 360 deg by which the x motion 
lags behind the disturbing force. The value of 0 is 


4 


tan~‘ 


(2ccj/cc<tf») 

1 — («/wn)* 


(28) 


The steps by which this solution is obtained are given in textbooks on vibration or 
differential equations. 
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i%ttr6B 30-15 30-15 show A and ^ plotted aga^t w/<un. It'is aeon that tbn 

dampir^ ioree prevents the amplitude from ever b^eoomiiig infinite^ alfilo that the street 
nf damping ote amplitude is not great except near resonance, Figure 30*10 shows 



0.5 LO 1.5 2.0 2.5 3i) 



the trend for the phase angle; it is small at low frequencies, passes through 90 deg at 
resonance, and approaches ISO deg at high frequencies. This can. be demonstrated 

in a simple way by takujg a string with a 



Fia. 30-17. Dis¬ 
turbing force and 
vibration in phase 
(below resonance). 



Fig. 30-18. Dis¬ 
turbing force and 
vibration 180 
des out of phase 
(above reson¬ 
ance). 


weight on one end and exciting the motion 
of the pendulum by moving the point of sup¬ 
port from side to side. If the support point 
is oscillated at less than the natural frequency 
of the pendulum, the appearance will be as in 
Fig. 30-17, showing that the swinging of the 
weight is in phase with the disturbing motion 
of the support. Above the natural frequency, 
ho'wever, the string will appear crossed as in 
Fig. 30-18, showing that the motions at upper 


and lower ends are 180 deg out of phase. 

The solution [Eqa. (27) and (23)] is the same for aH numerical proportions of weight, 
damping, and spring rate; the motion is always vibratory, regardless of whether or 
not the damping exceeds the critical value. 
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StJSPEHsioH OE HOTOES AUl^ HACHUrS^ V , 

^jbmt all power-driven devices genemto vibraton and neifls, freqni^itly ta H «B»-’ 
turbine Il^iproca^g or unbalanced roi^ting partd create .^ibaidng Mrees. 

If impacts or explosions are involved in the ^cu'king of the machine^ these crealf ^oise 
and both in tlie air and in the frame of the apparatus,, Alteimating-curTent 

electrkity gives rise to magnetic hum. Gear teeth^ pump and turbine bladeSt *Mid 
electric commutators make sirenlike sounds of definite pitchy wMle ball roller 
bearings give a confused dashing and rattling sound. Hie passage of water or other 
liquids, even at moderate speeds, is far from quiet. 

If the machine is placed on a solid foundation in cr near buildings, the disturbanow 
are apt to be magnified and broadcast further. The usual types of building construe^ 
tioii are very low in damping capacity; this is especially true of steel and reinforced 
concrete. 

In many cases, the transmission of vibrations can be effectively fu'evented by 
interposing springs of suitable material and stiffness between the machine and its 
base. However, the installation must be properly designed, or matters will be worse 
instead of better. 

K damping in the spring supports is neglected, all the necessary information can 
be obtained from Fig. 30-9 and Eq. (22). The maximum force applied to the machine 
is Pq. Let Fo be the maximum force applied to the foundation. As the spring is the 
only element touching the foundation, Fq will be equal to k times Xmm^. From Eq. (22), 

Fd = = Po 1 _ (wVtJ„*) 

The ratio of Fp to Po is known as the ‘‘transmiasibility ratio*' (TR), as it measures 
the effectiveness of the mounting in filtering out disturbances. From Eq. (29), 


Figure 30-12 shows at once that spring mounting is beneficial only if the system is 
operating conmderably above resonance, as it is only in this region that the transmis- 
sibility ratio is less than 1; anywhere below resonance, the spring mounting makes 
matters worse, as the force on the foundation is greater than that on the machine. 
Physically, the desired principle is to mount the machine in a soft or “floating” 
maimer and thus allow the disturbing force to dissipate itself against the inertia of 
the machine instead of being transmitted into the supporting structure. 

A question ari,ses as to how low the transmissibility ratio should be made in order 
to secure good isolation. Hull®-^'® recommends that, for unbalance vibrations, 0 /un 
should be at least 3, while to secure satisfactory reduction of sound and noiae fre^ 
quencies, to/wn must be 8 or more. 

The spring rate necessary to produce a given transmissibility ratio is easily com¬ 
puted in a numerical case. It should be noted from Fig. 30-12 that, in the useful 
region (above resonance), the transmissibility ratio is a negative quantity, since the 
disturbing force and the motion are 180 deg out of phase. However, this ne^tive 
.^'ign is of no physical importance, and in the formulas below, transmissibility will be¬ 
llmen as a posttim quantity. If the disturbance has a frequency of N cycles per 
min, w - 27rA^/flO. Substituting = kg/W in Eq. (30) and solving for k gives 


TT 4n*N* 
g 3,600(1 + (X/TE)] 


(31) 


the sign of the TR being changed. Combining the values of the numerical oonstents 
with g » 386 in. per see per sec gives 

WN* 

k = 2.84 X 1 + (i/TR) 
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Examfls; Tke xniichinery of a xefrifiBrator weisks 50 lb and contaiiiB a rocipFocating 
■eomprwscir -which oi^atee tit 400 rpm. Find the Bpring rate cf the foundation for 10 per 
cent transmxssibility ratio. 

Boi^otioN; VF = 50 lb, iV » 400 rpm, TR » 0.10. Substituting gives k •= 20.6 lb per 
in. If the machine is mounted on four springs, each spring should have a rate of 5.2 Jb per 
in. The Center of gravity of the springs should be under the center of gravity of the sus¬ 
pended parts. Buch an arrangement can vibrate in other ways besides simple vertical 
motion*, these other modes are also analyzed by Hull. 

EFFECT OF DAMPING IN SPRING SUSPENSIONS 

If the foundation contains viscous damping as well as elasticity, as in Fig. 30-14, 
the expression for the transmissibility ratio under such conditions is* 


TR 


_ \/l + (2c<i)/CgCi)n)^ _ 

\/[l — (wV“b*)]® + (2 cu/c^fl)* 


(33) 


This function is plotted in Fig. 30-19. Tlie results show that, in the useful range 
(well above resonance), damping is undesirable as it increases the force on the founda¬ 
tion. The damping does have the property of limiting the amplitude at resonance, 



w 


Fio. 30-19. Transmissibility ratio (spring mounting with damping). 

an important point since the machine must pass through resonance every time it 
starts or stops, This is noticeable as a thumping noise in small electric refrigerators 
when the mechanism shuts down. In starting up, most machines pass through reso¬ 
nance so rapidly that large vibrations cannot build up. To provide protection against 
excessive motion at resonance, it is usually possible to provide bumpers which do not 
come into play at the regular running speed. 

In actual spring materials, such as rubber, the amount of damping is not usually 
known, nor is it of the simple viscous type. If a material is known to have consider¬ 
able damping capacity, this can be counteracted by using a somewhat smaller value 
for the transmissibility ratio in applying Eq. (32) or (33). 

SPRING MOUNTING OF DEUCATE INSTRUMENTS FOR PROTECTION 

It should be noted that the same ^Hransmissibihty factor'' applies for transmission 
in either direction through the mounting. That is, if a disturbing force P\i sin uf 
acts on the machine, the maximum dynamic force on the foundation will be Pd X (TR). 
Also, if the support vibrates with a motiosi sin ci>f as in Fig. 30-12, the amplitude 
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vibiwt^ of thR Bui^ndod maen ^ be «» X (TE). Both ^taatio_ 

larly in dest^ t^^erk: in due case, a violet machine ia spnng^motmted to pteveia/fe 
radiation of shock and vibration in a structure or neighborhood j in the other, a dki^te 
instrument is mounted on springs or rubber pads to protect it from vibration duo to 
nearby machinery. 

The lowest natural frequencies of building frames are likely to be in a range of 
] 0 to 20 cps. An instrument mounting designed to filter out these fr^ueneiSB wdl 
thus require a natural frequency of perhaps 3 to 6 cps. J''ram Eq. (7), this means to 
instrument must deflect the mounting about half an inch. Tins may be too unstable 
for some applications. The building frame is also likely to cany high«frequency 
vibrations from shocks of various kinds. A somewhat stiffer mount may stall be 
very beneficial against sound frequencies. 

DESIGN OF VEHICLE SUSPENSIONS 

Figure 30-19 can be applied directly to the design of vehicle springs and shock 
absorbers. Here the problem is to protect the body, load, and passengers from shocks 
due to waviness or bumps m the roa<i. 

The natural frequencies of modern cars are on the order of 1 cps or less. Thus the 
suspension will operate mostl}" above resonance, as very few bumps have a ^‘wave¬ 
length '' as great as the distance the car moves in 1 sec. (Railroad crossings are a 
notable exception.) In this region, any reduction of spring rate is beneficial, as it 
reduces «n and increases giving low^er transmissibility. This is accomplished 
as far as possible by softer springs, softer tires, and better weight distribution. 

The shock absorbers are usually of the dashpot type. Figure 30-19 shows that, 
for best results, the damping constant must be varialde. If the body is moving up 
and down at its natural frequency, the damping should be in the critical range so as 
to bring the body to rest quickly and siiiootlily. This action can be observed on 
automobiles by raiaing the bumper a few inches and dropping it. However, if the 
road is giving high-frequency bumps, as on cobblestones or washboard'^ gravel, 
Fig. 30-19 shows that high damping makes the riding quality dchnitely worse. To 
take care of this, shock absorbers commonly have spriug-lo^ed orifices. At body 
frequencies the damping is approximately critical, but at higher frequencies the 
increased oil pressure forces the orifices open, and the effective damping constant is 
reduced. 

Many shoci.. absorbers offer little resistance to closing up but employ some sort of 
check valve to exert a strong resistance to lengthening. So far as riding quality is 
concerned, this practice is of dubious value. It does not protect the body sufficiently 
against “striking bottom’’; and on a continuously rough road, the result is merely 
to “rack the springs down” to a point w^here the average excess spring force compen¬ 
sates for the unbalanced action of the shock absorber. The purpose can perhaps be 
explained as proti^ctioii for the usual flimsy shock absorber against bursting when 
the wheels are forced suddeiil^'^ upward; but a stronger double-acting shock absorber 
would probably result in better spreading of the shock when the road profile requires 
rapid upward motion of the body. 

DESIGN DIFFICULTIES OF RESILIENT SUSPENSIONS FOR MACHINERY 

There are a number of practical difficulties to be overcome in arriving at a suecess- 
fiil resilient mounting. First is that of ignorance. Persona unfamiliar with vibration 
theory, when confronted with shaking machinery, are prone to conclude that a more 
massive foundation will dispose of the problem. Usually it will not, as it adds little 
damping capacity and does not low^cr the natural frequency enough to be helpful. 

^metimes it is possible to cure the trouble at the source by improving the balance 
or redesigning the troubleBome mechanism. Single-cylinder engines or reciprocating 
pumps are frequent offenders iu creating vibration. Such a merbanism cannot be 
inherently balanced (see Fig. 30-20). In the elementary form, the inertia fame of the 
reciprocating mass creates a disturbance (Fig. d0-20a). If a counterweight of the 
correct amount is added to the opposite side of the crank, as in Pig. 30-206, this will 
cancel the horizontal disturbing force (except for higher frequency components due 
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%a «i3E^;akrit7 the oonneeting red). Howev^, thereTemainfl an nnhalaiieed vertical 
ioroe* la maagr macbmee, iacitiding steam locometives, the practice ie to make a 
oomfiMQise b^ween theee two extremes. A still better solutioii, however, is to add 
an auxiliary device known as a '^Lanchester balancer.’^* As shown in Fig- 
this consists of two counterrotating shafts, geared together and geared in a poative 
manner to the crank. Each of the counterrotating shafts carries an unbalanced 
weight. These, cancel each other in vertical motion, but they add together horiaon- 
tally to oppose the inertia of the reciprocating parts. The cost of such devices id 
not ^eat, they consume little power, and they frequently p»enntt installing small 
steam engines in apartments, office buildings, hospitals etc., where vibration cannot 
be t(derated. 

If a machine is inherently disturbing, ovring to nonuniform torque or some other 

condition, then spring mounting may be 
the only recourse. In designing such an 
installation, the most frequently encoun- 
tered difficulties are as follows: 

(al No countorbQiancing 1. The design of suitable springs. 

2. When designed for good isolation, 
the f oimdation may be too soft or'' wobbly.' ’ 

3. The machine may contain several 
disturbances at various frequencies. In 





(c) Lanchester balancer 

Fir. 30-20. Methods of lialanring KuiKle- 
cj Under luochanism. 


designing to filter out vibrations of one fre¬ 
quency, care must be taken to avoid reso¬ 
nance with another frequency which may 
be present. 

4. The machine on its mounting has 
more than 1 deg of freedom; f.p., it can 
vibrate in different ways at di^erent 
frequencies. 

5. There may be conflicting rigidity 
requirements: soft for isolation, stiff for 
driving through gears or belts. 

6. There may be several paths through 
which disturbances can escape from the 
machine, such as bearings, pipes, conduits, 
controls etc. All these should also be 
flexible enough to avoid fatigue failure 


from the vibrating motions of the spring-suspended macliine. 


7. Air-borne noise. 


These will be discussed individually below. 

1. Spring Design and Materials. Hull'' gives a good summary of the problem of 
spring drsign and materials. A spring material shonld be easy to apply (as to existing 
machines); it must occupy little space, be low in cost, resistant to injury, have a long 
life, and have clastic properties which are constant and predictable. It should not 
“creep" or become hard with the passage of time. He lists as possible choices: (1) 
cork, felt, and gelatinous substances; (2) metals, especially steel; (3) rubl)er. 

Type (I) materials tend to be expensive, uncertain in dynamic behavior, have high 
damping, flow plastically under load, and tend to lose elasticity with time. The 
latter is important, as it may be verj’^ inconvenient to remove a machine and a large 
foundation block in order kj replace a resilient material underneath. 

Metal springs can be successfully designed in many eases,®'®" They do not 
deteriorate except for fatigue and corrosion, wliinh are botli preventable. However, 
they tend to be bulky; they are not easily applied to existing niachUics, and it is diffi¬ 
cult to vary the stiffness in different directions. 

Hull concludes that rubber is likely to prove the best spring material in many 
Gas<is. It is cheap, takes little space, can be made in any siise or shape (except that 
niftximum thickness is limited), ainl is resistant to cutting or injury. It must be 
protected from sunlight, ozone, keat above 150"F or extreme cold, ami oil. 
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tus^ t 0 $ipc^ ift id: tcsr 5 

be6A foulid whi^ ^eaMy i«t&rd tllifl proteds. CbticbtKin aiMks otdy the (Wlvfgei^ 
layer < 0 ! rubber to a depth 6f Kf hi. or ao. Thus, rubber ba^s, |;^yeSj rainc^ts^ 
And bathing caps become us^ess in a lew months or y^‘s; but ^hiek pads will ret^ 
their dastic properties for many years. 

Rubber was for a long time a propilelary or mystery material. Heoently, how¬ 
ever, much valuable information has been published on the elastic properties and other 
data important in spring dcaigu.^*^ At present, it appears possible to design a rubber 
spring with as much assurance of life and elastic behavior as for metals. 

At one time, application of rubber to mountings was held up by the difficulty of 
bonding it to metal. However, it was foimd that rubber would Stick to brass. j^Oel 
fittings can be brass-plated and then joined to rubber with a bond strength which is 
many times the allowable working stress in the rubber itself. Likewise, in vulcaniza¬ 
tion with steam or electric heat, rubber could not be made more than about an inch 
thick, as rubber's heat conductivity is low, and the surface rubber would be damaged 
before the interior was properly "cooked.” High-frequency eleiJtric heating has 
removed this restriction, as heat can new be generated uni¬ 
formly throughout any thickness. As a result, application of 
rubber springs to streetcars and other large machines is becom¬ 
ing common. 

2a. Conflicting Rigidity Requirements. It has been seen 
that, in order to secure good isolation, the natural frequenc}’^ of 
the niaeliine on its base must bo low compared to the disturb¬ 
ing frequency. The low natural fr<'queiicy implies soft springs. 

If the disturbing frequency is itself low, it may not be practical 
to design a sufficiently soft suspension. 

Care should be taken to determine just what portions of 
a machine's noise or vibration are really objectionable. Every¬ 
one is familiar with the retluction of noise from a typewriter 
w-hen it is placed on rublier foot or a felt pad. In such a case, 
the natural frequency of the typewriter in vertical motion is 
iiiueU higher than the frequciicj'^ of striking the keys. Theory 
indicates that the mounting should then make matters worse, 
but experience shows the opposite. The explanation is that it is not the fundamental 
frequency of key striking which creates objectionable noise. When a key is struck, 
the frame and other parts of the macliine start to vibrate at their own natural frequen¬ 
cies, which may be very high. These latter are easily filtered out by the padding; 
hence a noticeable reduction in noise is attained. The mounting theory for impact 
machines is discussed below. 

2b. Elastic Mounting of Drop-foiging HonunerB. In the past, drop-forging 
plants have frequently been the cause of complaints and lawsuits because of the noise 
and heavy vibration transmitted to nearby buildings. In addition, in many cases, 
the hammer causes rapid deterioration of its own foundation, necessitating frequent 
and expensive repairs. It is easy to show that these unpleasant characteristics can 
be mitigated by two simple steps: (1) mount the machine on springs; (2) if necessary, 
add more mass to the anvil. 

Figure 30-21 shows the three dynamic parts of the forging hammer t the sirikii^ 
mass ifj, the anvil IF, and the elasticity k of the foundation (even a "rigid ” foundation 
has some springinoss). 

Suppose the hammer, weighing Wi lb, falls and strikes the work on the auvfl 
with a velocity Fi in. per sec. Usually, the hammer will not rebound, as its energy 
is used up in plastically deforming the metal being worked. If the hammer and anvil 
remain together, they will start downward with a common velocity V in,/Bec, which 
can be found from the well-known principle of the conservation of momentum: 

WiV, -h ir(o) = {w, -h W)v (34) 

(It is assumed that this common velocity is reached before the anvil mbves appt^ 
ciably.) 


I 

t 
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Fio. JO-21. Dy¬ 
namic parts of drop- 
forging hammer. 
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1l!0 nfiay ij myp i amount STo by which the apruig k will be coiApreescd can now be 
computed by conseryatiou of energy. As W and Wi begin their motion, they have 
kinetic energy Et = HKW + Wt)/g]V\ SincQ V - WiVi/(]V + Wi) from Eq. 
{34}, -j- Wi)g]Vi^. When all this kinetic energy of motion has 

been converted into potential energy Ep in the spring, the weights will be stopped. 
Binoe Mp « conservation of energy requires that 


2 2 {W ^ W,)g 




(35) 


Solving, the maximum compression xo of the spring is 

I. = WiVi -ViJlkiW + Tr,)j] (36) 


The maximum dynamic force transmitted to the foundation is 

F, = Jfe*. = WiVi v'M(1V + (37) 


The results of any change in the system can be easily seen from Eqs. (36) and (37). 
WiVI represents the momentum of the hammer as it strikes. This probably should 
not be reduced if the hammer is to continue to do its work; such a question is beyond 
the present scope. W and k are the quantities which can be varied. By simultane¬ 
ously increasing W and reducing k, the transmitted force Fq can be reduced, while 
the action of the hammer wull remain as effective as before. That is, if the product 
(W + Wi)k is kept constant, Eq. (36) show^s that the hammer-stopping distance will 
not change; hence the available inertia force and power to work the metal will remain 
the same. How ever, it can be seen in Eq. (37) that, if fc is reduced and W increased, 
both these changes will reduce the transmitted disturbance F 9 . As is only a small 
fraction of W in actual haminers, it can be concluded in any given case that, if the 
anvil weight is doubled while the foundation stillness k is cut in half, the disturbing 
force Fo will be reduced to half its previous value, etc. If the stopping distance Xo is 
p»ermitted to increase, a still further reduction in F» can be had. 

If the above principles are observed in designing and installing forging hammers, 
it appears quite practical to prevent the hammer from shaking up its neighborhood 
without reducing the effectiveness of the machine itself. Both the larger anvil and 
the softer springs may increase the cost of the installation, but not out of reason. 

In forging slanted and uiisymnietrical articles such as propeller blades, there is 
frequently a tendency for the hammer to move sidewise off its base. It may be 
necessary to provide horizontal springs and abutments to control this effect. 

3. Frequency Disturbances. [See (3), page 1810.] 

4. Many Types of Motion Passible. Thus far, the discussion has been confined 
to vibrations in which the mass moved back and forth in one direction only without 
rotations. While such a system is adequate to explain certain phenomena of vibra¬ 
tion, sqch as resonance and isolation, there are many actual systems whose motions 
are more comphc.utcd. The “number of degrees of freedom” of a system is the 
number of independently variable displacements which must be given in order to 
specify the positions of the moving elements. 

In general, a rigid body supported 011 springs has six degrees of freedom; it can 
move in three directions, and it can rotate about each of these axes. The number of 
degrees of freedom is equal to the number of natural frequencies at which the system 
can vibrate.*'* 

In most cases, the calculation of the luitund frequencies is a problem of consider¬ 
able difficulty, as the motions arc “impurn,” involving simultaneous translations and 
rotations. Hull® gives formuUiS for the six luitural frequencies of a symmetrical 
mechanism mounted on a rectangular plate supported by springs at the corners. 
Crede and Walsh" have designed a vibrating-table installation in which all six of the 
natural frequencies are the same. The general methods for attacking such prablems 
are discussed on page 1829. 
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B, M ain t aining Alignment of Power Biioes. In tlie <sa«© of mo1;o% it 
frequently that the torque is nonuniform or pulsating^ although, the rotational pttrta 
are in balaiice and do not gen orate lateral vibration. This is true of single-^ase 
electrie motors and also automobile engines. Various mountitigs have been demgned 
which filter out the torsional vibration while maintaining lateral rigidity so that the 
motor remains in alignment and can drive its loadSmall electric motors for washing 
machines, refrigerators, etc,, are frequently mounted in a U-sliaped cradle with rubber 
rings around the bearings at each end. The soft rings filter out torsional impulses 
but are quite rigid against lateral deilectiDU. Similar arraiigements for mounting 
automobile engines on rubber pads are in nearly univemal use. 

6 . Alternative Paths for Vibration Transmission. If power-driven machinery is 
to be effectively isolated by resilient mountings, all attachments to such machinery 
must be made sufficiently flexible. Bearings can be mounted in rubber. Pipes and 
conduits can be provided with spirals, horseshoe bends, etc., if necessary, to decrease 
their rigidity. Control levers can be made flexible, passed through rubber grommets, 
etc. 

7. Noise Measurement and Reduction. Engineering investigations of noise were 
formerly hampered by the lack of suitable methods of impersonal measurement. 
However, there are now several companies marketing sound meters, and the American 
Standards Association has established standards for their performance and calibra¬ 
tion.^* Of the available instruments, the “sound-level meters” and “sound analyz¬ 
ers” of the General Itadio Co. are probably the best known and most widely used.^® 

As a result of fundamental research by telephone engineers, sounds are now meas¬ 
ured on the “decibel scale.” This is a logarithmic scale measuring sound pressures 
or powers above a standaid reference level. The human ear, like the other senses, 
has a somewhat logarithmic sensitivity, described by the well-known Weber-Pechner 
law of sensation, This states that, if F is the quantity of something being sensed, 
such as amount of weight lifted or loudness of a sound heard, and AF is the least 
detectable change in the quantity being sensed, then aF/F — constant. Thus if a 
man can detect a 5-lb change in 100 lb of weight, he should also detect Jijo-lb change 
in a 1-lb weight. If the man in lifting any weight has a “sensation of weight” 8 
by which he can judge whether the amount is 2, 20, 200 lb, etc., then 

AS « AF/F or S- 8, = log (F/Fo) (38) 

If Fo is a “threshold” or minimuin quantity which can be detected, then 8 e ^ O. 
Because of the logarithmic characteristic, a tremendous range of intensities can be 
safely experienced. All the human senses operate roughly in this way, although 
precise experiments will show distinct deviations from the simple logarithmic law. 

A “pure tone” is a sound of definite pitch due to constant-frequency sinusoidal 
useillatioiis of pressure in the air. If E is the amplitude of pressure variation in such 
a tone, then the loudness of the tone on the decibel scale is given by 

db - 20 logio {E/E,) (39) 

where En is a standard reference leved of 0.0002 dynes per sq cm at 1,000 cps. 

Within the audible frequency range, the amount of power P necessary to maintain 
a pure tone will be very nearly proportional to the square of the pressure. If Eq. 
(,39) is written in terms of power instead of pressure, 

db =» 10 logio (F/Po) (40) 

where Po corresponding to E, = 0.0002 dynes per sq cm is about 10“^^ watts per sq cm. 
A “sound-level meter” is thus a device for measuring the power of sounds striking 
its microphone and giving readings in decibels. 

A sound of 130 db will cause physical pain in the ear, and continued exposure to 
100 db or more will eventually cause deafness. Three decibels is about the smallest 
change in a given sound which is detectable. At the other end of the scale, the thresh'* 
old of hearing for average persons is around 20 db. A completely quiet location ia 
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almdBt ndnesdfttent; there ero few places whei^ the average noiee levd k bebw 40 dh. 
Xable 30-1 gives r^ieaentative readings m soands commonly experienced: 

Table 30-1. Loudneas of Common Soimds, Decibels 


Circufrutafusea Dedb^a 

AirpUne-motoi: teat cell. ... 140 

Pneumatic rcmk drill, airplane motor at 20 ft. 130 

Auto horn. 120 

Ptmch preSB, boiler factory (riveting). 110 

Platform of elevated or subway station, newsboy shouting . 100 

Heavy atreet traffic, nuiay factory, airplane cabin . 00 

Noisy office, loud radio, noisy restaurant. 80 

Average factory, typewriting office, traffic on boulevard. 70 

Normal converaatiun, “noiseless" typewriter, inside railroad train. 60 

Inside quiet automobile. 50 

Quiet home. 40 

Broadcasting studio. 30 

Goontry road, whisper in i^uiet room.^. 20 


Men and machinery can create a great diversity of noise problems, but there are 
certain fundamental situations of frequent occurrence. Among these are 

1. Two similar machines running at once give a sound level only 3 db more than 
one machine Tunning alone. This is obtained from Eq. (40) since 

10 login (2P/Pa) - 10 logiu (P/Pd) =» 10 logiD 2 = 3 db 

Thus if a machine contains two sources of noise of about equal power, it does little 
good to reduce only one of them. 

2. Two similar machines placed in proximity will create "wave patterns'^ of noiss. 
If identical pure tones are generated at two points of a room with completely sound¬ 
absorbing walls, the sound pressure at a series of neighboring locations may vary from 
double (4*6 db) to nothing. In a more practical situation, machines do not generate 
pure tones, and there is a certain level of background noise. However, sound readings 
in the neighborhood of two similar machines will show fluctuations with position. 
Likewise, a single machine in a room with hard walls w'^ill create wave patterns by 
reflection. It is always advisable to measure sound at several positions and take an 
average if the wave-pattern condition exists. 

3. Human psychology is frequently important. People will tolerate a great deal 
of noise if they feel the cause is useful and necessary. At the same time, they will 
complain against a very moderate noise if created by persons whom they dislike for 
any reason. 

4. Whether a certain noise is important depends on its relation to other back¬ 
ground noises. A sound whose individual power is more than 10 db below the general 
level will probably be inaudible, although it might sound very loud in a quiet place. 

A valuable paper by Abhott^^ discusses 12 cases in which a great variety of 
machinery was successfully treated to reduce noise. Both theory and experimental 
methods arc clearly described. The following general principles may be mentioned: 

1. Frequently, noise vibrations do not originate in the component which radiates 
them to the air. If flexible parts or "mechanical Alters" can be interposed between 
a motor and a sheet-metal housing, for example, the noise level can be greatly reduced. 

2. If one part of a machine excites resonant vibration in another part, a slight 
change in the mass or stiffness of the latter is beuefleiah If this situation is suspected, 
it can be studied by varying the speed of the driving motor by some means. 

3. In either (1) or (21, if more than one path of vibration transmission exists, it 
will probably do little good to cut down only one channel (see 1 above). 

4. If a machine is complicated and emits a variety of sounds, it may be necessary 
to analyze the total noise into its components at various frequencies. In this way, 
noise of a certain frequency can usually be traced to the part causing it. Likewise, 
it may be helpful to study instantaneous noise vs. rotation of the shaft of the machine, 
using an oscillograph. 

Si The '^noise spectrum " of a machine part may be altered by the structure to 
which it is later attached. In one case, a rear axle, when tested on a produetjoa 
stand, had a strong fundamental-frequency nmse and a weak second harmonic. When 
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in an automoMe, lioweTar, the fundamental was imp^essedf and tim 
mnnie became predominant. In aeceptanee teatiiiEi; of production ai^, the aoonnd 
harmonic waa therefore paramount importance, but it couM not even be heatd 
the carnal testing stand. 

SYSTEMS WITH TWO DEGREES OE FREEDOM 

It has already been seen that a system with one degree of freedom may consiat of 
a weight suspended on a spring (Fig. 30-1) or any kind of rigid pendulum (Fig, 30*7). 
Thus the vibratory motion may be linear or angular; but with 1 deg of freedom there 
can he only one natural frequency at 
which vibrations occur. 

Figure 30-22 shows one of the sim¬ 
plest cases in which there are two de¬ 
grees of freedom. It is assumed that 
the masses are constrained to move 
only in a vertical direction. Since the 
position of both masses must be known 
in order to specify the configuration of 
the system at a given instant, there are 
two degreB.s of freedom. There will 
also be two natural frequencies of vibra¬ 
tion: a slower mode in wliich the 
masses move up and down in xmison 
(though the amplitudes of the masses 
may be different) and a faster mode m 
which the masses always move in oppo¬ 
site directions. This conclusion, based on experience or experiment, can also be 
worked out mathematically. Figures 30-23a and 30-236 show free-body diagrams of 
Ihe masses, from which the following equations are obtained: 

Wi d^x 

ri" (1^1 -{- kj)xi -}- kzXt = 0 (41) 

Wt d^x 

— ^ + (ks + ka)3^2 + kaXi — 0 (42) 

(As usual, the weights have been eliminated by measuring Xi and xzfrom the equilib¬ 
rium positions.) Introduce the symbols 



Fxo, 30-22. Two Fio. 30-23. Free-body 
vibrating systems diagrams for Fig. 30-22i, 
coupled together. 


(k. , A:.0j7 


52* 


(A*2 + k3)ff 

W, 




ksff 


VfPW, 


(43) 


Equations like (41) and (42) are readily solved by assuming 

Zi *= ffli sin cut 
Xz = tti sin u1 


(44) 


and substituting. It is found that ui, 02 , and a can al'ways be adjusted to satisfy the 
equations of motion, and there will always be two such solutions. The substitution 
gives 


Oi(«i* - ^ ua * 0 

az(s2* — w’) + ^ 0 


(45) 


If Rqs. (45) are regarded as simultaneous equations in cti and Ua, there is no constant 
term in either equation. Hence, Ui and m can have values different from zero only 
if each equation gives the same value for the ratio Ui/as. This furnishes a thu*d 
relation from whi^ the unknown ta can be found. Thus 
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a% W itfli* — «*) 


m) 


UBing th^ second and third parts and clearing fractions gives the following quadratic 
for «*; 


(«i* - «*)(«** - «*) 


WiWt 


5a* 


or 

Hence 


«* — (si® + J*2®)u® H“ Bi* 52® —' Sa* “ 0 

. . . . V(S 1 * + S*’)’ - 4*,*Si» + 4s,< 

tfl® = 5i* + fia* ±- 7 , - 


(47) 

(48) 


The quantity under the radical will always be positive, since it can be written as, 

(5i* - 52®)® + is,* (49) 


which is a sum of squares. Also, the value of the radical is always less than Si* + »a*, 
since the quantity underneath is 


(5i« -I- «**)* - 4 (si*S2« - s,*) and 


5i*S2* — 53* 


{kikz + kzks + k,ki)g^ 
W 1 W 2 


(50) 


which cannot be negative. Thus, for any real system as in Fig. 30-22, Eq. (48) 
will always give two positive but different values for w®. When one of these values is 
selected, Eq. (46) determines the value of ai/a-i associated with this frequency of 
vibration. 

EbcAMPLiES: 1. The simplest rase ornirs when TTi = W 2 — W and ki » fc* = k. If 
iiid® and cdb* represent the two natural frequencies, it is found that 

««® - ko/W 

where oi/rt 2 = —1 

and ub* - [{k + 2k7i)g\/W 

where ai/aa — 1 

The o-type ribratinn can be recognized as one in which the masses move up and down in 
unison through the same amplitude, with a frequency fn = wa/2T cps per sec. Since the 
coupling spring k^ does not change its length during such a mntioii, it is like a rigid connec¬ 
tion and has no effect on the frequency. The h-type motion is one in which the masses 
move ill opposite dircjctions with c(iual amplitude at a frequency fb = wt/Sv. In such a 
motion, the center point of k, remains stationary. If this is regarded as a fixed point, the 
stiffness of one-half of ki is 2k^, which explains the result for //, since each mass is vibrating 
on springs equivalent to k + 2k^. 

2. As a general numerical example, let Wi = 30 lb, — 50 lb, fci = 20, kz — 30, 
ki — 40 Ib per in. Substituting in the equations, it is found that the lower frequency 
is 2.93 cps, with oi/aj = —1.137, while the faster frequency is 7.10 cps, with ai /02 = 0.431. 

3. A case of some practical importance occur.s with ki and kz zero. This can In? visual¬ 

ized as a pair of railroad cur.s on a track, connected hy a spring, frirtinn being neglected. 
Solving the equations, it is found that one frequency is zero (corresponding to motion of 
the system along the track at uniform speed, a "vibration*' of zero frequency), while the 
other is _ 

/ = a/2r) + wi)yw,wi (si) 

It is also found that, for the vibrating mode, ai/aa — WzfWu or TTiai = TTsOs, showing 
that the center of gravity of the system does not move during a vibration, since no external 
forces are acting. The position of the "node'* or stationary point of the spring can be 
determined from this relation; the node divides the system into two parts, each of which 
must have the same nalural frequency. 

4. In Example 1, the symmetrical case, an interesting type of behavior occurs when the 
coupling spring k, is made very weak compared to the others. This makes the two natural 
frequencies fall very close together. Figure 30-24 showB a pair of equal pendulums con¬ 
nected by a weak spring, giving a system in which one natural frequoncy (with the pendu¬ 
lums moving in phase) is slightly less than the other frequency in which the motions are 
opposed. This occurs because in one type of motion the coupling spring is not stretched, 
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wliile m the other it is. If the ays'^in ia disturbed tnovin^ ohe peadbtdum esid^ iwwl 
releasihg it, the first pendtilum will s^^iig wiiit & dowly decreasing amplitude until it eotpee 
to rest. During the same time, the second pendulum gradually builds up a vih^^ation 
eiiuatiy large. A typicd record is sliowii in Fig. 30-25. From this point on, the procure 
continues cyclically, with the motion transferring from one pendulum to the other and 
back again, until friction brings the system to rest. A vibration with variable am|3i6udes 
of this kind is known as “ beating.'^ It is a fanuliar effect in music when two instniinanta 
of slightly different pitch are sounded together. As one vibration gradually changes phase 


with respect to the other, the 
sound intensity varies from double 
to nothing. The '' beat frequency ’' 
is the difference in the two primaiy* 
frequencies: thus, when tones of 
256 and 258 cps are sounded, a beat 
frequency of 2 per sec will occur. 





Fio. 30-24. System with two I'm. 30-25. “Beating" motions possible with Fig. 
nearly equal natural frequencies 30-24. 

(illustrates “ beating ”). 


Such motions can bo demoiHtrated mathematically by using the complete solution of the 
differential equations. Thi.s is 


xi — Ai cos Lilt + Bi sin uit A a cos Uit -b Ba sin utt 
xa = Ai COS Lilt — Bi sui Liii + Az coa wil + B% sin ui-it 


(52) 


Suppose that when £ = Q, n = xa = 0, and the velocities are zero. The constants are 
found to be 

Ai = Aa = *i»/2 Bi = 7?2 = 0 

giving xi = rQ/2(cOB cijjf + cos U 2 O (53) 

xa = ro/2(— cos ccit + cos 

By trigonometric identities, these become 


( ui -b cijj \ /Lii — Lia ' 

- - - t j coa I- - - t j 

/ui + .\ fitii — taa \ 

X. = X, sin ^- 2 -‘J ““ (-2-V 


(M) 


Curves like Fig. 30-26 can be obtained from these equations. 

5. Figure 30-26 shows a side view of the suspended parts of an automobile. Consid^- 
ing only motions parallel to the plane of the paper, the system has two degrees of freedom, 
as it can move vertically and also rotate about a transverse axis. The natural modes and 
frequencies can be found by the same procedure as used above. Let x be the downward 
motion of the center of gravity and 4> be the counterclockwise rotation. Then, as shown in 
Fig. 3D-27, the compression of the front and rear springs will lie x + and x ^ 
respectively. It is necessary to know the moment of inertia J of the body about a trans¬ 
verse axis through G in order to write the force equations- Using the free-body diagram in 
Fig. 36-28, two equations are obtained, one for summation of vertical forces, the other lox 
moments about 0* Those are 
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T <«’ 

-H Ai(* + «^) 4 

‘Mx 

- 0 



kMx 4- 04^) - 

kMx 

--hA) -0 


Aasuminf 

» SB aJa 

r Bin at and 


^0 sin wi 

tB6) 


—Ao ^ ^ 

+ fc, - (W/eW 


Aia — Aift 


gives 


ki& — Aaft 

Aio 

» 4 - /«* 

iiOfJ 


In a numerical case, the two natural froquenciea are easily found from the quadratic equa¬ 
tion for^cu^. Each of these in turn determines the ratio of a:n/^D, which gives the distance d 
to the apparent center of rotation Ipr that luede, as shown in Fig. 30*29. 



Fio. 30-26. Side view of Fio. 30-27. Displacement Fia. 30-28. Free-body dia- 

dynamic parts of automo- and pitching rotation co- gram for Fig. 30-26. 

bile suspension. ordinates for Fig. 30-26. 


It is possible to adjust the locations of the springs in such a way that in one mode of 
vibration, the system pivots about the front spring, while in the other it pivots about the 
rear spring. Let k be the radius of gyration of the body, defined hy I — Wk^/§. It can 
be shown that the above condition will occur if ~ ah. That is, if P = ab, the vertical 
motion at one spring is independent of vertical motion at the other spring. This may be 
shown as follows: if a vibration mode la to exist with no motion at the front spring, then it 
la necessary that 

*0 “h CK/>a =® 0 or = "“l/o 

Substituting this in Eq. (57), it is found that 

= [kiia + h)oyWa = [kMa + 6)1// (58) 

from which k* » ab. If we begin by assuming no motion at the roar spring, then 


— 6^0 = 0 

When this is substituted, it also gives A* = oh. 

The result is in dependent of the ^p^ing rates ki and A 2 , although 
these control the frequencies in their respective modes. The con¬ 
dition may bo described by sa^diig that each spring is located at 
Fiu. 30-29. Locating fh© center of percussion of the other spring. This is thought to 
apparent centers of arrangement for riding comfort, since, when the front 

rotation for automo- wheels strike a bump, only the front springs are compressed; and 
bile-body motions (i^ same is true for the rear. If the condition is not satisfied, 

Fig. 30-26). ^ bump at the front wheels may coinprcsa both front and rear 

springs. If the rear springs are already compressed when the rear 
wheels strike the same bump, the probability of bottoming and general roughness is 
increased. 

The above analysis was not available until 1923 and was not applied until several years 
thereafter. In the early days, it was thought that a long wheel base promoted riding com¬ 
fort, hence the axles were placed at the extreme front and rear of the chassis. In such an 
arrangement, ab will be much greater than AS and a very rough ride results. lu modern 
cars, the axles have been moved toward the center of the car. The front axle is now partly 
under the engine, while the rear axle has moved forward under the rear seat. Heavy 
bumpers, trunks, grills, etc., arc used at both ends of the car in the attempt to get os much 
mass as possible beyond the axles.' The result more nearly approaches the desired ab 
condition, but it is not possible to reach it completely without having the axles so far under 
the car that steering control at high speeds is impaired, with the added hazard of having 
the projecting portion of the cor strike the ground when moving over uneven pavemeint such 
as steep driveway entrances, etc. Thus the final design is a compromise, although soft 
seringa and tirea are also used to lower the natural frequencies and promote riding comfort. 
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Figpre SO-SO Bh<rws Another important case having two degrees of lreedoiii« 
and ibi indicate a piece of machinery or Btruetnre suhiee t to a didtdrbing force P 0 db^ id. 
Wz and ki represent a ^‘damper” which wffl entirely prevent any forced vibration of 
Wi, provided the damper is tuned eo that k^g/Wz « uK 
This can be shown as follows: considering each mass as a free 
body and summing vertical forces gives tlie two equaticms 

Wi d*xi 

+ (ki + k 2 )xi — kzXz — pQ sin td (59) 

Wz d^Xz 

+ hzXz — A?jari -» 0 (60) 

The system is, of course, capable of executing free vibra¬ 
tions. There are two natural frequencies, which can be com¬ 
puted as shown previously. However, any such free vibra¬ 
tions in an actual system w ould soon be damped out by friction, 
so that only the forced vibrations at a frequency (u/2ir are important. Assuming 
xi => ai sin tat, and xz ■■ az sin tat and substituting gives two simultaneous equations 
for ai and as: 

lA:i + — (Wi/g)ui^]ai - kz/Xz - Pq ( 61 ) 

—/rsai + [As — (Wz/g)fa^^z “ 0 (62) 

For simplicity, let kig/Wi = Oj® and kzy/Wz = Da* (63) 

The results are found to be 



Fio. 30-^0, TTse of 
Dynamic Vibration 
Absorber to prevent 
vibration, 



1 - (ia^/ih^) 





az 




k\ 


A’l 


(64) 

(65) 


Equation (64) shows that, if kzg/Wz = tla* *» w®, then ai will be zero, thus establishing 
the coadition stated at the beginning. Equation (65) shows that az then equals 
—Pulkz, or —kaaz = Po. This shows the physical behavior of the tuned damper; it 
vibrates at exactly the right phase and amplitude so that the variable force in kz 
neutralizes the disturbing force, thus eliminating any vibration of the main mass Wi. 

Such a damper is, in many cases, ideally suited for preventing vibration. Large 
vibrations of Wi will not b uild up unless the disturbing frequency w is close to the 
natural frequency fli = “y/kig/Wu In such a case, even a small disturbing force 
Po sin ut can builii up a large vibration by resonance. Hence, if only a small disturb¬ 
ing force is involved, the vibration can be cured with a damper mass which is a very 
small fraction of the main weight Wi. Since the disturbing force is opposed by inertia 
rather than friction, no energy is converted by the damper. Thus the efficiency of 
the original machine is not affected, nor is there a problem of maintaining a correct 
fricitional adjustment in the damper. 

Whether such a damper is practical in a given case depends on the magnitude and 
frequency of the disturbing force. The damper spring kz must be able to stand up 
indefinitely when subjected to an alternating load of ±P&. Also, when Oi ** 0, 
Eqs. (63) and (65) show that Po » ksaz = Wzta^az/g. This determines the necessary 
size of damper weight Wz for a specific application, as az will usually be limited by the 
design of the spring. If P® is small and the disturbing frequency £ii/2t is bi^, a small 
damper weight will suibce. As ta is reduced, however, the required damper eventually 
reaches cumbersome and impractical proportions. 

Dampm's of this type have been successfully applied in such diverse sHnaritms an 
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electric hair clippers'* and bendings vibrations of tbe hull structure of a merchant 

ship.'’ 

If the disturbiuK frequency u/2ir is variable, the damper may be worse than useless, 
as it creates two natural frequencies instead of one. Large vibrations ■will then build 
up if the disturbing frequency coincides wdth either of these natural frequencies. In 
one case, the masses vibrate in jihase; in the other, their motions are opposed. 

In the hair clipper, the disturbance was due to constant-frequency (50-cycle) 
electromagnetic impulst^s. In the motorsliip, the vibration Was caused by impulses 
from the propeller blades. The engine speed varied over a certain range. However, 
since the ship would usuaUy run for hours or days at one speed, it was practical to 
adjust the damper for the speed being used by running water to the proper level in a 
tank which was part of the damper mass. 

By an ingenious extension of tlie dynamic-absorber principle, it has been applied 
to the reduction of torsional vibration in airplane engines.'* The disturbing fre¬ 
quency varies with the running speed of the engine. The^damper is made in the form 
of a "torsional pendulum” whose "spring” is provided by centrifugal forces. As 
these vary with the square of the speed, a relation like Eq. (63) can be made to hold 
at all speeds, thus removing the constant-frequency limitation. 

Another possibility is to introduce dry or ■viscous friction in the damper in addition 
to spring action. Such a device will no longer prevent vibration entirely, but it holds 
it to a safe value even in passing through resonaiicc. The theory has been completely 
worked out,®-^® and some successful applications have been made.^® 

SYSTEMS OF SEVERAL DEGREES OF FREEDOM 

Previously, systems with one or two degrees of freedom have been considered. 
It w'aa seen that the number of natural frequencies equals the number of degrees of 
freedom and that for each frequency the amplitudes of vibration of the masses are 


Fio. 30-31. Vibrating system with many uniform paits (the “string-of-beads” problem). 

in a fixed ratio with each other. All amplitudes may be increased or decreased pro¬ 
portionally, depending on initial conditions, but the relative amplitudes for each 
natural frequency are fixed by whatever mass and stiffiiess arrangement exists in 
the system. 

\^en more than two degrees of freedom must be considered, the. general results 
are the same as above, but the labor of computing them increases rapidly with the 
complexity of the system, and more advanced mathematical methods are required. 
A completely general case of six degrees of freedom, with nonuniform masses and with 
each mass elastically comiected to most of the other masses, may require 12 to 15 hr 
of computing if all six of the natural modes and frequencies must be found. 

Systems with Uniform Ports. Many problems of practical importance have espe¬ 
cially simple structural forms so that shorter methods can be used. In some cases, 
formula solutions exist for the natural frequencies and proportional amplitudes. 
Figure 30-31 sho'Ws the classical "string-of-beads” problem, first solved by Lagrange 
("Meeanique Analytique,” 1787). A weightless string is stretched with a tension T. 
It carries uniform "beads” of mass m at equal intervals L along the string. The 
problem is to find the natural frequencies and proportional amplitudes for small 
lateral ■vibrations. If there are n beads, it can be shown by the so-called "calculus 
of finite differences"^' that the n natural frequencies are given by 



where a « 1, 2, ... n. If the masses are numbered from left to right, the mass 
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number beiti^ r, the proporticmij amplitudes are 


a,M 


C« sin 


r sKim i 

L n H-l J 


m 


M^here Ci is au arbitrary constant, and s and r each range independi^tly from 1 to «. 
That is, if « ** 3, the third natural frequency is being considered; and if r is given 
values from 1 to n in succession, the relative amplitudes of the masses are found. 







-I'lo. 30-32, The five possible types of free vibration in one plane for Fig. 30-31. 




Fig. 30-33. Analysis of longitudinal vibrations in trains of care. 


Example; Let n =5, T = 100 lb, L =20 in., and the weight of each maes = 0,2 lb. 
Then fn = W/g = 0.2/386. The natural frequencies are found to be 8.11, 16.7, 22.2, 
27.2, and 30.2 cps- The proportional amplitudes are shown in Fig. 30-32. 


Figures 30-33a, 6, and c show three similar problems. In each case, n cars of 
weight rest on a frictionleas track and are connected by frictionless springs whose 
rate is /c lb per in. Horizontal vibrations in the train are to be tjonsidered, with vary¬ 
ing end conditions. The general procedure is well explained by Karman and Biot.** 
The following results can he obtained: 

1. When both ends are fixed to immovable supports by springs fc, there are n 
natural frequencies, given by 
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whWB.-1,2, . . . (68) 


The proportional amplitudes are given by Eq, (67). 

2. When both ends are free, there are only n — 1 vibration frequencies, as the 
entire train ean move at uniform speed, a “vibration" of zero frequency. 


® . 

s(180°)] 

'‘w^\ 

- 2n - J 


Or* = Ctf C‘OS 


s( 27- - 1)(180°)~ 
2n 


(69) 

(70) 


where « =» 1, 2, . . . , n — 1, and r = 1, 2, . . . , n. 

3. When one end is free, and one end is fastened to fixed support by spring k. 




Or, = sin 


1^ . 

"(25 - 1)(180“)] 


. 2l2n + 1) J 


(25 - l)r(180“)' 
- (2n + 1) - 


(71) 

(72) 


where fi = 1, 2, . . , , n, and r = 1, 2, . . . , n. 

If the mass weights or spring constants, or both, are nonuniform, the method of 
finite differences can no longer be applied, except for the case where the noniiniformi- 
ties are confined to one unit at each end of the train. 

Longitudinal Motions of Nonuniform Masses and Springs in a Straight Line. The 
case of two unequal masses connected by a spring has already been solved (tlq. (51)]. 


I W| p WV ^ W; | AW- | Wa 1 

I—-* 

Fio. 30-34, Analysis of nnnuniform trains (three masses). 


Figure 30-34 shows the next step, with weights IFi, Wuy and Wh connected by springs 
ki and kt. Taking summation of forces of each mass in turn gives the equations 

+ kixt - hx2 = 0 (73) 

(^^^2/p)(flf’‘a;z/d«2) — kiXi -f- (/ci k2)x2 — k^Xz =‘ 0 (74) 

{Wa/g){d^X3/dt^) — k2Xs + = 0 (75) 

Assume Xi = ai sin at, Xz = Ui sin at, etc., and substitute in the equations. This 

eliminates the time by cancellation of the factor sin aL Adding the equations together 
gives 

ia^/g){Wxai + W2fi2 4- Wm) = 0 (76) 

By using Eqs. (73) and (75), «] and aa can be eliminated from (74) giving 




4 Wa 4 Wz) 


W 2 W 2 


«>0 (77) 


The two natural frequencies can be found by solving this quadratic for w*. 

A system with four masses would result in a cubic equation for etc. For 
systems with four or more masses, however, it is quicker to find the roots by an 
iteration method. An estimated value is obtained for (see numerical example on 
page 1323), and ui is taken as 1. Equation (73) gives 


Os = oi — (w*Ai(?)Wiai 
1822 
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Adding Bqa. (78> md (74) gives 

1 

tta - Os — — — (Wiai H- Wfa^ 

V 

In a general problem, for the (r + l)th amplitude 

to* 1 

<|,+1 - a, - - ^ (TF.O, + + + W^) (80) 

Thus, all the amplitudes can be found successively. It is convenient to arrange the 
computations in a table. When all amplitudes have been found, the results omi be 
checked in Eq. (76). If there are n masses, the equation becomes 


6)® ’ v" 

-IWrOr^O (Si) 

r el 

Unless the estimated value used for w* was exactly equal to one of the natural fre¬ 
quencies, £q. (61) will not give a zero result. The indicated sum may be called the 
'^remainder force,” as it represents an external force which would have to be applied 
to the system to maintain the assumed vibration. 

If the assumed value of td is between 2 ;cro and the first natural frequency, the 
remainder force is positive because of the positive value assigned to Oi. Por values 
of u between the first and second natural frequencies, the remainder forOe is negative, 
etc. Thus the sign of the remainder force indicates whether u should be increased or 
decreased for the next trial. An experienced computer can often arrive at the correct 
result for the first natural frequency in two or three trials. The higher frequencies 
can be found by exactly the same procedure, but the number of trials tends to increase 
because the rate of variation of the remainder force with u® is much greater. 

Examplh: Conaidor the system shown in Pig. 30>3;5. In tho fundamental mode of 
vibration, there can be only one "nodo” (stationary point). Since this will probably 
occur Dear the center of the train, a simplified two-mass system (Fig. 30-36) is formed by 
combining fVi with W 9 , Wd with and connecting with a spring somewhat softer than ks. 
Prom Eq. (61), the uatured w* of Fig. 30-3G is 


fegCTTg -I- W„) 
WaWl 


30 X 386(500 + 600) 
500 X 600 


» 42.4 


(82) 


Table 30-2 shows the rest of the computation. 


Table 30-2 


w 


a 

! 

V 

k 

1 Y 

9 

0 1 


*4 g 

First trial: w* — 42.4 

:i00 

32.9 

1 000 

32.9 

32.9 

50 

0,660 

200 

22.0 

0 341 

7.5 

40 4 

70 

0 67T 

lOQ 

11.0 

-0 236 

-2.B 

37.8 

40 

0.946 

600 

54.9 

-1.2B1 

-70.4 

-32,6 






Fifth trial: < 

» 32.0 



300 

24.9 

1 000 

24.9 

24.9 

50 

0.493 

200 

16.0 

0.602 

8.34 

33.24 

70 

0.47S 

100 

S.3 

0 027 ; 

0.22 

33.46 

40 

0.837 

600 

41.4 

-0 810 

-33.5 

0 




Hence the lowest natural frequency is -v/S^/Zir — 0.900 eps, or 64 cycles per mm. 
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VIBRATION 


Tonionol Vibrations. In inost machinery, power is transmitt^ by rotating shafts. 
Torsional (rotary) vibrations are likely to occur, especially if the motor or the load 
has mmuniform characteristics. 

Figure 30-37 shows the simplest system of this kind, in wliich a shaft is fixed at 
one end and carries a flywheel st the other. The moment of inertia of the flywheel is 
I: in engineering units it is usually measured iu pounds-inches-aecondB squared. As 
an example, the moment of inertia of a homogeneous cylinder about its axis is 
where m is themass of the cylinder and r is the radius. In vibration work, as in machine 
design generally, lengths are usually measured in inches. Thus, mass » weight/p, 

I 500 la p sAAAr l soo ibL | 

30 Ih/ln. 

Fia. 30-36. Approxiinatiou 
for fundamental mode of 
Fig. 30-35. 

with weight in pounds and g = 386 in. per sec per sec. This gives the eiigiiieeriiig 
unit of mass as pound-(seconds)® per inch; and with r in inches, the units of I will be 
pound-inch- (seconds). ® 

kt is the torsional spring constant of the shaft, measured iu inch-pounds per radian 
of twist. For a solid cylindrical shaft of length L and diameter d, kt - Trd*G/32L, 
where 0 is the shear modulus of the material. For steel, G is often taken as 12 X 10® 
lb per sq in. although the accurate value is usually between 10.8 and 11.5. 

For a hollow shaft, nrd^/32 is replaced by Tr(du^ “ dj^)l32. Formulas for noncir¬ 
cular shafts can be found in books on strength of iriaterials or theory of elasticity. 
Much work has been done in testing and developing approximate formulas for tor¬ 
sional stiffness of crankshafts.If found from a test, kt = (torque, inch-pounds 
divided by angle of twist, radians). 



FiQ. 30-35. Analysis of nonuniform trains (more 
than three masses). 



Fig. 30-37. 
Torsional vi¬ 
bration (one 
degree of free- 
doiu). 


Fig. 30-38. 
Torsional vibra¬ 
tion (shaft with 
Wo disks). 


Fig. 30-39. Tor¬ 
sional vibration (shaft 
with three disks). 


If 0 is the angle of twist from equilibrium position in Fig. 30-37, the equation of 
motion may be found by considering the moments which act on the flywheel. This 
gives 

I{d^/dt^) -h^/0 = 0 (83) 

This is exactly the same as Fiq. (1), with W/g replaced by I and k by kt. Thus, the 
natural frequency for torsional vibrations is 





(84) 


All the methods and results developed for linear vibrations can now be applied 
to torsional cases. For a shaft with two disks (Fig. 30-38), the natural-frequency 
formula is 

/ _ 1 \lkt(Ii 4* 1 2 ) _ /Oci 

^" 2 ;^ Kh 

For a three-disk arrangement (Fig. 30-39), there arc two values of fn * w/23r, with 
w® being found from the quadratic: 
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srSTSMS OF SEVERAL DEGRSm OF FREEDOM m 

Yot more than thr^ diska, the tabular method of iteraticm can be used as in Tal^ 90-2, 
with W/g replaced by moments of inertia I and spring constants k by torsional ooa>* 
Btants ki. Such tables are known as "Holser tables/’ 

Installations of internal-combustion or diesel engines, or reciprocating steam 
eng^es, are especially subject to trouble from torsional vibration because of thof)nilsa- 
tions inherent in using cylinder pressures to create turning moments. Large vibra¬ 
tions can build up when the operating speed coincides with a natural frequency. Also, 
smee the torque is not a pure sine wave, it has harmonic components of two, three, etc,, 
times the fundamental frequency. Thus, vibrations can occur not only when mnnin g 
at the natural frequency (often called the “critical speed“) but at many fractions of 
this speed. For a steam engine, “2-cycle’' engine, or compressor, there is 1 cycle of 
torque per revolution; for 4-cycle gasoline engines, the cycle of torque requires two 
revolutions. 

If there are several cylinders, the combined effect of all the torques must be con¬ 
sidered. For some harmonic orders, the torques may cancel provided r unning 
conditions are the same in all cylinders. However, there will always be some orders 
where the effect on vibration is cumulative. Consider, for example, a &-cylinder 
4-cycle engine installation in which one natural frequency for torsion^ vibration is 
2,100 cycles per min. For each cylinder, the torque cycle requires two revolutions. 
The sixth harmonic will then have 6 cycles in two revolutions or 3 cycles in one 
revolution. This is therefore known as the “third-order” component. The third- 
order components of all the cylinders in the above engine will be in unison, regardless 
of firing order, because there are also three firings per revolution. Hence, heavy 
torsional vibration is likely to occur mth the engine running at 2,100/3 — 700 rpm 
since the third-order torques will give a disturbing frequency of 2,100 cycles per min 
at this speed. Vibration is also likely at speeds which are multiples of 700 rpm. 

The main objection to torsional vibration Is, of course, the likelihood of breaking 
crankshafts or other components owing to high fatigue stresses. If there are gears 
in the drive, the “chattering” caused by torsional vibration can be very destructive. 
Many breakdow^ns caused by such vibrations have occurred in the past. 

Textbooks on vibration^-* give extended consideration to this problem. Methods 
of reducing a multicylinder engine to an idealized system of shafts and disks are 
discussed, and examples of natural-frequency calculations are shown. Fairly accurate 
methods are available for analyzing the torque into its harmonic components, estimat¬ 
ing the amount of damping (from clastic hysteresis, propeller action, etc.), and thus 
computing the maximum amplitude of torsional vibration which will occur at a given 
critical speed. 

In most cases, the inherent damping in the system is too small to prevent dangerous 
fatigue stresses from being built up by vibration at one or more of the critical speeds. 
If the engine is required to operate o^y over a restricted range of speeds or at a con¬ 
stant speed, it is possible to adjust the elastic and mass relations so that no important 
critical speed falls within the operating range. On existing installations, it may be 
possible to rearrange the severity of several of the cntical speeds by changing the 
firing order of the engine. However, if the engine must operate over a wide speed 
range, the only effective method of controlling vibration amplitudes is by the use of 
some sort of damper. Many devices have been tried for this purpose. One of the 
oldest is the “Lanchester damper,” consisting of tw'O flywheels mounted on the engine 
shaft and coupled to it only through friction on spring-loaded pads. When the engine 
runs smoothly, the disks run with it. If a vibration occurs, superposed on regular 
running, the disks tend to maintain constant speed owdng to their inertia. The rela¬ 
tive motion absorbs energy by a rubbing action, thus reducing the amplitude of vibra¬ 
tion. While the device is effective when properiy designed and adjusted, it has the 
weakness that the friction must be held within fairly narrow limits. If the dinks 
are too loose or too tight, little damping can be secured. Thus an adiustment and 
mamtenance..problezn exists. The classic example of this was a near disaster to the 
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Zepip^: 0 a one attempted oe^atuc flight, mast of the airship’s eogioea 
suffered broken ciatikshafts because an uninformed metibaiuc had excessively tightened 
the vibraiioti dampers* 

As ^pention^d m the section on the dynamic vibration absorber, a '‘torsional pen* 
duhim.’^ or floating counterweight ean be designed to eliminate vibration due to a 
specifled torque harmonic at any speed of the engine. This has be^ extensively 
spfdied io aircraft engines.> 

In the automobile industry, dampers using rubber in shear betwe^ a pair id disks 
and the crankshaft are very popular. The rubber supplies both spring and damping 
action. Again, proper design and adjustment are essential for correct functioning of 
such a damper. 

VIBRATIONS OF BODIES WITH DISTRIBUTED MASS AND ELASTICITY 

Previously, systems with concentrated masses and weightless springs have been 
the only types considered. A system with distributed mass can be approximated by 
dividing it into a number of parts, lumping tiie mass and spring factors, and treating 
it as a problem in several degrees of freedom. However, by means of partial differ¬ 
ential equations, the completely distributed case can be solved for many cases where 
the geometrie form is sufflciently simple. 




Fig. 3(M0. Longitudinal vibration of uniform bar with fixed ends. 


Longitudinal Vibrations in Bars, Coil Springs, and Gas or Liquid Columns. As 
an example of longitudinal vibrations, consider longitudinal vibrations in a uniform 
elastic bar. The solution, when obtained, can be applied immediately to axial vibra¬ 
tions in coil springs. 

Figure 30-40 shows a uniform elastic bar with fixed ends and coordinates. 
L = length, A ^ cross-sectional area, E — modulus of elasticity, w — density of 
material, x = distance from one end to any point. Let u = displacement of the 
cross section at x from its position of static equilibrium. During a vibration, each 
cross section of the bar moves through a certain amplitude, which varies along the 
length of the bar* Thus 1 / is a function of both x and time t. 

If such a bar is subjected to an axial pull P, the elongation is obtained from the 
formula 5 = PL/AE. Thus, P = AEhfh, hjL is the unit straiu (inches per inch); 
in terms of u, ^/L — Ou/Qx. (If u = constant, all sections of the bar move the same 
distance, and there is no strain.) Thus the elastic force P in the bar equals AEdu/Bx. 
Figure ^406 shows the forces acting on an element of the bar of length dx. The 
eloetic force to the left is AEdu/Bx. The force to the right is AE{{Bu/Bx) + 
dx], reflecting the change in u with x. Applying the principle that force equals mass 
tim6s acceleration gives 


Rmuovitig oommon factors, 


BHl 

AE—.dx 

dx* 


Bhi 

dx* 


wA dx d*u 
g dt^ 
w dhi 
Eg d«* 


(87) 


Partial differential equations of this sort are solved by assuming that u is a product of 
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two fiiijietionft, cm eoxitaiHing x otdy aim! tfee gather let 

u « {/ sin w/ 

where CT is a functicm of x. Substituting in liq. (87) and eanceliug the ecnni^a 
factor sin tatf 

(d^U/dx*) + (uft^'/Eg)U « 0 CS8) 

Letting Q « wta^/^Qf the Bolution of this ordinary differential equation is known to 
be [see Eqs, (1) and (2)] 

V - Cl cos 12a; 4- ^2 Bin i2a; 

where Ci and Ca are constants which must be adjusted to fit the end conditions of the 
bar. In Fig. 3()-40, it is necessary to ha\e f' =? 0 when a; *= 0 and when x ** L, 
The first condition makes Ci = 0. For the second, C 2 * 0 would give 17 « 0, a 
nonvibrating state of the bar. The alternative is to take sin ilL = 0. This gjves 
J2L * T, 2 t, Sir, etc., from which the unknown frequency factor w can be found. 
Thus, the natural frequencies for longitudinal vibration of the bar are 

where, = 1 , 2,3 . (90) 

Figure 30-40c show's the mode or amount of vibration at points alcmg the length 
of the bar. Since U « O 2 sin sirxm the constant C 2 gives the maximum vibrational 
amplitude (which is determined when the vibration is started). For the funda¬ 
mental mode, U is given by half of a sine wave. At the second frequency, U is 
a full sine, wave; hence there is a node at the center of the bar, and the two onds 
always have displacements in opposite directions. 

As an example, when Eq. (90) is applied to the case of a steel bar 6 in. long, 
E - SO X 10* psi, g * 386 in. per sec per sec, ic =* 0 284 lb per cu in,, giving/ = 16,800 
cps for the fvmdampiital frequency. This is about six octaves above middle C on the 
musical scale. 

The practical applications of Eq. (90) occur most often in two cases: the '‘organ 
pipe," where the natural frequency of a column of gas or liquid is desired, and the 
roil spring. For a gas, the modulus of elasticity may be determined from the gas 
laws. If the »»rosB section A of the pipe is constant, the unit strain 

dx/L = A dxfAL = dv/v 

where v is the volume. For a small change dp in the pressure, the modulus of elas¬ 
ticity or "spring constant" may be foimd from 

E = change in stress/change in strain — —0 dp/dv 

The minus sign is used to make the modulus a positive quantity, since dp and dv will 
always have opposite signs. Since the alternations of pressure m the organ pipe occur 
very rapidly, the process will be adiabatic rather than isothermal. Using jw'* con¬ 
stant, E ^ -‘V dp/dv = pn. For air at atmospheric pressure, n = 1.4 and p «« 14.7 
pa, giving E = 20.6 psi. 

For the coil spring, let d **= wire diameter, D *= mean coil diameter, 0 ** shear 
modulus, N « number of active turns, w — density of wire material, lb per cu in. 

Spring constant k of the coil spring = load/deflection Gd*/SND* (91) 
I.<et W * weight of active turns of the spring. Then (approximately) 

W = iird^/^)(irDN){w) 

Equation (90) must be put in terms of k and W for the uniform bar. Since 
k “ AE/h for the straight bar and W =« w>AL, Eq. (90) can be written as 
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Introdurai^ h «tid W tot the tsoil apnog gives 


' V 

(i8 the natural frequencies for a coil spring fuced at both ends. The frequency is 
independent of any initial load (compression or tension) which may exist in the spring. 
As most springs are made of steel, let G = 11.5 X 10" psi, g =* 386 in. per sec per sec, 
w » 0.284 lb per cu in. The lowest natural frequency of a steel coil spring is thus 
found to be 

fi * 14,lO0d/ArD" cps (94) 

When springs are used in high-speed machinery, malfunctioning may occur due 
to ^‘surges,” or axial vibrations at the natural frequency of the spring. If the spring 
is used to maintain pressure on a cam follower, as in poppet valves for internal-com¬ 
bustion engines, the cam lift curve is ordinarily not simple harmonic. It will therefore 
contain harmonics at multiples of the fundamental cam frequency. In such a case 
it is considered good practice to have the natural frequency of the spring from 15 to 
20 times the maximum operating frequency of the cam. This may require working 
the spring material at the maximum shearing stress allowable under the given working 
conditions, as can be readily shown. The maximum shearing stress in the spring is 

W = (&P/)/7rd»)C (95) 

where C is the '‘Wahl factor,” or stress-eoncentration factor. For well-designed 
springs, C does not vary greatly. The spring rate of the spring is given by Eq. (91). 
In moat applications, the values of k and the maximum load P will be set by the duty 
which the spring must perform. Using Eq. (91) to rewrite Eq. (95) gives 


PCG d 

irk ND^ 


(96) 


Equation (94) shows that to raise the natural frequency of a steel spring requires an 
increase in the quantity d/ND^. If P and k are held at constant values, it follows 
from Eq. (96) that the maximum stress will go up in the same proportion as the natural 
frequency. 

Many other cases of free vibration of clastic bodies have been solved. Results 
for the commonly encountered shapes are tabulated at the end of this section (pages 
1831 to 1835). 

General Methods for Difficult Problems. Mathematicians have solved many 
cases in addition to those recorded above, such as movement of rigid bodies suspended 
in various vrays, vibrations in elastic spheres, cylinders, plates, disks, shells and tubes, 
and vibration of air or gases in containers of simple shapes.®**®” In general, the 
results are not presented in readily available formulas. 

Energy Method. Rayleigh’s Method. In many cases, the “energy method” is 
used. A vibration represents a continual interchange of energy between moving 
masses and elastically strained members. If friction is neglected, the kinetic energy 
at mid-position of a vibration must equal the strain (potential) energy at the end 
positions, By assuming a simple harmonic motion, calculating the two energies and 
equating them, the natural frequency can be found, 

“Rayleigh’s method” consists in extending this procedure to elastic bodies in 
general. In such a case, all parts of the body do not vibrate with the same amplitude, 
but the true shape or mode is not known in advance. Rayleigh®* developed the 
procedure of assuming some reasonable shape, calculating the energies, and in this 
way imding the natural frequency. If several shapes are tried, the one giving the 
lowest frequency is most nearly correct. This is because the true shape is the one in 
which the body is distorted with tbe least amount of strain energy. Ritz added the 
refinement of assuming the trial shape in the form of an equation with a parameter, 
then varying the parameter until a minimum natural frequency is obtained. 
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desired tti 1^e lowest aatoral frequency for lateral vibration of a rotor, ae M a 
steam turbine. Usually, the stiftn^ varies along the shaft. The latter is divided 
into a sufficient number of sections, and the weight and stiff ness factors of each seetiQai 
are computed. The total deflection at each section is then found, this being a ptoblism 
in strength of materials. If it is assumed that the shape of the lowest-frequ*C®MJy 
vibration is the same as this statical deflection curve, title frequency formula is 

^ I - 1, 2, . . . , n (97) 

Wh^ converted to cycles per minute, this is frequency called the '* critical speed.” 

Dynamically Equivalent Systems. Frequently, complicated elements can be 
reduced to simpler ones which are dynamically equivalent. In Fig. 30-1, if a coil or an 
axially loaded bar is used for the spring, its weight can be included in the calculations by 
adding one-third the spring weight to w. If the spring action is obtained by bending, 
the factor varies from about one-quarter to one-half, depending on the shape assumed 
for the vibration. In analyzing torsional vibrations, the reduction of rotating 
machinery and engines to a system of simple shafts and disks has been mentioned. 
Kemler and Freberg’’*^ give numerous examples of reduction to dynamically equivalent 
systems. When machinery contains shafts geared at different speeds, an equivalent 
system all on one shaft can be set up. 

MORE COMPLICATED CASES OF SEVERAL DECREES OF FREEDOM 

There are many practical problems of vibration in systems of several degrees of 
freedom in which the foregoing simplified methods of analysis cannot be applied. 
The following list is representative of this class: 

1 . Higher frequency vibrations of a uonuniform beam, as in ship hulls, steam 
turbine rotors, etc. 

2. Combined bending and torsional vibrations in airplane propellers, wings, 
fuselages, etc. 

3. Two- or three-dimensional vibrations of an automobile structure, with sprung 
and unsprung weights and ])asscngers on spring seats 

Powerful inathcTiiatical methods have been developed and solutions obtained for 
typical problems of the above types. The treatmimts are too lengthy to reproduce 
here, but References 1, 2, and 23 to 26 listed on pages 1836 and 1837 give the best 
available procedures. In some cases, punched-card computing machines can be used. 

As an example of an unsolved problem, the two- or three-dimensional motions of 
a chain or cable suspended at two points may l)e mentioned.®^’®* 

SELF-INDUCED VIBRATIONS 

Forced vibrations previously discussed have been caused by rotating or reciproevat- 
ing unbalance, magnetic action, etc. If such a system is clamped, it still experiences 
sinusoidal disturbing forces. However, there are many vibrating systems in which., 
deliberately or accidentally, the forces dri\dng the motion are caused to fluctuate by 
the motion itself. When the motion stops, there is no independent periodic tece. 
Such cases are called self-induced vibrations. There are many familiar examples; 

1. The bowing of a violin string, the "chattering’^ of brakes and cutting tools, and 
the screech of dry rubbing surfaces are cases of vibration due to friction. In each 
case, a driving member is caused to move at fairly uniform speed over the vibrating 
element with dry friction between the two, Such a friction force has the characteris¬ 
tic that it varies inversely with the rubbing speed. When the two elements move in 
the same direction, the relative rubbing speed is less, and a large force exists to help 
the motion. When the vibrating element reverses, the relative velocity' is greater; 
and while friction now opposes the motion, its magnitude is less. Thus, over a com¬ 
plete cycle there is a net input of energy to the vibrating system, and the moti<m 
maintains itself. In preventing such noises, lubrication is effective because liquid 
friction has an opposite characteristic; it varies directly with velocity. 
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% WBri^g dr dipping ol ft ififtg ftud iLumimag ncMsd of tetophone ^irea 
to nHud ftre duo to formfttioii oi eddies in the stream of air. l^ese are dis¬ 
charged alternately from the two sides of the ohject, giving an alternating force 
whi^h maintains the vibration. Such motions are occasionally serious,* as in 
the ‘^Huttering” of airplane wings and tails, or the collapse of the Tacoma Narrows 
Bndge^ 

3. The flow of liquids or gases through spring-loaded valves will nearly always 
cause vibrations of the valve member to occur. Figure 30-41 shows air being forced 
at a uniform rate into a closed chamber, the only outlet being partially closed by a 
reed at B. Assume the reed is vibrating, causmg a variation in the size of the opening 
through which air escapes. When the reed is passing through center in an outward 

or opening direction, the pressure in the chamber is higher than 
^ average, as the outlet has recently been restricted. When the 

I . . reed returns inward, the pressure is lower as the opening has been 

I j “ larger. Thus, the total effect Is to fbaintain the vibration of the 

in reed. In order to suppress the vibration, it is necessary to apply 

' n ri some sort of damping resistance to motion of the reed. 

Fig. 30-41. Vi- Vibration can also occur with air flowing in the opposite 
faratxon of musical direction. In this case, air flowing under the reed causes a suc- 

reed or spring- tion by BemonlU's pTiiiciple. This draws” the reed down and 

loaded valve. closes the passage. The pressures on the two sides of the reed 

then equalize; the reed moves upward, and the cycle repeats. 

The |ame effect can be created by a loose obstruction. The stream carries the 
object into a position in wdiich it ruts off the flow. Under static conditions, pressures 
equalize, and the ohstnirtioii falls away, permitting the cycle to repeat. Noisy 
vibrations of this sort often occur in faucets wuth loose washers. 

4. Automatic control systems on temperature, speed of rotation, etc., frequently 
^^hunt" or fluctuate about the desired control point rather than settling to a steady 
value. This is because there is a time lag between the controller and the quantity 
controlled, leading to overshooting and overcorrection. Performance can be improved 
by decreasing the time lags and by introducing damping at the proper point of the 
system. 

All the above matters are more thoroughly treated by y ® 

Den Hartog.‘ 

NONLINEAR SYSTEMS 

Frequently, vibration problems involve a spring whose 
force cannot be adequately represented by k times the ^M 

displacement. A: may be a fun ction of time, as in torsional j |F 

vibrations of the connecting-rod drive systems of loco- E 

motives; or the spring may become relatively softer or w Fraauenev 
harder with deflection. Forced vibration of systems of ^ ^ . 

the latter type can best be analyzed by the methods of 3042. ForcBd-vibra- 

Iiauscher.3* Figure 30-42 shows a resonance curve for a char act eristics of ays- 

sorstoni with a "hard ■' spring. Free vibrations are pven " 

by the curve Ai>; frequency will increase with amplitude 

because of increasing stiffness in the spring. Forced vibrations under increasing speed 
will follow the curve CO to D. For further increase in speed, the amplitude drops 
suddenly to fc’, and the system becomes relatively quiet. Under decreasing speed, the 
amplitude follows EF, then sudderdy jumps to (?, then moves down to C. It never 
becomes as large as the peak values for increasing speed. 

For mathematical treatments of the time-variable and nonlinear systems, the 
general books of Timoshenko and Den Hartog*-* should be consulted. 

NOMENCLATURE 

Noth:: In vibration work, lengths are ueuaHy in inches, weights and forces in pounds* 
and time in sectmds. Mass » weight/g poundB/386, since o « 386 in. per sec per sec 
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Fig. 3042, Forced-vibra¬ 
tion characteristics of sys¬ 
tem in which spring raid 
inereasBR with deflection. 






4 croasHsec^kmal sx^a of a bay qe surface area of a 
a, & dimeasions of raotaairular ihembrane or plate 
c ^ damping tjonstapt for oa/ve locity * Ib-eec/in. 

a »» critic^ damping •« 2 y/kwlg ^ 2(W/g)un 
db « decibels Imeaaurement of sound intensity) 

S » deflection of elastic element 
£«i SK statical deflection ^ W/k 

D » plate constant * ^AV[12(1 - p»)] = 2.75 X 30»ft® for steel 
B » modulus of elasticity in tension or compression. Foi a gas, E * pn, wbere 
p = pressure, and n is the adiabatic exponcDl iripu” =» const. E «* 20.0 lb/sq 
in. for atmospheric air 
/ « frequency, epa 

/n ^ natural frequency of a vibrating system, cps 
fi B lowest natural frequency 

Fd ^ maximum dynamic force transmitted to foundation by vibrating system 
g ^ accel^ation of gravity = 386 in./sec/sec 
G '»= modulus of elasticity in shear 
k = thickness of a plate, in. 
k = spring rate, Ib/in. of deflection 
kt torsional spring rate = m.-lb/radian 
L = length of bar or string 
N * revolutions per minute of a rotor 

Po = maximum value of disturbing or shaking force on a machine 
r radius of a circle or mean radius of a ring 
f = radius from swing point to center of gravity of a ppuiiulum 
a — 1, 2, 3, etc. == successive modes of vibration 
TR == transinissibility ratio of a suspension — force on foiindation/force on machine 
= Fo/Po 
t =s time, sec 

T « period of a vibration, sec, or tension in a cord, lb 

Ti =* tension, Ib/lin in. around the boundary of a membrane_ 

V »= velocity — dx/dt; velocity of sound in a material ~ Eg/w 
W *s weight, lb 

w =• density of a material, Ib/cu in. = 0.284 for steel 
wi = weight of string or bar, Ib/lin, in. 

Wn » unit weight of a membrane or plate, Ib/sq in. 

X = displacement of a vibration; velocity = dx/dt and acceleration = d^/di^ 
fi = Poissi^ii's ratio = 0 .3 for steel 
Of = an gular v elocity, radians/sec; ta =- 2iriV/60 
CD,, = \^ka/W 

NATURAL FREQUENCIES OF ELASTIC BODIES 
(Natural frequencies of assembled systems are given in the preceding tf’xt.) 
Stretched Strings. 

Stnng of length L, tension T\ 

fn *= (s/2L) \/Tg/ivi where s = 1, 2, 3, . . . (98) 

Chain or Cord Suspended by One End. 

XTuiform chain or flexible rorU of length L, suspended by one end, 
hanging vertically (Fig 30-431: 

y =C/,(*) /„ - {z,l4i,)V^ 2 = s. (‘J9) 

is Beasera function of order zero, and represents the 
successive roots of Jc(^) = The first four values of z, are 

2.4048, 5.5201, 8.6537, and 11.7915. For higher modes, z, ap- 
pioHches Tr(s - 0,25). 

Longitudinal Vibrations in Uniform Bars or Gas Columns of Lsngtii L. ]^ds 
both fixed or both free: 

B {s/2L) y/EgJw where s « 1, 2, 3 , , , 
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Free vibration of 
chain or cord 
suspended by 
one end. 


( 100 ) 





. VIBSATION 


One end one free: 

/n * (»/4L) \/ Eg/w where * *= 1, 3, 5, , . . (101) 

One end fixed, other end attached to concentrated weight W 2 . If weight of bar 
wAL < W2f 

“ 2r ^L[W 2 + [wAim 

If wAL > W 2 ^ use _ 

/n - (i8/2irL) V Eg/w 

where $ ia & root of tan (9 = wAL/Wi (see following table from Reference 1). 


•ibAL 

'wT . 

0.01 

0,10 


0.50 

l.Q 

•^2.0 

5.0 

10.0 


3 . 


0.32 

□ ..’52 

0 ns 

Q.8Q 

1 08 

1.32 

1.42 

ir/2 *■ 1.57 


(102a) 

(102b) 


Torsional Vibration of Uniform Bars. 

Torsional vibration of uniform bars of circular cross section and length L. (103) 
Replace E by G in cases (100) to (101). 

Lateral Vibration of Uniform Bars of Length L: 

= (<.V2ir/-*) VJilg/wi 
Both ends simply supported (hinged-hinged): 


^2 ^ = 9.87, 39.48, 88.83, 157.9, 246.7, . . . 


(104) 


Both ends free; bar lying on frictionless surface or supported at nodal points, 
cos IX cosh fx = 1: 

cx« = 22.37, 61.67, 120.91, 199.8, 298.6, . . . (105) 

If bar is floated in liquid, as a ship hull, some allowance should be made for w'eight 
of water moved by the vibration. 

Both ends built in (fixed-fixed). Same results as Eq. (105). 

Cantilever (fixed-free), cos a cosh a = — 1: 


/i - 


cx> - 3.516, 22.03, 61.70, 120.9, 199.8, 298.6, 
One end fixed, other end hinged, tan a = taiih a: 

= 15.42, 49.97, 104.24, 178.3, 272.0, . . 
One end hinged, other end free. Same results as Eq. (108) 

Wedge (Fig. 30-44) 

Lateral, in plane of paper: 

0.2442d 


(106) 

(107) 


(108) 

(109) 






= 49,300 ^ 
' w ’ L* 


for steel (110) 


Perpendicular to plane of paper: 


0.3266f 





i,950 ~ for steel 


( 111 ) 


Fig. 30-44. Vibrations of 
wedge (large end fixed). 


Lateral vibration of conical bar, length L, base diameter d, built in at base: 




0.3469d 



70,000 




for steel 


( 112 ) 
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Circular Rini; (Fig. 90-46) * 

Pure radial vibration: 

^--1 <H.) 

Pure toraioiiaJ vibration: 

, 1 Egh 22,700 ... 

= 2^ \“ j j = —~— for steel, circular cross section (114) 

Flexural vibrations in plane of ring: 4 A 

<™ h Q) ' 

where s = 2, 3, 4, . . . 

Flexural vibrations perpendicular to plane of ring: i 


J . - 1 )^ 

^ 27rr2 ^ wA «* + 1 + M 


Lr J 

n = Poisson’s ratio, and s = 2, 3, 4, . . . r t 

Free-free rut rmgs.»“ (117) 30-45. CireuUr 

Membranes ”“*■ 

Circular membrane. Iiet d = number of nodal diameters and c « number of 
nodal circles, including boundary. 

/« - (Fdc/r) Vg2\fwa (118) 

>\licrc values of Fdr appear in Table 30-3. 

Table 30-3. Values of Fje 



Hcctangular membrane: 


1 \IeIi(!!!l . 

2 ^ Wa Va* 


I n — 1, 2, 3, . . 


Difttensiang 
a X a 
I 6a X a 
2a X a 
3o X a 
■0 X a 
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' Membraaw other shapes; 


J\ - H y/jTJwJi (120) 

M 

Circle... 0.B783 

Bemicircle. 0.7644 

Quadrant of circle. 0.7243 

60-deB sector of circle... 0.7346 

Square.... 0.7071 

Bectanide 3 X 2. 0,7350 

Rectangle 2 XI. 0 7905 

Rectangle 3 X 1... 0.0129 

Equilateral triangle..... 0.7596 

leoBoelra right trianglB....... D 79D6 


Plates 

Rectangular plate, simply supported edges: 
w (y n^\ - IgD 

^ 2 \ o* "*■ / ^wh m =■ 1, 2, 3.- 1, 2, 3, . . . (121) 

Square plate, free edges: 

- {FM where F = 2.244, 3.272, 3.805, . . . (122) 

Circular plate, damped houudary, in vanio; 
c « number of nodal circles, including boundary 
d = number of nodal diameters 

/« = iFh') y/gi'>/y>h (123) 


Values yf F 



d »» 0 

d « 1 

i - 2 

1 

1 625 

3.377 

5.545 

2 

0.331 



3 

14.15 




In case plate is vibrating in a liquid of density wl^ the first frequency becomes 

^ “ 0-6689 (lii/u)) (a/h) 

For a circular plate with free edges, PJq. (123) may be used. The values of (124) 
are shoAvn in the following table: 


e 

d « 0 

d = 1 , 

d = 2 

rf = 3 

0 



0 836 

1 946 

1 

1 4446 

3 266 

5 609 

8.421 

^ 1 

B. 131 

fl-527 




For a circular plate, fi>:ed at center, Kq. fl23) may again bo used. The (125) 
.lues of F are shown in the following table: 


c 

1 

rf = 0 

d = 1 

d * 2 

d * 3 

0 

0 597 

0 

0 836 

1.946 

1 

3.328 

3.206 

5.600 

S.421 

2 

9 658 

y.627 



3 

1.9.06 





1834 



















SPRING COmfANTS [Sdc?, m 

At anipUtudes af vibration, ^roqucnMes ini^rcaae idiKbily because of stretching 
in the middle plane of the plate. 

Turbine Disks. 



Fio, 30-40. Till bine disk. 

Turbine disks, fixed at center (Fig. 30-16): 

fn = VjvTJ? \ 

/i“ = (Fi/r^^igD/wh) due to clastic fon*. . I (126) 

= AA’=®/10,000 due to rotatioTi j 




h\ 




K 


e 

d ^ 0 

tl - 1 

rf - 2 

d = 3 

d - 0 

1 

d » 2 

d i- 3 

0 

0 357 

n 

0 734 

3 95 

0 

2 78 

R 53 

11 25 

1 

11 00 

lu m 

30 C5 

71 1)1 

t) 17 

18 53 

24 HG 

34.17 


SPRING CONSTANTS 

Linear Spring Constants. Fonnuins for linear spring eonstants, pounds per iiu*h 
deflection, and eijuivalent masses are listed in the following material. 

Any linear spring: 

k = load, lb/deflection, in. (127) 

Springs in parallel: 

A. = SA* (128) 

Two springs in series: 

h * hk,/[k, 4 - k,) (129) 

Uniform bar axially loaded. Area A, length L: 

k = AE/L (130) 

Add one-third weight of bar at earh eml. 

Coil spring, axial deflection. Wire diameter c/, mean coil diameter Dc, n aidive 
turns: 

k = d*G/SnDr* (131) 


Add one-third weight of spring at each end. 

Air under piston in cylinder. Jjengtli L, area A, pressure p: 


Cantilever beam: 


k = 1.4Ap/L' 
k - 3FA/L' 


Add 23 per cent of beam weight at free end. 
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Beam loaded at center. Simple aupports (hinged-hinged). 

k « 48JS//L> (134) 

Add 48 per cent of beam weight at center. 

Beam with built-in ende^ loaded at ucuter: 

k = mEI/L^ (135) 

Add 37 per cent of beam weight at center. 

Simply supported beam of length loaded at distance a from one end, b from other 
end: 

A; = 3Li?//a*b“ (135) 

Torsional Spring Constants. Formulas for torsional spring constants (inch-pounds 
per radian) and equivalent moments of inertia are given below'. 

Any torsional springs 

kt = moment, in.-lb/angle of rotation, radians (137) 

Coil spring in torsion. Wire diameter d, mean coil diameter Dc, n active turns: 

ki = Ud^fUnD. (138) 

Uniform circular solid shaft. Length L, diameter d\ 

kt = 7rUdV32L (139) 

Add one-third moment of inertia of shaft at each end. 

Hollow circular shaft. liength L, diameters di and dzi 

kt - irOidz* - di^)/32L (140) 

Add one-third moment of inertia of shaft at each end. 
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NOMENCLATURE 

C « coefficient of viscous damping = damaging forcc/volocity, Ib-sec/in. 

Cc * coefficient of critical damping = 2 y/kW/g 

» damping factor - (c/2) \/ g/kW 

e = crank radius ^ 

fu « natural frequency of spring support = 188 cycles pur min 

fu =* disturbing frequency 
F “ magnitude of shaking force {¥ sin uii) 

Ft =* force transmitted 
Fn force transmitted at resonance 
g = acceleration of gravity = 32.2 ft/sec* 
k * spring constant W/h^i lb per in. 

T =* frequency ratio /nZ/iv 
t = time 

T * period == 1// 

Tn * period of damped free vibration with periodic damping 
Tji = natural period 
W « weight, lb 

w « weight of reciprocating part 
X = displacement from neutral position during vibration 

a:,# = F/k spring deflection due to static action of the magnitude F of the shaking 
force F sin wt 

Xnaf = spring deflection due to static action of the shaking force at resonance 
X =a amplitude of forced vibration undamped 
Xd = amplitude of forced vibration damped 
Jjv =* resonant amplitude of forced vibration F/ewt, 
bgi » static deflection W/k, in. 
u = angular frequency 
ojjv = natural angular frequency - 2Trffi 
un natural angular frequency damped 

VIBRATION CONTROL 

General Theory. Vibration problems occur in every field of engineering and in 
practically every type of plant or industry. While the presence of vibration is usually 
perceptible to the human senses, its source is not always easily determined. General 





vibfatioa diflturbiiaoeB may be created by tlm^operaticm meti^limery a 
in wbieh cose tbe treatment of the problem might be claased am pejEatbre 
er the vibratioii may be tranamitted to a plant from outeidB Boureesi in. "^hieh base 
the treatment of the problem within the building might be defined ae negative 
ifiolaticm. 

Since it ia not always passible or profitable to design maGhinery which will be in 
complete balance through its entire range of operation, it can be expected that prac¬ 
tically every machine or piece of equipment containing moving parts will create 
vibration. Whether or not the vibration will be of sufiicient intensity to become a 
hazard to the building structure, to personnel and adjacent equipment, or to neighbor* 
ing localities can be determined only through thorough conjsidBTation of all aspects of 
the proposed installation. 

^me of the benefits which may be derived from the control of vibration are listed 
and briefly described below. 

1. Reduction of Vibration Transmission, By correct application of vibration^ 
engineering principles and vibration control, a machine, which might ordinarily cause 
considerable transmission of unbalanced forces if mounted solidly, may in many 
cases be operated with such a reduction in transmitted force that its vibration cannot 
be detected by sensitive vibration instruments. 

2. Increased Efficiency and Lengthened Life of Machine, Practical experiments 
have indicated that a valuable portion of the energy lost in transmitting vibration to 
a rigid supporting structure may be saved through the use of resilient moimringa which 
periodically store rather than dissipate energy. The application of rerilient supports 
also reduces the internal stresses within the structure of the machine by allowing 
freedom of motion resulting in increased machine life. 

3. Reduced Construction and Installation Cost. If a vibrating machine is rigidly 
bolted to a foundation, the unbalanced forces causing the vibration will be transmitted 
to the foundation uiidimiiiishBrl, and excessive stresses may be set up in the machine. 
Through the correct ej)plication of vibration control, the transmission of forces to the 
foundation and the creation of stresses w’ithin the machine can be greatly reduced. 
A considerable shying in construction and installation cost may, therefore, be realized 
through the emplo^mient of smaller foundations and lighter supporting structures. 
An additional saving is also realized through reduced maintenance of the equipment 
resulting from ihe relief of stresses within the vibrating machine. 

4. Improved Working Conditions. Excessive vibration and the noise which gener¬ 
ally accompanies it have a very decided influence on the nervous system and con¬ 
tribute materially to mental and physical fatigue. Such a condition may become 
detrimental to the health and efficiency of the personnel. The cost of vibration control 
will generally be recovered in a short time with an actual increase in ]>ersonn^ effi¬ 
ciency thereafter. 

The correction of a vibration problem after an installation has been completed is 
not always simple or economical, and therefore, adequate consideration prior to the 
installation of machinery or other equipment in motion can often result in considerable 
saving in time and expenses. A basic knowledge of the theory of vibration and its 
control permits the plant engineer to predetermine the vibration-control requirements, 
if any, of a proposed installation and is helpful aLso in dealing with vibration problems 
already in existence. 

Control of mechanical vibration is a specialized branch of engineering, and many 
texts and papers have been written on the subject, A bibliography of such material 
will be found at the end of this section. A brief explanation of the theoiy and applica¬ 
tion of the principles of vibration control is given in the following pages. 

Definition of Vibration Terminology in Common Use. Vibration is a periodic 
motion in alternately opposite directions from the position of equilibrium of a machine, 
machine element, or other mass. 

Periodic 'motion is a motion which repeats itself in all its charaeterlstics at d^fluite 
intervals of lime or periods of vibration. 



vibration mow siimvim 

#r6e vibirmiion U tlM» harmonli; znoii<m of a body olsstioally ouppaHed after being 
dkfdaoed £i?o^ ite position of rest and released. 

V^rced m^nnEion is the periodic vibratkm of an elastically supported system being 
acted upon, hy ajo. ext^nal periodic force. 

Steady state is a continuous repetition of a vibration cycle after an elastic system 
has been acted upon by a system of forces for sufficient length of time. 

Tramimt state is the change in the vibratory motion of the system due to the 
application of changing external forces. 

Matwal frequency is the number of vibrations or cycles per unit of time that a freely 
vibrating body will undergo. 

parted frequency or duiurhing frequency is the number of vibrations or cycles per 
unit of time which a body undergoes owing to the external forces acting upon it. 

Frequency ratio is the ratio of forced frequency to natural frequency. 

Resoruince is the state reached when an elastically supported system is acted upon 
by an external force having the same frequency as the riatural frequency of the System, 
resulting in increasing amplitudes of the system and increasing forces transmitted by 
Uie system. 

Beats. When two vibrations of slightly different frequencies act upon a common 
system, the vibrations will at times add, increasing the amplitude of vibrations, and 
at other times cancel each other, reducing the amplitude of vibrations, and these 
increases and decreases in amplitude result in periodic heaths. 

Critical speed is a speed at which the disturbiiig frequency equals or is close to the 
natural frequency of the part or system, resulting in a resonant condition. 

Amplitude is the maximum distance or displacement of a vibrating body from a 
neutral or mean position. 

Damping is the introduction of friction into a vibrating system. 

Isalaiion efficiency is the percentage of reduction of a disturbing force transmitted 
to a supporting structure. 

Static condilians are conditions dealing with bodies at rest. 

Dynamic conditions are conditions dealing with bodies in motion. 

Vibration Instruments. The need for vibration instninmtits in solving a vibration 
problem depends a great deal on the nature of the disturbance and the factors to be 
determined in order to make an intelligent analysis of the problem. In the case of a 
disturbance caused by what might be considered as practically a simple harmonic 
motion, such as a siugle-cyfinder vertical engine or compressor so balanced that the 
horizontal forces are very small in comparison to the vertical, conducting a vibra¬ 
tion test would not be necessary since all the principal characteristics of the machine 
are known before the installation is made. The disturbing frequency w'ill be equal to 
the constant speed of operation. The primary unbalanced force along the cylinder 
center line can easily be determined from the equation F — [W/g)ui^e 
where W — weight of reciprocating parts, lb 

g * acceleration of gravity (32.2 ft/sec*) 

<Mi = angular frequency, radians/sec 
e = one-half stroke, in. 

All the unbalanced forces and moments, both primary and secondary, for machin^y 
such as reciprocating compressors, pumps, and engines can usually be obtained 
directly from the equipment manufacturer. With this information, plus the total 
weight of the equipment, the center of gravity, and over-all dimensions, the necessary 
calculations can be made to arrive at the solution to the problem of isolating the 
machine. 

In many pieces of equipment, however, the disturbance may be caused by a com- 
binatiem of two or more simple harmonic vibrations or a combination of various types 
of vibrations, making it practically impossible to determine by calculation the oha^ia^- 
teristies of the disturbance resulting from the combination of all the various force® 
acting within the machine. In such cases the resulting cliamctcristics of the disturb¬ 
ing vibration can be obtained thmigh the use of vibration instruments. 
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Tbfe inatruitienta tttbat gen^rall^ used fe this of work tm bt l)tokeii"4iifWai 
into tl^Pfeo ^gGnfiral oategoriefl: (1) itequeacy measuring, ^2) 

(3) oeoe^ratkm bieaenu'k^. 

Ff'ogfwpticv^owoauWfiy iTistruni&nls. Tsstruznentfi used for dotonuiii^S 
freqiionoi^ in a system aro nearly aii based on the piineiple of resonance. The 
types of instnimeiits are known as tachometers and are useful for dotenuining fipen 
quen^BS below about d^OOO cycles per min. They are in two general types. One 
contams a single adjustment reed which can be easily lengthened or aborteuesd to 
correspond to the frequencies 'wdthin its range by simply turning a kndi). The Other 
type, known as the Frahms tachometer, consists of a box containing several reedS| 
each having a dightly higher natund frequency tlian the next. With either type of 
instrument, the maxiTnum amplitude of ribrating reed determines the disturbhkg 
frequency. At this point, a condition of resonance exists l)etween the disturbing fro--- 
quency and the natural frequency of the instrument. Where the frequency varies 
rapidly over a wide range, it becomes difhcult to follow the changifig frequency with 
this type of instrument. In most practical problems, however, it is sufficient to 
determine the lowest disturbing frequency in the system, and this can readily be found 
by use of the above instrument. Where it is necessary to have a complete knowledge 
of a complicated vibration wave shape, a recording instrument is used which produces 
a graphic record of the wave on a paper or film, thus permitting a detailed analysis. 
Another type of frequency-meaRiiring instrument known as the stroboscope works 
on the principle by which the frequency of a fiashing light thrown on a moving body 
is varied until it is in synchronization with the frequency of the body at which point 
the body appears to stand still. 

Vibratiori-measTiring Instruments. Vibration-measuring instniniciits are used for 
determining the amplitude of a vibration, A “seismic^' iiistruniont known as a 
vibrometer is ordinarily used for this purpose. It consists of a mass mounted on 
relatively soft springs inside a box. 

The instrument is fastened or firmly held to the vibrating machine, and the ratio 
between the relative amplitude of the machine and the suspended weight within the 
instrument is observed. When the disturbing frequency is close to the natmal fre¬ 
quency of the instrument, the relative amplitude observed will be large, and in coder 
to determine the actual amplitude of motion of the vibrating machine, it will be 
necessary firsf to determine the disturbing frequency. Where the ratio between the 
disturbing frequency and the natural frequency of the instrument is large, the relative 
amplitude will be small, and the mass of the instrument will tend to ^and still in 
space. The relative amplitude observed for high-frequency ratios, at least 2:1 or 
greater, can, for the most practical purposes, be considered equal to the actual ampli¬ 
tude of motion of the niachme. In such cases, the instruments can be used for deter¬ 
mining amplitude directly without taking into cHDiisideration the frequency. There 
are many types of amplitude meters or vibrometers intended for very rugged use 
such as might be expected in power plants, machine shops, and industry in generals 
They are easily read and are quite accurate, especially when used with high-speed 
machineiy. 

A more elaborate forin of vibrometer containing a recording mechanism is known 
MS a vibrograph. This instrument is often equipped with a timing device, and in 
operation, the relative amplitude is recorded on a moving strip of paper or film. Th^ 
^uip travels through the mstrument at a constant known speed. The strip is 
marked with a standard timing wave or timing notches for the instrument* By 
comparison between the standard timing curve and the inscribed vibration 
it is possible to determine both the frequency and amplitude of the vibrating 
machine. 

Acceleralion-meoBurinff Instruments. It was pointed out that, in the case of 
vibrometers and vibrographs, accurate direct reading of amplitude can be made only 
where the disturbing frequency is high compared with the natural frequency tA the 
instrument and that such a machine will increase in accuratcy as the speed df the 
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Of disturbing frequency increaseSi Damping is therefore not necessary 
anoe the pos^bility of resonauce does not exist. Instruments for measuring aceelera^ 
tion are deigned on the opposite side of the resonant curve. Act^rometers are 
built somewhat similar to a vibrometer with the exception that stiff rather than soft 
springs are used for suspending the mass within the instrument. The object here is 
to have the natural frequency of the instrument higher than the disturbing frequency. 
For very small frequency ratios, the acceleration can be found directly by measuring 
the indicated amplitude and multiplying it by the square of the natural frequency of 
the instrument. Hence, for an impure vibration containing higher harmonics, the 
instHiment will be subject to higher frequency than the one for which the acceleration 
is de^red. It is therefore very possible to obtain a resonant condition, w^hich, of 
course, is undesirable. Accelerometers are, therefore, generally constructed wiUi a 
high degree of damping so as to prevent resonance and reduce the effect of the higher 
harmonics. ^ 

Theory of Vibration ControL By careful study and analysis, it is often possible 
to determine the cause of vibration and reduce it at its source by means of balancing. 
It is, of course, necessary to balance the machine hoi\\ statically and dynamically in 
order to effect any appreciable amount of vibration reduction. Since it is impossible 
to balance completely any machine in operation, a certain amount of vibration is to 
be expected. The relative cost of balancing a machine to the point where the dis¬ 
turbing vibration is reduced to a tolerable amount, compared wdth the cost of isola¬ 
tion, is a determining factor in deciding the steps to be taken for correcting the problem. 
It usually develops that the cost of providing isolation is much less than the cost of 
eliminating the cause. 

Efficient isolation is in general provided for by mounting the equipment in question 
on a resilient material having a natural frequency lower than the disturbing frequency. 

The disturbing frequency is generally known and often equal to the speed of the 
machine, or it can be determined through the use of frequency-measuring instruments. 
The natural frequency of the isolating material i.s largely dependent upon the static 
deflection of the material due to the weight which it carrie,s. The curve of Fig. 31-1 
shows the relationship between static dofleislioii and natural frequency and applies to 
all materials where the damping factor is small. 

The equation of the curve of Fig. 31-1 based on an luidamped single degree of 
freedom is 

WiV = 9 iKi railiaiis/SHC 

or _ _ 

ft, = 3.14 ■\/klW = 3.11 \/l/S,( cps 
/.V = 188 \/l/5«e cycles/in ill 

If viscous damping is introducprl into the system by means of a dash pot or the 
equivalent, the equation becomes 

b>A’(dBrnpod) “ Vi - (c/a)> wjv radians/sec 
/iirCdampfid) * y/\ — (CV(’e)*/v CpS 

It Gan be seen from this curve that, for cases where it is required to provide a 
natural frequency in the isolation material of 100 cycles per min, a static deflection 
of approximately 3}^ in. is required. While it is possible to obtain this large deflection 
with various types of material such as cork or rubber, it wmuld be necessary to provide 
a considerable thickness of material for this purpose. Steel coil springs, on the other 
hand, con be designed for this deflection or even greater deflection without involving 
the use of an excessive amount of material- In general, steel-spring mountings are 
used where the required static deflection range from about to about 5 in., and for 
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special cases I ©vcti a larger deflection can be provided. Fabrieated rubber moiuitiBilfa 
are generally intended for small static deflections, usually not exceeding approxunately 
in.i although some rubber mountings are capable of providii^g as much as ^'•in. 



Pio. 31-1, Deflecticu-frctiuency relationalup for undanijjed systems. 


deflection. The static deflection, provided through the use of cork is for tlie most 
part dependent upon the thickness of material that can be practiiially and economically 
employed. This would also hold true for the case of solid rubber applied in sheets 
under a foundation or machine and for other sheet material similarly employed. 
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Tl^ vmiisX appliOAtion k for oasej^ where the etaiic defleotiou required does uot exceed 
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Disturbing Frequency Cycles per Minute 

Fio. 31-2, Vibration isolation efficieiicies for various natural and disturbing; frequencies 
in undamped systems. 

With the disturbing frequency of vibration and the natural frequency of the isola¬ 
tion material known, the expected isolation efficiency can be obtained directly from 
the curve of Fig. 31-2 or from the equation 


Efficiency, per cent = ItKI 1 “ (/n//v)* — 1 ] 


ExAMKiB; A macliiue oporatos with a disturbing frequency of 564 cycles per min, the 
vibrations being vertical and harmonic. A spring support is placed under the machine 
and undergoes a l-in deflection because of the dead weight of the machine. The natural 
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BfujspOTt Is tbet'el’orA 188 per n»in: ^rom Fiif* 31-1)% 

dumping; in thfi system ifrken operating rantitiuously at a conE^aitt speed, figd tbe lelBeieiiciy 
af isolation. 

EffieiBnoy, per cent * 100 j^l - ^y^'^yTTi] 

*1110 iatersection of tKe vertical lines of disturbing frequency with the horiaontal 
lines of static deflecticm or natural frequency of the isolation material gives the pcsr 
cent of isolation efficiency. The curve is ac^ally a representation of the ratio of the 
force transmitted to a supporting structure to that of the force created by the marine. 
The curve holds true for cases of vibration systems with little or no damping ajjd fpr 
frequency ratios above JH ■ 1- 



5FEED CONSTANT-5PRIN5 VARIES ' 

IiG. 31-3. Damping cfltect on r^ative magnification factor for various frequency ralioa. 


In all cases where vibration isolation is considered necessary, the primary function 
of the isolation system is to reduce the forces transmitted to a minimum. There are 
many cases, however, where;, in addition to reducing the forces, it is also of great 
importance for a machine to operate with a minimum amount of movement or rela^ 
tively small amplilude. This is especially true for cases such as compressors, pumps, 
engines, and similar installations where piping-system connections lead^ from 
isolated equipment are involved. Continuous vibrations of large amplitude would, 
of course, be detrimental to the piping system and would result in repeated piping 
failures. Accordingly, flexible connections should be employed iii the pi^ Unes 
whenever possible. Through the u.se of proper isolation and sufficient inertia mass 
the amplitude of the system can be made small and the possibility of piping failures 
greatly reduced. 

Constant-speed Machines. The curves of Fig. 31-3 will illustrate the effect of 
damping on the relative amplitude of vibration for an isolated system where the 
operating speed of the machine remains constant while the natural frequency of 
the spring is varied. The heavy line of the curve represents a system in which 
there is no damping (O/Cc — 0) and is derived from the equa^n for relative 
amplitude: 

X 1 


- 1 
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This uadamped curve is seen to start out at a point \rhere the frequency ratio 
equals zero and the amplitude of the system is ociual to the spring deflection due to 
the static action of the shaking force. As the frequency ratio approaches onCj the 
relative amplitude climbs rapidly until a point is reached where the disturbing fre¬ 
quency is equal to the natural frequency of the system, an^resonance occurs. If the 
system were allowed to operate at this point, the resilient support would compreas 
solid or extend beyond its capacity, and the system would soon break down. As tbe 
frequency ratio increases above one, the curve is seen to drop rapidly until, at a point 
where the ratio is equal to V^2, the relative amplitude again becomes equal to unity. 
Purther increase of the frequency ratio causes a gradual decline and reduction in the 
relative amplitude, approaching zero as Ihe frequency approaches infinity. The 
relative amplitude obtained at a frequency ratio of 2:1 and higher is generally con¬ 
sidered satMactory for most types of industrial and power-plant equipment. 

The effect of viscous damping on the system is illustrated by the curves falling 
under the undamped curve. It can be seen that increasing the damping factor results 
in a decrease in the relative amplitude for small frequejiry ratios and is especially 
effective at or near the point of resonance. As the frequency ratio increases above 
resonance, however, the effect of damping in the reduction of relative amplitude is 
greatly diminished, and at frequency ratios of 2:1 and above, the damping curves 
are very close to the undamped curve, indicating that damping beyond this point is 
practically ineffective in reducing relative amplitude. 

The amplitude of the damped system is given liy the equation 


« Vm/M‘ - ll* + 4(C/CV)»(//,//Ar)» 


The curves of Fig. 31-4 are based on the same couditions as those of Fig. 31-3, 
except that here the relationship is between freqiienc}'^ ratio and the ratio of the force 
transmitted to that of the shaking force. This force ratio is generally referred to as 
transmissibility'. 

Here again the heavy curve indicates a system in which there is no damping. The 
transmissibility is seen to start out at unity where the frequency ratio is zero, eorre- 
Bponditig to a machine mounted on a solid foundation. A transmissibility of one at 
this point indicates that all the unbalanced force created by the equipment is trans¬ 
mitted undiminished to the supporting structure. As the frequency ratio iticreaBes, 
the curve rises rapidly until, at the point of resonance, frequency ratio =* 1, the force 
transmitted would be infinitely great, and allowing a machine to operate at this point 
would lead to its destruction. A further increase in the frequency ratio causes a 
rapid decrease in the transmissibility until again a point is reached where the force 
transmitted is equal to the shaking force at a frequency ratio equal to -\/2. Beyond 
this point, the curve gradually drops, approaching zero at a point where the frequency 
ratio approaches infinity. Frequency ratios of 2:1 and higher are generally con¬ 
sidered satisfactory from the staiidpoini. of reduction in the forces transmitted to the 
supporting structure. This raiio would correspond to approximately 66per cent 
reduction in force. The actual amount of reduction required will, of course, depend 
upon the construction of the supporting structure and the amount of vibrating force 
that it is able to sustain. Slightly higher frequency ratios will give an even greater 
reduction in force such as a ratio of 3:1, corresponding to a force redutjtion of 
per cent. 
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Tbse uudamp^d force rdrtio can t?e calo^lMed Irpm ttie eqpslioa 



The light lines falling under the undamped curve for frequency ratios below' the 
and above the undamped curve for ratios above the \/2 indicate that viscous 
damping is effective only in reducing transmitted forces for the lower ratios, while its 



SPEED constant— SPRING VARIES 

Fig. 31-4. Damping effect on relative ti ansiinsjMbility for various frequency ratios. 


presence actually increases the forces transmitletl above those in an undamped system 
for higher frequency ratios. 

The transmissibility for the damped sj^stem is 



Since the major portion of industrial and power-plant machinery is desqpxed for 
oonstant-speed operation or sometimes two-speed operation, an elastic system of 
mounting will, when properly designed and selected for the particular installation, 
provide a highly efficient method of mounting both from the standpoint of reduction 
in amplitude and reduction in transmitted forces. A small amount of damping is 
beneficial, however, especially for machinery which is slow in reaching its operating 
speed. While approaching this speed, the system will have to pass through resonanes, 
and if the increase in speed is slow, there is the possibility of creating excessive ampli¬ 
tudes and transmitted forces in the region of resonance. A small amount of damping 
will limit these undesirable conditions and yet ^vill have no noticeable effect on the 
system under normal operation. 
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A ntititiliitio h«vimK a total! w«i|^ht nl 4,000 IH ia moiuxtod directly on «!aet ol 
lour 9prine units located at the comers of the base. The spring constant of the combixied 
^>riQgB is 29,400 lb per in. A viscous damping device is i>laced between the machine and 
the support and has a damping factor of 0.2. The system is vibrated by a vertical reciiH'o- 
eating part in the maihine which weighs 100 lb and Oscillates harmonically at a frequency 
of l.OOO oyrlea/min through a 4-iii. stroke. Find the amplitude of the system and the 
force transmitted to the supporting structure. 

The natural frequency of the system is 


= vT^(r/(V)«/v = Vl - (0.2) Vv -0.9R2/Jf 

and the natural frequency of the .Rprings withuut damping is 

/at “ 188 \/kJw = 188 \/^4b6/4^U00 =» 6l0 cycles/min 
then /A'tdaiafKxi} = 0.982 X 510 — 500 cycles/min 

The force created by the reciprocating weight is 


ID w 

F = — QjSfi = ~ (2irf)^e 

a 0 


100 /2irl.000y 

386 \ oO ) 


X 2 = 5.680 lb 


and the amplitude of the system is 
X 


5,680 


‘vni)'-'7 *• mm «»"vk w - 


The force transmitted is 


0.0645" 



2,350 lb 


Variable-speed Machinery. There are other types of machinery less frequently 
encountered in industrial and power-plant installations which normally operate over a 
wide range of variable speed. Figures 31-5 and 31-6 show the relationship of absolute 
amplitude and transiriLssibllLty to frequency ratio for such installations where the 
speed or disturbing frequency varies while the frequency of the supporting system 
remains constant. 

In Fig. 31-5 it is seen that all curves, regardless of the damping factor, start out 
at zero absolute amplitude and zero frequency ratio, indicating that, where there is no 
speed, there will, of course, be no amplitude. As the speed or forced frequency 
increases, the undamped curve rises rapidly, and when the frequency ratio reaches 
unity, resonance occurs. Increasing the speed of the machine above this point results 
in a reduction in amplitude in a manner similar to that shown in Fig. 31-3, except that 
here the curve is seen to approach unjty as the disturbing frequency approaches 
infinity. Instead of indicating r^tive amplitudes, as in Fig. 31-3, the cun^e shows 

relationship of absolute amplitudes. For any given frequency ratio occurring 
below the point of resonance, the absolute amplitude of the undamped curve of J’ig. 
31-S wifi be the relative value given for Fig. 31-3 minus 1. For frequency ratios 
above 1, the values given in Fig. 31-3 plus 1 will correspond to the absolute value of 
Fig. 31-fi. 
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I'la. 31-6 Damping effort an absolute magnification factor for vanims frequency ratios. 
By introducing damping into the system the equation becomes 
X 1 


Xn,i I /_cy 



Damping is seen to be eiTective in reducing the absolute magnificfition of the ampli¬ 
tude at frequency ratios and mighty therefore, be considered bene^ial frum ^is 
standpoint alone. It does, however, have a very undesirable effect on the trana* 
mitted forces as shown in Fig 31-6, 

In Fig 31-6, the undamped curve starts at zero, absolute transmissibility when 
the machine is at rest. As the speed of the machine increases, the curve rise^f tp 
inhnity at a point of resonanpe, drops rapidly to a frequency ratio equal to the r\/2, 
and then gradual^ reduces to unity as the siieed approaches inffnity. A high degree 
of damping is seen to be beneheial for all values of frequency ratios below elnee 
It greatly reduces the transmitted forces in this region as compared wh^ mall ammints 
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of oT no damping. Eot epeedfi reoulthig in frequency raticw gpeater than the 

\/% it Is seen that damping in any amount is detriment^ to the system since it results 
hi a considerable increase in the transmitted force. 

The equation for the undamped system is 

Ft 1 

and with viscous damping 



Practical Application. Reriproraimg Engi7ies and Machines. Reciprocating 
engines, pumps, and compressors in the single- or multicylinder types are used exten¬ 
sively throughout the power and industrial field. The extent of vibration-control 
precautions to be used m the mounting of such equipment depends to a large extent 
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Fig. 31-6. Damping effect on absolute tranamissibihty for various frequency ratios. 

upon the unbalanced forces which the machine will create. It is possible in many 
cases to balance the machine by the addition of counterweights to the rotating parts 
and thus arrive at an acceptable .solution to the vibration problems. Nevertheless, 
BUiGB a machine can never be perfectly balanced, forces causing vibrations will always 
exist. 

Table 31-1 will be found useful, at least for the purpose of comparison in judging 
the type of unbalance to be expected from reciprocating machines of various number 
of cylinders and crank arrangements. 

The forces and couples usually considered are primary, occurring once per revolu¬ 
tion, aUd secondary, occurring twice per revolution, and are caused by the inertia of 
the rotating and reciprocating weights. The forces and moments are calculated from 
the weight of the reciprocating parts loi, the weight of the rotating parts wa, the sp^ 
of the inachine the crank radius e, the length of eozmecting rod I and the center**line 
distance between cylinders d. The primary forces acting along the axis of the cylinder 
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No. of 
cylindera 

Crank | 

arrangement 

Primary unbal- 
1 auoed loTcee 

SScoQd- 
ary un¬ 
balanced 

Primary momenta uf 

1 uabaianeed Imroea 

momentidf 

Along 
t of 
[■ylinder 

1 

AoroHs 

tof 

cylinder 

fon^a 

along 

tnf 

cylinder 

Along ^ of 
cylinder 

Aeroea of 
cylinder 

foroee along 

lof 

cylinder 

1 


Fpi 


Fa 




2 

0-180 

0 

0 

2Fa 

Fpi X d 

F,5 X d 


3 

0-120-240 

0 

0 

0 

\/3 Fp, X d 

VsFp, X d 

V^FaX d 

4 

0-180-180-0 

0 

0 

4F,i 

O 

0 


4 

0-00-270-180 

0 

0 

0 

VTg F,i X d 

VTO Fp2 X d 

0 

5 

0-72-J44 

218-288 

0 

a 

0 

u 

V 

U 

6 

0-120-240 
240-120-0 

0 

0 

0 

0 

0 

0 

7 

Equal intervals 
of 360“ 

0 

0 

0 

u 

V 

U 

8 

0-180-90-270 
270-90-180-0 

o 

0 

0 

0 

0 

0 


Note: O — forces cancel out, U ■» moment unbalanred. 


[Fpi) for a single-cylinder engine are given by the equation 

Fpi = [('Wi + ir2)w*c]/flf 

and the secondary forces (jP#i) Fn — WimHjg 

The primary forces (Fpa) acting perpendicular to the axis of the cylinder are 

Fp^ = w^h/gd 

and the secondary forces F^i = 0 

The cases given in Table 31-1 are representative of some of the more frequent 
cylinder arrangements, and it can be seen that, for all engines shown, except the 
BIX- and eight-cylinder units, there will exist unbalanced forces or couples. The 
couples are the result of unbalanced forces acting simultaneously in opposite directions 
and not along the same line. 

Effective vibration control has been provided for all sizes of reciprocating engines 
from small fractional-hoTsepower single-cylinder units to the very large multicylinder 
diesel generator plants. The six- and eight-cylinder units can generally be mounted 
directly on isolators, although a concrete foundation is usually inserted between the 
engine and the isolation. 'Hie operating speed must be taken into consideratiQil in 
all cases, and particularly for engines having unbalanced characteristics. Large diesel 
electric plants operating at speeds as low as 2^ rpm have been isolated by mea^s of 
c^il springs and a concrete foundation to such a high degree of efficiency tliat their 
operation could not be felt or picked up by sensitive testing equipment anywhere in 
the vicinity of the installation. 

The use of the concrete foundation as an inertia mass is not a necessity frojp the 
standpoint of reducing the transmission of unbalanced forces to the substructure, but 
it is very advantageous in reducing the amplitude of vibration. An effective installa¬ 
tion must reduce the transmission of vibration to a satisfactory minimum and at the 
same time provide stability. 

Figure 31-7 illustrates a fmmdation design widely used for the isolation of large 
engines, pumps, compressors, and other types of recipocating machines. 

Figure 31-8 is an illuBtratioii of isolation applied directly under the base of a small 
reciprocating compressor. The unit is supported on coil springs within the isolator 
housing, and lateral motion as well as vertical oscillation is limited thiough Uie use 
of adjustable chocks also located within the isolator housing. 
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*nie iOtHiibiiiatiiOnx ixsfmixtifLfft'aiiSd eotici«te fouodatlcm pitivides high 

iadatigii «ffii}ie&oies axid extremely small amplitudes. A mschamcal dry-frietioa type 
damph ^ device Ls oftm^ used in conjunction with the spring mountings to limit 
excessive motion when the equipment is started up and passes through resonance or 
when loads aie suddenly changed. The usual capacity range for this type of isolation 
mounting is from 5,000 to 35,000 lb. 

Oork is also widely used for this same type of equipment and provides very effective 
isolation if properly applied. At a loading of about 2,000 psf, which is generally 
ccmaidered a safe and efficient stress for the more widely used materials, cork will 
deflect approximately 5 per cent of its thickness. It is evident, therefore, that for 
edow-speed unbalanced machines where large deflections are required for high effi¬ 
ciencies, excessive thicknesses of cork may be required. In such cases a compact 
spring unit will be found more practical and less expensive. 

R^taiing Equipment, Machinery designed for rotational operation is generally 
very well balanced statically and dynamically. This is especially true of high-speed 
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Fio. 31-7. Spring-ieolRted roiirrKe foundation used for mounting largo ojiginoa, com- 
presMora, and sirtidar oquipinojit. iCourtesy Korfund Co., Jnc.) 

rotational machines. Included under this type of equipment are centrifugal com¬ 
pressors, pumps, turbines, blowers, exhausters, and electric motors. Other types of 
rotational equipment which are well balanced initially but become unbalanced in uisc 
through uneven distribution of the material being handled or an uneven deposit of 
scale or other solids are rotating nulls, pulverizers, crushers, hoggers, extractors, 
centrifuges, washers, and similar equipment. 

Vibration will be created by all such equipment regardless of how well it is balanced. 
The high-speed machines, which are generally extremely well balanced for the protec¬ 
tion of the machine parts themselves, do not usually cause a severe mechanical dis¬ 
turbance, and the vibrations transmitted are usually in the sound range. These 
high-frequency vibrations can nevertheless be very troublesome since they may be 
transmitted over a considerable distance to neighboring plants and dweUmgs. A 
remote structure or any of its parts, if in resonance with the vibration, may be forced 
to vibrate excessively while there may be no apparent vibration in the immediate 
vicinity of the machine. 

Imilation applied at the source can prevent vibration from traveling any further. 
There have been many occuiTerices where a so-called perfectly balanced machine has 
vibrated a building so violently that its operation was prohibited simply because the 
supporting structure, even though very heavily constructed, happened to have a 
natural frequency equal to or close to the disturbing frequency of the machine. Isola- 
timi in one form or another will usually provide an economical assurance of vibmtion 
control. The type of isolation material and method of application are dependent 
^pon the characteristics of the machine and the conditions under whidi it is to be 
installed. 

linpiwt MachineEy* This tyi)e of equipment has not been covered in the theoreti¬ 
cal application of this article since it does not involve vibration m the same sense as 
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4oeB Fotatiikg and reciprocatUig machinciy. Macfainea operatmg primarily on the 
prinBiple of impaet, however, are to he found in many types of plaiit and industry and 
«Te oltcm a cause of serious disturbance. 

In the case of heavy impact machinery, the determination of the type of resilient 
mounting, size of foundation, and other factors requires individual study and thorough 
analysis because of the many variable factors involved. Complex equations have been 
derived and tested whereby the action of such an installation can be accurately 
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Fiq. 31-9, Typical sprinE-ieolatBd hammer foundation. {Courier Korfund Co.| Inc.) 

predetermined. In general, a most efficient impact^tnachine installation is made by 
suspending the machine and its concrete foundation on spring isolators as illustrated 
in Fig. 31-9. In this type of suspension a sufficient amount of concrete is used to 
act as an inertia mass which will limit vertical motion of the block under maximum 
impact to a predetermined amoant considered satisfactory for the operation of the 
pariicular machine involved. The spring mountings then absorb shock, changing its 
form to that of a more slowly applied force to the outside structure. In many cases 
where actual testa have been conducted with large forging hammers in operation, it 
is impossible to obtain any indication of shock or vil^ation transmission from the 
hammer to the adjacent pit wall or surrounding structure. 
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An advantage a£ the adju8tab}&aprmg4ypG method of mcmnting k ti>e aWity 
to levd the hammer at any time ia case of imaaible nneveti eetttemont of thp out^ 
concrete pit, 'which ia impossible if an uniso&ted hammer foundation aettlea, tlim 
adjustment can be made at any time without tAbin^ the hammer oat of opm:a^a 
mmply by mehing a few extra turns on the isolator adjustment bolts* 

Figure 31-10 dlustrates the effect of various isolating materials on the amplitude 
of the foundation and the force transmitted to the substructure for a particular hammer 
installation. If the hammer were mounted on a very rigid support, practiceHy all 
the hammer’s energy except that portion used in deforming the work would be tramn 
mitted, causing severe shock disturbances. Hammer anvils are generally mounted 
with several layers of timber separating the concrete foundation from the anvil. 
The timbers will deflect slightly under impact, resulting in a slight reduction of shock 



Fio. 31-10. Efficipnry of -variouB isolating niatenalH based on hammer with 66,000 ft-lb 
blow energy. Total weight of hammer and foundation, 715 tons. {Courtsay Korfund Co., 
Inc.) 


transmission, but usually the reduction is not sufficient to prevent the shock trans¬ 
mission to other parts of the building. Soil conditions have a very important influence 
on shock transmission from an unisolated hammer. 

It can be seen from Fig. 31-10 that, for increasing thickness of sheet-isolotion 
materials placed under the foundation, a small reduction of force transmitted to the 
subsoil results, and where steel springs are used, a very great reduction is obtained. 
The motion of the foundation after impact is largest for the spring installation because 
of its greater resiliency, but this can be reduced to any desired amount by the addition 
of weight to the system without necessarily increasing transmission. It might appear 
as though an isolated hammer installation w’'oul(l reduce the efficiency of the maohine 
because of the movement of the foundation after impact. This, however, is not the 
case since the timbers usually incorporated with an unisolated hammer are practically 
eliminated except for a thin protective layer between the anvil and the concrete. 
Thus the foundation becomes a part of the anvil, offering even greater reaction to 
hatnm^ ram. 

Certain types of presses require isolation in the same manner as described above 
for hammers. In general, however, a press usually has sufficient inertia mass in its 
own frame so that a concrete foundation is not required to obtain operating stability 
and efficient shock control. 

Impact machinery used in the metal-forming industry, such as punch presses, 
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aad brakes, eati be cfitclently isolated even on an upper story of a buiiditig by 
use of properly denned spring-type of mountmgs. la some cases where the height 
of'the ihachbie is large in cotnparieoa to the area of its base, an extended strucWal*^ 
eMi or other type of base covering a greater floor area than occupied by the machine 
itself may be required in order to prrovide the iipcessai’y machine stability as we(l as 
to spread the weight over a sufficient floor area to fafi within allowable statics-load 
limitatiotui. 

Machine Tools* Machine tools can either be the cause of vibration disturbance, or 
theymay have to be protected against external vibration. Use effect of vibration on 
the latt^ type of machine tools, such as grinders, jig borers, etc., can result in costly 
work spoilage and damage to the machine. In most cases there are many sources of 
vibration disturbance and shock with a resulting wide variation in disturbing fre¬ 
quency. It is therefore usually necessary to provide an isolation material with a 
large static deflection to isolate against low steady-state vibration as well as intennit- 
tent shock. Owing to the large deflection requirements of the isolation material, it is 
usually necessary to incorporate a spring-type mounting to obtain a practical design. 

Machine tools which are often a source of vibration, such as broaching machines, 
milling machines, shapers, and planers, can be located close to precision machines and 
sensitive laboratory equipment without fear of vibration disturbance if properly 
isolated. Cork and rubber mountings have been used under this type of equipment 
with considerable success, but here also, as iu practically all cases, the type of structure 
upon which the equipment is mounted is an important factor. A vibration-creating 
machine tool mounted on a 2^ or 3-in. thickness of cork located in a sturdy reinforced- 
concrete building can usually be expected to operate without the slightest vibration 
disturbance, while the same machine mounted in the same manner in a woo<l-franie- 
constructed building might be the cause of a great deal of vibration disturbance. In 
the case of the latter installation a comparatively soft spring mounting or a combina¬ 
tion spring-and-rubber mounting may be required for high isolating efficiency. 

Laboratory Equipment It is often found advantageous to locate sensitive testing 
equipment and precision measuring devices in a locality where vibration disturbance 
from an outside source is to be expected. The setup may be of a temporary nature 
or a portable unit, and it would therefore be impractical to attempt to eliminate the 
source of vibration. On the other hand, the installation may be of a permanent nature, 
located in a plant having many sources of vibration, or even a single source of vibra¬ 
tion, where the expense of isolating the disturbance at its source may be unwarranted. 

In these eases it is desirable to isolate the sensitive equipment against the possi¬ 
bility of incommg vibration. Owing to the many variables involved in an installation 
of this type, it is almost always necessary to design a special type of mounting to suit 
the equipment under consideration. Generally speaking, it is usually necessary to 
provide considerable spring deflection in order to isolate against many vibration fre¬ 
quencies as well as shocks. 


NOISE SILENCING 

There is little need to emphasize the growing importance of sound insulation and 
acMmstical treatment to reduce the noise level in buildings. The need for a quiet 
atmosphere in hospitals, schools, libraries, and other public buildings has been long 
felt, and special precautions are generally taken to eliminat-e noise from these struc¬ 
tures. More recently noise elimination has Ixien earned into offices because tests 
have shown that subjection to noise decreases workers' efficiency and promotes fatigue. 
For instance, a metabolism experiment made in an eastern university showed that 
typists used 19 per cent less energy and gained slightly more than 4 per cent in typing 
speed when the noise intensity was rcxluced 50 per cent. Similar tests in industiy 
indicate that noisy factory conditions promote fatigue, decrease worker effieieney, 
and kad to accidents as well as physical and mental eickness. 

General Theory. Sound results from stimulation of the auditory nerves by wave 
energy set in motion by a vibrating body and transmitted through an elastic medium 
(usually air) to the ear. 

The two most important characteristics of a sound are its freqiimicy ai^d intensity. 
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Freqwstt^, ih^ simply of ttw fcwo^ lfi.lilio of ir^b^titma pot unit lamo ojcpeti^ 

eaeed by tke souod souro^ TUa oonttala of the sound. Few exampte, 

A ^^mddl^C” musical tuiii^ fork vibrates at^ frequency of 26 # ^ps, and &m octave 
higher ecAiespands to a v^ation of 5^ epa^ The audibb frequency range ts Ibm 
about 20 to 20,000 epa. ,The approximate frequency range fen* the male voice is 
from 80 to 463 epa, while the female range is from 1§3 to 1,043. 

Frequency has a great effect upon sound mtensity and is also an important factor 
in locating the source of disturbing noises. 

Sound intensity is defined as the energy transmitted per unit of time through a 
unit area taken perpendicular to the path of the sound wave. Ihe amplitude of vibra¬ 
tion of any membrane (including the eardnim) upon which a sound wave impinged is 
proportional to the sound intensity, which, hi turn, is proportional to the square of 
the product of the amplitude and frequency of the vibration. 

^und intensity also varies as the square of the pressure created by the sound wave, 
and this principle is widely used in sound-intensity meters. The ear is sensitive to a 
minimum root-mean-square pressure Variatirm of 0.001 dynes per sq cm, assigned a 
relative value of 1. Tlie maximum pressure variation the ear can endure without 
pain is 1,000 dynes per sq cm or a relative value of 1,000/0.0001 = 10’. The unit of 
proportional intensity in the first case would then be 1^ = 1, and the proportional 
intensity in the second would be (10’)* — 10^^. 

Since an individual’s sensitivity to sound is roughly proportional to the logarithm 
of the intensity, a system was devised where intensity is measured in units equal to 
ten times the logarithm of the proportional intensity as shown in Table 31-2. Th^e unit 
is called the decibel. 


Table 31-2 


Preasiire variation, 
dyiiBH/nq <jin nna 
presflure 

Relative pressure 

PropUTtiunal intensity 

Intensity, db 

0 OOOl 

1 

(D* - 1 

10 login 1 » D 

0 001 

10 

(10)* » 10* 

10 loKio 10* - 20 

0 OL 

10» 

(10*)» 103 

10 logu 10 * - 40 

0 1 

103 

10« 

60 

1 0 

10‘ 

10« 

80 

10 0 

lOs 

X0>" 

100 

100 D 

I0» 

J0‘* 

120 

1000 0 


10'* 

140 


However, as indicated in Table 31-2, the physinal reaction to sound is only roi^hly 
proportional to the intensity in decibels. As the intensity increases, the ear becomes 
leas sensitive, and sounds of lower frequency do not produce so great an audible 
effect on the eardnim as higher frequency sounds. The ‘‘loudness scale” shown in 
I'ig. 31-11 resulted from tests on thousands of people to determine the actual average 
reaction to sound intensity. 

Since sound-measuring instruments give an intensity reading in decibids, for prac¬ 
tical purposes the curve shown in Fig. 31-11 is very helpful in converting these readihgs 
to loudness units, 

Examplb: Suppose vibration isolation and acoustical treatment in a factory had resulted 
in a decrease in the loudness intensity (as read by the instrument) from 80 to 70 db. What 
was the actual physiological per cent reduction in loudness? 

SonxmoN: 80 db corresponds to 17,000 units on the loudnesi^ scale (Fig, 31-11) and 
70 db to 8^000. This then represents a 53 per cent reduction in actual loudness. 

Table 31-3 shows the results of tests in buddings to determine the ammint of noise 
present. The "observed” effect of an external noise entering a room is dependent 
Upon the amount of noise normally encountered in a room. For example/ the noise 
effect produced by dropping a book In a library is much greats than when the game 
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Decibels 

Fio/Sl-Il. This InudncaH-unit-decibel curve gives the average physiological reaction of 
the human, ear to different sound intensities. 



Fig. 31-12. Wall and sound source showing effect of typical sound-intensity losses and 
masking upon final observed loudness. 


Table 31-3. Noise in Buildings* 

Levd abate 
threehold oj htaj' 


J.aeaiion and source ing, d& 

(Painful noiac IbtbIJ. 130 

BoUbt factory. 97 

Subvray, local statioa with express train passing. 95 

Noisy factories. 85 

Very loud radio in home. 80 

Stenographic room, large office. 70 

Average of six factorica. 68 

Information booth, large railway station. 57 

Noisy office or department store. 57 

Moderate restaurant clatter. 59 

Average office. 47 

Noisea measured in residence. 45 

Very quiet radio in home... . 40 

Quiet office. 37 

Quietest nonreeidential location. 33 

Average residence. 32 

Quietest residence measured. 22 

*1' From City Noiae, Department of l^alth. New York City. 
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book k dropped in a bui!^ oiioe beeadse normal oiSce noise ^‘maska^^ a portieii of 
the additionid sound. This is further illustrated in Fif. 31-12. 

Sound transmission into and through buildings resulta from/tbree phenomenal 

1. Air-bame sounds transmitted from room to room through doors, windosps, 
cracks, through air-conditioning duct-work, etc. 

2. Structural-bome sounds transmitted through building materialB in contact 
with each other 

3. Diaphragm-transmitted'’ sounds r^ulting from soimd waves impinging upon 
a wall, door, etc., and inducing a vibration in the material which then sets up sound 
waves on the other side of the diaphragm 

MifTHOOS FQg aePUCINQ SW-BOWlg ii NQIS^ T^SWastOM 

Y//yUAJLV/ 

^//// /y/ 





HOODS Of AliCOUBTiCAL MATEmALB ROMES OS FELT BASKETS AS 
TO ABSOSe MAOBSESV SOISEB SEALS ASOUND PIPES • 

CONDUITS PABSINB TSSOUSH 
WALLS 

Fig, 31-13. Methods for reducing air-borne noise transmission. 


Air-bome Noise. Control of air-borne noise is extremely important and is often 
the limiting factor in a noise-control program. For example, a door or Tvindow may 
transmit more noise than the entire wall, thus making it impractical to improve the 
wall insulation if nothing can be done about the ejienings. 

The smallest cracks around pipes passing through a wall, poorly fitting doors, and 
other almost unnoticeable openings may destroy the sound insulation value of a wall. 
Figure 31-13 shows a few of the many practical solutions which have been devised for 
preventing nir-bomc noise transmission. It is sometimes possible to use shields of 
sound-absorbing material around the noise source. The use of double doors and win¬ 
dows is very effective, and a double sound door can easily be incorporated into an 
existing structure As shovm in Fig, 31-13. Special soundproof windows are now avail¬ 
able which permit a flow of air through the window. 

Noise transmission through ventilating systems is very common. The noise due 
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to tilitation of the and motor is easily isokitod from tho systw by 

usiog a dbort ieogth of flcadble duct in jine at the fan outlet. Lining duets 
with absoibent material is very effective in preventing ^^air-msh" noises, and this 
can be accomphshed without materially increasing the frictional resistance if a thin 
layer of perforated sheet metal is used on top of the absorber. The most effesotive 
j^D:^e point for lining ventilating ductwork is at the inlet end. 

In some factories the use of acoustical materials on the ceiling and walls will be 
found effective in reducing the noise level within the room. A discussiem of the theory 
of acoustics is beyond the scope of this section, but most manufacturers of acoustical 
materials are prepared to analyze the noise conditions in a plant and recommend the 
proper acoustical treatment. 

StroctuTal-bome Noises Structural-borne noise is encountered in all types of 
buildings, but particularly in modern concrete and steel buildings where contacting 
members afford an excellent path for sound transmission. It is not uncommon for 
noise to travel through steel buildixLg columns and be extremely objectionable half a 
dozen iloors from the source, without even being noticeable on floors closer to the 
source. This occurs when a portion of the building structure at some distant point 
happens to have a natural frequency corresponding to the frequency of the disturbing 
\dbration, which results in groat ainpliiicatioii of the induced vibration. 

Structural-borno iioiee and mcohanical vibration are practically synonymous siiiro 
mechanical vibrations transmitted through the structure and activating some portion 
of the building also have exactly the same effect as described above. Consequently, 
vibration isolation of offernling machines often provides a solution to the problem of 
structural-borne noise. When noise carried to other parts of the building is known 
to be a factor, it is usually possible to incorporate organic materials in the vibration 
isolator to dampen the noise, as diseuased elsewhere in this section. 

Since structural-borne noise results from sounds passing from one building member 
to another, it follows logically that breaking up the path of propagation will usually 
result in improved conditions. The value of vibration isolators is partially due to this 
factor, and this principle is utilized extensively in “floating” floors and “hanging” 
ceilings which will be discussed under Floor and Ceiling Structures. 

Where one part of the building is to house equipment creating vibration and noise 
and another part of the structure must be particularly noise free, a complete separation 
approximately in. vide is aometimes provided between the two parts, ^parate 
building-column footings are used, and w'hcrc there is a possibility of vibration trans¬ 
mission through the soil between the footings (particularly in wet ground, clay, or 
rock), it is frequently desirable to provide isolation materials under the columns of 
the building housing the offending machines. 

Diaphragm-truiBmitted Sounds. Sound transmission of the diaphragm type is 
very common; every wall, ceiling, floor, door, ete., is a membrane which may be 
induced to vibrate by sound weaves impinging upon one side, thereby transmitting the 
wave motion to the air on the opposite side of the membrane. The amount of energy 
transmitted through a membrane depends upon: 

1. The energy of the sound wave striking the membrane, since it is this cnerg> 
which seta the structure vibrating and maintains the vibration. 

2. The mass of the membrane, since more energy is expended in vibrating a heavy 
membrane than a light one. 

3. The stiffness of the membrane, because the stiffer the structure, the smaller is 
its amplitude of vibration and consequently the smaller the amplitude of the sound 
waves induced on the other side. 

4. How the edges of the membrane are held in position, particularly as this affects 
the damping of the membrane. This consideration is of much more importance on 
small rather than large niembrahes. 

5. Ilie natural frequency of (he membrane, which is of importance only if reso- 
nanee is encountered—when the frequency of the impinging waves is equal to the 
natural frequency of the panel, in which case the amplitude of induced vibration may 
become very great. 

Oemsideration of the above conditions suggests many practical design limitatioiiB 
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and piF&d^ioeB wlii^ «aii A^^aet Itte a«n^d value ef e slntctlt]^^ 

win be dbcuBsed further under Wall Structures* 

Widi StrnctuiteB. ^ Sound transmiasicm t^xneugh walls can tun ^ the remilt of ^air, 
atnictur4d, or diaphragm noiHe propagation. The lellowmg are a few of the 
important fundameatal principles (m atlditloU to those previouidy given) which 
ence wall design: 

1. t%6 sound-inaulatioa vahie of a hoinog^eous waH is primarily dependent upon 
its weight^per^unit area an d varies as the logarithm of this factor* For this reasony it 
is seldom practical to resort only to greater wall thicknesses for improved insuLaticmv 

2. For the same weight-pcr-unit area, a iionhomogeiieous membrane consisting of 
two or more layers is a better sound insulator than a homogeneous membrane. This 
type of construction offers a great deal of resj^tanee to dia]diragm transmission, and 
the general use of furring strips or other separators between the layers reduces the 
path of propagation for siructural-bome noise (see constructions shown in Fig. 31-14). 

3. The empty air space between layers of a non homogeneous wall is frequently a 
better sound insulator than filler materials lomctimes used in such spaces, particularly 
if the wall layers are connected m any way. 

4. However, the complexity of a nonhomogeneous structure is not necessarily an 
accurate index of its efficiency, from either the standpoint of sound transmission or 
cost, and each design should be checked against existing standard constructions of 
known insulation value. 

5. Wall structures generally absorb greater proportions of high-pitched than low- 
frequency noise, as shown in Table 31-4, Furthermore, various constructions are 
better for different frequencies, and it is often possible to choose the type of wall best 
suited for isolation of particular known noises within a definite frequency range. It 
should also be noted that the intelligibility of voices depiends upon the high-pitched 
tones. This means that it is frequently possible to eliminate completely the trans- 
inission of voice sounds or to leduce them to an unintelligible murmur by absorbing 
the higher frequency toiiea. 

6. Increiismg the msulation value of the walls of a room is effective only against 
transmission of noises from an external source into the room. Acoustical treatment 
must be used to reduce the noise level due to sounds originating within the room. On 
the other hand, the use of both acoustical materials and sound-insulation walls ean 
b<‘ very effective in isolating the noise source. 

8ome of the more common types of wall structures are shown in Fig. 31-14 and 
described in Table 31-4. <)f the very many types tested and reported on in the U.8. 

Department of Commerce bulletin, '‘Building Materials and Structures,'' by V, L. 
Chrisler, only a few of the best and most practical or most interesting are shown 
in Fig. 31-14. However, a study of the vahicss for some of these panels is enlightening 
in view of the principles outlined above. 

Comparison of panels 86 and 66 show's the advantage of providing sei'eral separated 
layers in a wall, but it will be noted that in panel 71, where this principle has been 
combined with the advantages of rigidity and mass provided by a heavier wall, the 
results are even better. 

Two methods of improving the insulation value of basic paneJ 148 are shown in 
panels 149 and IfiO, where the path of propagation is reduced by using largo-headed 
nails driven between the sheets of lath instep of through them and by further breakhag 
up the sound path with spring chps. The same effect can be seen by comparing panel 
173 with panels 164 and 165, where an improvement in msulation value is obtamed 

staggering the studs to prevent solid contact between both skies of the wail. 

The value of eliminatii^ rigid connections between the two wall surfaces is shown 
very well in panel 138, where an increase of approximately 40 per cent ui insulatiopi 
value is obtained over panel 161 by separating the two surfaces with spring dips* 

A comparison of panete 63, 64^ and 65 seems to indicate that little is sacrifi^ ip 
sound insulatioii where it is necessary to use harder burned w'all tile in order to support 
greater loads. 

'Hie value of a doutde-wall construction is clearly shown by comparing panda 159 
and 166£^\wh^ an increase of approximatdy 50 per cent results from the use eff a 


: SILBMINa 

Ilita'eiMsiag iJia xUstanee between tlie double Thalia by 122 per Oent 
itioi«as^ the insolation value appi^xiniaid^ 7M par cent as shown in. panel 160A. 

inoi^aBe in sound insulation obtainable by *' floating' ’ a wajlyrith furring 
strips or Spriiig clips makes this one of the best methods for imjn'oving an existing 
WsiU i^aiicture. This principle is used extensively where a '‘room within a room” 
is constructed to insulate an existing room. 

and Ceiling Structitres. Sound transmission through floors and ceilings can 
result from air, diaphragm, or structural-bome noise. The last is the principal source 
of difficulty, since it is usually possible to correct air-borne noise and because the 


Wall Structures 



NOS. 159,160A 
aieoE 



NOS. 82,53 a 54 

Fig. 31-14. Typioal wall structures (sec Table 31-4). 


heavier construction of floors and ceilings reduces considerably the diaphragm 
transmission. 

lit industrial applications, it should be remembered that the noise due to mechani- 
esJ^uipment vibration is the most readily transmissible of all types of noise and is 
much worse in the room below the machme than in the room above. Many Com¬ 
panieslocate their offices on the ground floor of a building and their pToduction equip¬ 
ment pn the floors above. The result is far more disturbing noise in the offices thkh 
Would be had the offices been located above the machinery . Furthermore, the 
usually heavier construction of the lower building floors makes them better suited for 
canying machinery than the upper floors, which ar^ better suited for offices, labora¬ 
tories, etc. 

The almost universal panacea for noise and vibration transmi^ion through floors 
and ceilings is the employment ol a resilient support under the off ending ma<ffitne. 
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^ (ViLlMea and doamiptiotu refor to S1-14 )l 


' i 

TiransmiBsion lost^ 4b. at IrequenciiMi qpa 


Panel No. 

25G 

512 

1.024 

2,048 

Average 

f 

Weight lb/fl» 

266-1,024 

128-4,096 

25 

43 1 


46.7 

54 5 

44.9 



26 

45 4 


48 8 

58 4 

47 6 



61 

40 4 

46.3 

4B 7 

53 3 

4S 1 


66.0 

63 

38 8 

42.1 

46.6 

53.5 ^ 

42 5 


39.0 

64 

41.2 

37.4 

45.1 

52 1 

41 2 


8T.0 

65 

41.1 

42 0 

43.7 

50.1 

42 3 

. .. j 

37 0 

66 

41 1 

40 0 

41 5 

49.9 



29.0 

68 

40.7 

35 9 

43 3 



.. *. 

28 0 

71 

65 6 

52 B 

57 3 

57 6 

55.2 


34 0 

SO 

47.7 

40 4 

67 0 

59 2 

51 4 


97 0 

82 

52 1 

47 4 

.56 5 

53 9 

52 0 


36.5 

63 

46 8 

44 3 

54 4 

61 3 

48 3 


38.2 

84 

48 8 

50 5 

69.8 

55.8 

53.0 


33.3 

86 

42 4 

38 2 

44 7 

54 1 

41 8 


14,7 

138 

44.4 

54 7 

59 1 

61 9 

52 7 



148 

31 0 

39 2 

45 6 

48.7 

39 0 

41 1 

15.2 

149 

38 9 

46 7 

50 4 

55 1 

45 6 

47.7 

15.7 

150 

48.1 


56 4 

47 6 

51.8 

51 8 


159 

28 8 

34 7 

32 8 

32 2 

33 1 

33 3 

8.1 

160.V 

47 8 

53 4 

54 6 

60 0 

53 0 

55 2 

17.2 

L6UE 

43 1 

50 6 

50 2 

61 6 

49 4 

52 9 

17.2 

161 

35 7 

36 2 

41 5 

46 8 

37 8 

38 1 

21 0 

162 

36 3 

41 0 

50 2 

54.9 

41 8 

42.1 

15.0 

154 

40 6 

43 7 

52 3 

56 1 

45 0 

44 4 

19.8 

155 

34.5 

38 2 

42 6 

44.7 

38.1 

39 2 

20.0 

175 

47 4 

47 4 

50 0 

52.1 

48 5 

49.8 

19.8 


Panel description: 

2") —4-ia. brick panel; plastered both si(le<^ with brown coat of lime plastor; smooth, whits finish 
2(i—4-iri. brick panel, pJastored both sides \vith brown coat nf | 2 ;ypsuin jilastnr; sniocith finish 
(il—Hollow rla.y-'tile panel (two units, 35^ X o X 12 in. and 8 X 5 X 12 in.l side construction; 

plastered both sides with brown coat gvi>siini plaster; smooth, white finish 
Til—0 X 6 X 12'-ia, hollow clay load-bearinK pnrtitiun tile, six cells; plastered on both sides with 
brown coat gypsum plaster; smooth, ^hito finish 
fit—3ame os No. €3, except mediuin-bumed threc-cell tile 
G.'i —Same as No. 1)3 except soft thrce^coll partition tile 

65—4 X 12 X 12 in. holiow clay three-cell partition tile; brown coat gypsum plaster both sides; 
smooth, white finish 

08—Same as No. 06, except 3 X 12 X 12-in tile 

71—4 X 12 X l2-in. hollow clay three-cell partition tile; wood furring strips; paper; metal lath: 

scratch and brown coats gypsum plaster; smooth, white finish 
60—8-in, New Hampshire brick panel; brown coat gypsum plaster both sidra; smooth, white finish 

82— New Hampshire brick laid on edge; furring strips wired; gypsum plaster board; scratch and 
bro)«n coats gypsum plaster both sides; smoerth, wliite finish 

83— Sams as No. 82, except fiirriiiK strips nailtjd instead of wired 

64—^New Hampshire brick laid on edge, furring strips nailed; lri(~in. Insulite; scratch and brown coats 
Igrpaum plaster both sides; smooth, white finish 

Bfi—Wood studs; H-in. riaxliniim nailed to each nidn of ] X 2-in. furring strips; wood lath. 

scratch and brown coats gypsum idaster both nidos; smooth, a'hite finish 
138—3 X 12 X 30-in. gvfisum tile, U.S. Ovpsnm rcaihont clip; metal lath and gypsum plaster on 
one side; gypsum plhstor applied directly to tile on other side; smooth, white finish both sides 
H8—Wood studs; gyT>suui lath nailed to studs, nails approximately 6 in. apart; scratch and brown 
coats sanded gypsum plaster; smooth, whito finish; thickness of plaster H in. 

149— Same as No. 148, except lath held on with speeiul large-head nails driven between slieets of 
lath 

150— Same as No. 148, except lath attached to studs with spring oUps instead of nails 

152—Panel A only—Metal studs of ^-in, channel iron expanded metal lath; scratch and brown 
coats gypsum plBster; smooth, white finish, apjplied to caie side only 
160A—Two panels similar to panel No, 159 placed bark to back and restiiie on l-in.-tluck cork; Id* 
in. distance from face to tare of panels 
18QE—Same as No. 160A, except 4'>i-in. distance from face to face 

161— 3 X 12 X 30-ill. gypsum tile; brown coat gypsum plaster; smooth, white finish 

162— Wood studs; wood lath; scratch and brown coats lime plaster; smooth, white finish 
104—Wood h’tudfl; metal lath; scratch and brown coats lime plaster; smooth, white finish 
10.')—tSanio as No, 2.64. except gypsum plaster naftd 

17.5—Wijud studs staggered; expanded metal lath; scratch and brown coats g>nMum piaster; smooth, 
white finish; thicknens of grounds % in, 

* From V. L,, Bmldinif MaitritUs md Structurm* National Bureau of Standards. 
























#Ba m VIBRATION €O^Tm)L AN& NOISE SIUSNCINO 

^6 nuist effective wey of isoldting m^hmes ie the uee of i4hrfttioa Aod aouiid kio* 
latote between the machine and the floor as discussed in another jpoiiion of this sec^ 
lion. also has the advantage of isolating each machine against vibration i^tmi 

the othw machiOBS. Many companies have all thek vibration-creating machines 
mounted on '^floating'' bases. 

In eases where individual machine isolation is impractical^ as for example, when 
trucks are moving around on the floor and possibly picking up and dropping loads, a 
^'floating” floor is veyy effective in reducing vibration and noise transmission* In 
fact, for BDund-insulation purposes, a floating floor under the disturbing equipment is 
much more effective than a lianging ceiling on the room below. 


Floor B Gciuno Structures 



NO 129 A NO. 1291 lK).lf9 C 

Fig. 31-15. Typical floor and celUiig structures (see Table 31-5). 


Figure 31-lfl and Table 31-5 illustrate some typical primary floor and ceiling struc¬ 
tures and indicate what can be done to improve them by adding secondary floating 
floors and ceilings. 

Considerable caution should be exercised when floating floors are considered for 
use under impact machinery which may also be supported on vibration mountings. 
It is v^y easy to destroy completely the effectiveness of shock mountings by placing 
them on a floor which is so resilient that it “gives “ before the mouiLiings have a chance 
to deflect and absorb the impact. This will result in vibration and noise ttp^nsmission 
into Ijoth the floating floor and the main building structure. Oenerally speaking, if a 
floating floor is used to absorb the vibration and noise from mobile vibration-crewing 
equipment, tlw; isolation mountings under any stationary impacl.-(‘rcM!itmg equipment 
should l>e placed on the primary floor, with the secontlary floating floor cut out around 
the machine to assure that the mountings have the most rigid support, 
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mt,^s $aAmim pa<s ji 


Triple 81 - 8 . Saiud-tmunntttioB Imf-r-Floof iud C^Bac StraetarM* 

(Vflduei and desenpiioim to Fig, dl-15) 

I Tmoamifielon lcM», d^, ftt various f|«quBii4w/ 


Panel 

No. 

256 

512 

1,024 

2,048 

Average 

Tapping 

Ib/sq ft 

256-1,024 

128-4,096 

‘ 

114A 

4fl.fi 

40.7 

* 50.1 

48.8 

45.9 


14.0 


114C 

57 5 

54.8 

62.4 

57.0 

58.2 


22.0 


115A 

53.6 

49.2 

54.9 

55.3 

52.6 


22.0 

12.6 

USB 

65.3 

57.3 

68,8 

62.3 

63.8 


30.0 


116A 

64,8 

58.7 

56.5 

53.2 

66 7 


1.2 

54.4 

llfiB ^ 

57.0 

65.4 

67.6 

65.2 



30.0 

58.1 

110C 

58 2 

55.8 

66.3 

67 3 




58.9 

117A 


65.8 

57.7 

58.8 

56.7 


5.1 

69.8 

117B 

63.1 

61.0 

65.0 

73.7 

63.3 



73.S 

IIB 

67.9 

05.8 

72,1 


68.6 


51.0 

72.8 

120 A 

37.7 

38 0 

46.8 

53.8 

41.0 


22.6 


12gB 

46.6 

58,3 

68.5 

73 2 

57.8 


33.0 


129C 

49 5 

60 g 

71.3 

70.7 



38.5 


137 

43.7 

51 .9 

58.2 

64.S 

51.0 

52!8 

11.7 


IZ^A 

46.6 

52.0 

56.3 

65 2 

52.3 

53.7 

13.6 


137B 

48.4 

5.3 6 

06.0 

63 4 

55.5 

54.9 

13.1 


701 

33.7 

46.7 

64.7 

54.0 


45.1 

10.8 

14.3 

702 

36 9 

49 7 

56.8 

65 3 


49 7 

12.1 

16.2 

703 

32.4 

44.8 

47.5 

54 3 


45 4 

9.8 

19.0 

704 

37 5 

40.1 

55.8 

58 2 


47.4 

14.2 

15.9 

705 

50.5 

54.9 

56.4 

G3.1 


55.5 

25.7 

20.3 


Panel description i 

114A—Floor panel; wood joists; plaster on wood lath on Nkaer side; subfloor and ?^4n« finish floor 
upper side 

114C—^Ssimo as 114A, except flooring; rough flooring; H-in. Insulite; floating floor, oonsisting of 
nailing strips, rough, and fii^h floormg 

115A—Suspended ceiling; wood joists; H-ln. Insulite plaster ceilinei; rough floor; finish floor; ends 
of ceiling and floor joists nailed to common support 
ll5B-^ame as llfiA, except flooring; rough floor; ^^-in. Insulite; floating floor consisting of 1 X S^in. 

nailing strips, rough flooring, and ^B^n. oak finish flooring 
116A—Reinforced concrete flat-slab-type floor construction; InsulILi' furred out and applied as ceil¬ 
ing; brown roat gypsum plaster; smooth, a'hite finish 
llfiB—^ine as i 16A, except for atlditlon of floor consisting of 1 X 2-in. nailing striixi, rough floor¬ 
ing, and K^-in. oak finish flooni^ 

llftC—Same os 116B, except H-in. Insulite added between concrete slab and floating floor 
117A—Combination floor panel constructed of 4 X 12 X 12>in. three-oeli partition tile; ceiling 
finished with furring strips, Insulite, and plaster 

117B—Bame as 117A, except for addition of floating floor, consisting of 1 X 2-in. nailing strips, 
rough flooring, and oak finish flooring 

118—Same as 117B, except V<i-in. Insulite added between masonar}'^ slab and floating floor; ceiling 
stripped off and suspended ceiling attached by means of wires 
129A—Combination flour panel constructed of 4 X 12 X 12-in. three-cell partition_tile; ceiling 
finished with Ji-in. brown coat gypsum and smooth white finish coat; floor of i^g-in. oak floor¬ 
ing, nailed to 2 X 2-in. nailing strips on 16-in. centers grouted into concrete 
129R—^ame as 129A, except U.S. Gypsum resilient clips used between concrete and nailing strips 
129C-—Sams as 129B, except oak flooring removed, and >^-m. gypsum plasterboard attached to 
the nailing strips and Hydroral applied on top of the plasterboard 

137—floor panel constructed of B-in. Mao Mar joist, with 3-in. Therinax clipped on top and ]4n. 
Thsrmax clipped on bottom joist; 3^£-in. concrete poured on top of the 3-m. Thermax; floor 
finished with ^-in. battleship linoleum cemented on top of concrete; ceiling finished with brown 
ooat of gypsum plaster and a smooth white finish coat ^ 

137A—Same as 137, except 3-in, Thermax removed and standard high-rib metal lath attached to 
top of joist; 2>^-in. concrete poured on top of lath; battleship linoleum cemented to top of 


eonerste 

137B—Same as 137A, except ceiling of panel 137A removed and standard high-rib metal lath 
attached to underside of joist; scratch and brown coats gypsum plaster; smooth, white finish 

7 Q 1 —2 X fl-in. joists; t^-in. filjerboard lath and jf’^-in. gypsum-pla&icr ceiling; 1-in. pine subflooring 
and 1-in. pine finish flooring. w ^ ^ , , . «, , 

702— Bame Joists and ceiling as 701; l-in. pine subfloor; H-'in. fiberboatd, 1 X 8-in. sleepers, and 
1-in. pine fiTtigb floor 

703— Same as 701, except a second H4n. fiberboard. and H-in. plaster ceiling added to the existing 
celling of 701 by means of 1 X 3-in, furring idriiis 

704.—gai|ie joists and floor as 701, except ceiling consisted of fiberboard, 1 X a-in, furring 

strips, H-in. fiberboard lath, and plastfU- face , - , , „ , < 

705—2 X S-in. joists, l6-in. o.c., l-in. pine suhfloor, 1-m. pine finish floor; 1 cctling oonaistmg of 
^-in. plaster^ H-in, filvsrbonTd lath next to joists; an additional plaster and fiberboard lath 
eeiling on 2 X 2-in. joists siuapeuded by screw eyes and wire loops 36 in. o.c., 4-in* bdow ni^er 
Dslling, 5 X 6 X 2-in. fiberboard-block pads at fastenings 

* From CsmaLSE* V. L., SuHdinff Afafertofs and Strueturn, Natltmal Bureau of Btandarda. 
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INDUSTRIAL CONTAINERS AND PACKAGING EQUIPMENT 

BY P. P. Kenotidy, M.E. 

Ctmtainer Cmsvltant^ E. I. du Pont de Nmovrs & Co., Inc. 

INTRODUCTION 

The paNt 20 years have seen a tremendous growth m the science of economic prep- 
' aratioD, packaging, and transportation of commodities produced by American indus¬ 
try, luring the last decade with the impetus afforded by the Second World War, 
induatnal packaging and packing have matured to the extent that a new profession 
has been born—^packaging engineer. Today, a packaging engineer must know the 
chemical and physical properties of construction materials used in containers, the 
economic and functional basis of container design, the adaptability of container to 
plant handling facilities and methods of transportation, and the customers' methods 
of handling and merchandising. In addition, the packaging engineer must know the 
optimum equipment to fill, seal, label, and pack the many different types of containers 
with an almost innumerable number of commodities, each having its own particular 
peculiarities. 

Accordingly, it is impossible to state in a handbook the most efficient container or 
piece of packaging equipment to use for all commodities. It is hoped that the descrip¬ 
tion and comments following will result in a better understanding of certain basic 
principles whereby the selection and design of containers and related equipment may 
be improved. 

The containers and equipment covered in this section will pertain to the so-called 
‘^iiidustriar’ type. Small packages usiiaUy for retail trade constitute another com¬ 
plex field of the package enginecr.^^ Readers whoso interests lie in that field are 
referred to the ‘^Modern Packaging Encyclopedia/’ published by the Packaging 
Catalogue Corporation, for information on small containers and allied weighing, fill¬ 
ing, checkweighing, scaling, etc., equipment. 

Inasmuch as the following is at best a generalization, it is suggested that shippers 
acquaint themselves wu'th the packaging requirements and container specifications 
in the Consolidated Freight Classification and Agent H, A. Campbell's Freighl 
Tariff No. 4, publishing the Interstate ('ommerce CommissLou Regulations for the 
Transportation of Explosives and Other Dangerous Articles by Freight including 
Specifications for Shipping (containers. Ftiriher, detailed container data may be 
obtained through procurement of a number of Federal Specifications listed on 
page 1901. 

BAGS 

Multiwall Paper Bags. Multiwall paper bags, as their name implies, are hags 
consisting of three to six plies of paper (two-ply bags arc referred to as duplex bags). 
Each ply of paper may have a basis weight (weight per 500 sheets 24 by 30 in.) of 
from 40 to 70 lb if made of plain kraft paper. Frequently, one or more plies of a 
multiwall bag will consist of an asphalt-laminated sheet (two sheets of paper laminated 
with asphalt; a laminated sheet counts as one ply), asphalt- or wax-impregnated sheet, 
or other specially treated or laminated sheets to provide additional protection against 
moisture absorption, to provide greaseproofness, wet strength, heat resistance, etc. 

The types of multiwall paper bags are described by the construction of the top 
and bottom of the bags. They are 

1. Sewn open mouth (SOM) (see Fig. 35Mo) 

2. Sewn valve (SV) (see Fig. 32-16) 



BAm 




3. Pasted oi»^ (POM) (ec« Fig. 32-le) 

4. Paeted vahre (PV) (see Fig. 33-ld) 

Several kinds of valves may be ^ocured, alibongb two are use* 

are the plain valve and the valve with tuckdn sleeve. The is used wbea?e idft- 
proobaesB is required or moisture absorption by the contents is to be avoided. 
tuck-in sleeve is extra paper and requires an extra manufacturing operation and so 
costs more than the plain valve, 

Sewn-^bottoxn bajgs are nominally constructed with gussets and pasted bags with¬ 
out gussets (see Fig, 32-1). However, several bag manufacturers have installed 
equipment permitting the manufacture of gusseted pasted bags. The presence of 
gussets lends filed bags to more stable stacking and better appearance, and the gu^iets 
afford an excellent display surface for advertising copy when bags arc stacked flat. 
It should be understood that gusSeta are not mandatory in a sewn-bottom bag. 
Nongusseted or flat bags are frequently specified when bags are of very heavy con¬ 
struction and n6 sifting of contents through the closure can be permitted. The trap of a 
flat bag in such instanct's halves the amount of paper W'hich the needle must penetrate, 
and the bog is of uniform thickness throughout its width. 



Fig 32-1. Types of multiwall paper bags. 

MultivTall paper bags are of sizes and ronstriictions to meet the trade demands. 
Maximum and minimum sizes will vary with various bag producers, but it is generally 
understood that bags ranging m capacity from 0 3 to 7.5 cu ft may be obtained. The 
proper size of bag to hold a spcciflc amount of a given material must be determined 
by trial. However, Table 32-1 gives paper width and length dimensions for various 
capacities of bags from which bag sizes may be computed. Bag sizes arrived at by 
use of Table 32-1 are for sewm upeii-niouth bags. Methods of converting such bags 
to pasted or valve bags are given in explanation notes with Table 32-1. In choosiiig 
a bag size it should be borne in mind that an ideal bag for handling and stacking is 
one which when JUhd and lying flat has a length equal to twice the width and depth 
30 to 40 per cent of the width. Generally not over 100 lb of product should be shipped 
in a paper bag. 

The construction, i.s., number and basis weight of plies, of a miiJtiwall paper bag 
ill depend upon (1) density of product, (2) net weight, (3) product characteristics, 
(4) content protection n^quircd, (5) value of contents, and (6) method of transporta¬ 
tion. Ho set rule can be established for determining bag conatruction, Experience 
is the only teacher. With a range in bag strength from 120 Ib of paper (3 plies of 
40-lb paper) to 360 lb (6 lb of 60-lb paper) and the capacity range mentioned above, 
a wide variation is possible. Several important factors in determining bag oemstme- 
tion should be rememberf^d: 

1. The larger the bag, Ihe more strength required. 

2. The heavier the net weight, the more strength roquiivd. 

3. Products of relatively high value ($0.50 to $1.00 per lb) deserve more protecth^ 
than cheaper products. 
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Table 32-1. Method of Determining Sizes of Multiwall Paper Bags 
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4. Lefis-than-earloiid and loBS^th^'>trttpkl04id eluj^ents ddmimd (xmtfilda'f of 
grc^aier atreugth carload or truckload. 

For new usera pf paper bags it is reeommeuded that coRiplfit^ fecta be g^ven^the 
bag Bupidier and bis reeoxnmexidationfi be folk^wed by shipping te^ts in order to assure 
proper bag construction. 

A new type of multiwall pnpiT bag cnnsisting of three or iiKjre plica of finely erepod 
paper with all plies looaeJy adhored with asphalt, latex^ or some similar adhesive is 
now manufactured. While the creping requires additional paper compared to a plaan 
multiwall bag and extra manufacturing operations result, it is said that less paper 
strength is required, owing to the creping which permits the bag to stretch when sub- 
j Bcted to rough handling. In addition, the creped paper gives excellent stack stability. 

Textile Bags. Textile bags are commonly limited to burlap and cotton and usu- 
ally require a paper liner either attached to the fabric or entirely separate and inserted 
in the bag prior to filling. 

Textile bags are made in a wide variety of sizes and grades or strengths of fabric. 
Burlap is specified on the basis of weight per yard of 40-in.-wide goods; i.e., 
burlap means 36 in. of 40-in.-wide burlap w^eighs 8 oz. Burlap shipping bags are 



Sewn one side 
and bottom 


Sewn two tidei 
seamless bottom 

Fiu. 32-2, 



Cemented center 
seam, toped 
bottom 



normally made of burlap weighing from 7}i to 12 oz. C^otlon or osnaburg shipping 
bfigs are specified on the basis of yards of a given width of material weighing 1 lb, 
or the number of ounces 1 yd of a specified width will weigh; i.a., 2,25-35-in. osnaburg 
means 2.25 yd of 36-in.-wide material 'weighs 1 lb, or 40-in.-7-oz means 1 yd of 40-in.- 
widc material weighs 7 oz. 

Textile bags ore always of a flat (nongusseted) construction. However, the seams 
will vary depending upon the protection desired for the bag contents and/or the size 
of the bag relative to the width of goods from which the bags are to be made. Various 
types and locations of seams for plain textile and waterproof-paper-lined (WFPL) 
textile bags are illustrated in Fig. 32-2. 

Both burlap and osnaburg bags have high tensile strength in either direction of the 
fabric and high tear resistance. Accordingly, weights up to 225 lb are safely shipped 
in textile bags, although the handling of such hea'vy bags is cumbersome. Textile 
bags normally have a relatively high resale or reuse value in comparison to paper bags 
and for that reason arc favored by some industries. 


DRUMS 

Drums are straight-sided or bilge-type containers of circular cross section and may 
bcfabricated from metals, rubber, wood, fiberboard, or combinations of these materialB. 

Metal Drums. Metal drums range in size from 5- to IlO-gal capacity and in 
gauge of metal from 28 to 12 gauge (steel). The two broad classifications into which 
drums are scgrogatexl are (1) tight Itcad, in which the top and l>ottom headsattached 
to the drum body by welding, dcmble seaming, or a combination of the two, and (2) 
open head, in which construction when the co'vcr is removed the drum opening is the 
same diameter as the side wall of the drum at the section where the cover is app^fied. 
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TighNiead Drums—Liquid Ciontcnts (s^e Fig, 32-3). These drums are of either 
two- or three-piece construction. IVo-piece drums are made only in 16 and heavier 
gauges and are fabricated from two pressed sheets circumferentially wejded near the 
middle of the drum body. Three-piece drums consist of a circular body longitudinally 
welded with the two heads double-seamed, welded, or double-seamed and welded 
to the body. When heads are attached by double seaming only, it is necessary that 
a seaming compound bo employed which serves as a gasket in the seam. This com¬ 
pound must be one which is unaffected by the drum contents. For this reason it is 
important that a drum supplier be advised of the nature of the contents being packed. 
Drums meant for returnable service or those containing dangerous liquids frequently 
have chime reinforcements. A chime reinforcement consists of a heavy-gauge steel 
ring (usually two gauges heavier than the dnim body) seamed aroxind the chimes of a 
drum (see Fig. 32-4). Openings for liquid drums are usually of the screw or cap type 
and are welded or pressed in place. Welded forged fiitings are employed for some 
drums containing dangerous liquids and for heavy-duty drums. Pressed-in fittings 
are used for single-trip drums and those used in the lighter returnable-drum service. 



Fig, 32-3. (Left) Drum with expended roll¬ 
ing hoops and cuirugatioiis in bod 3 '. (IHghl) 
Drum with 1-bar rolhug hoops. 



Fig. 32-4. Section of top 
chime showing double seam 
and chime leiuforcement. 


Fittings arc available in many types and sizes, but >’ 4 -, 1 ^ 2 -, and 2 -in.-diameter 
fittings are considered standard. Of prime iinportanee in tlie elnsure of a drum is 
the gasket material used between the plug and the flange seat and, in the case of 
pressed-in fittings, the gasket material between the flange and the body or head of the 
drum. In effecting a closure, it is necessary to see that the gasket is of proper size 
and resilience, that it is not twisted, and that the proper amount of torque is applied 
in tightening the plug. Some types of gaskets and/or closures will not be liquid-tight 
if too much torque is applied. Drum bodies ma^’^ be reinforced by rolling hoops and in 
the case of lighter gauge drums (IS gauge and less) by comjgations in the drum body. 
I-bar hoops are either 1 by in, or by hi. and are usually fastened to the drum 
by welding or by swedging. I-bar hoops are employed only on drums of 16 guage 
and heavier. Swedged hoops are expanded from the drum body and are normally 
used with drums made of l^gauge steel or lighter. The so-called light-gauge drums 
(18 gauge and less) frequently have the sections of the body between the rolling hoO],s 
and the head stiffened by corrugations, usually three to five corrugations per drum end 
with the depth of the coTrugations less than the depth of the rolling hoops. Drums 
for dangerous liquids usually have the heads convex which adds strength to the head* 
and helps to prevent distortion, 

Tighlr-head Drums—Dry ContenU, Drums for dry products may be constructed 
similar to drums for liquids or may have a lock-type of longitudinal seam known as 
“bo 3 c^’ or Gordon” seams (see Fig. 32-5). These seams are frequently used on 
drums containing nonhygroscopic products and for products which are molten at time 
of packing but solidify when cooled. Closures for tight-head drums containing dry 
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liroductd will trary in aizo from 3 to 16 in. in diameter^ but in no instanoe ahould tboy 
be larger than the head diameter mifiua 4 In. 

Opmtrhead Drums—Dry m- Liquid CorUeryts, Open-head drums may be either 
strai^t side or bilge type and of two- or three-piece construction. The bodies 4^ the 
bilge type may be seamless with the bottom head brazed or welded in idace, or the 
body and bottom head may be entirely seamless. The three^niece drums are made in 
the conventional manner previously 
described. With open-head drums 
the top of the body is rolled or curled 
outward to pro^^de a seat for the 
cover and to stiffen the body. Clo¬ 
sures for open-head drums may be 
lug type (for small light-gauge drums 
only), bolted ring seal, or levnr-look 
ring seal (see Fig. 32-6). Of interest 
in the op Ml-head-drum picture is a new acrew-type rlosure. This is obtained by a 
deep drawing of the portion of the cover which is inside the periphery of the body and 
expanding an ^'interrupted thread" in several portions of the vertical section of the 
rover. Similar female threads are expanded in the top side wall of the drum body. 
Cover closure is made by an approximate 30 deg turn of the cover. 

Although carbon-steel gauges have been used in the foregoing, construction details 

other than gauge of metal would apply 
to drums constructed of stainless steel, 
aluminum, nickel, monel, and other 
metals. 

Of signiffcance at the present time 
is the widespread interest shown in 
interior linings for metal drums. Gal¬ 
vanized and tin-dipped drums have 
long been available, and lacquer-lined 
drums have been used in the food 
industry for some years. At present 
a great deal of work on phenolic- and vinyl-rcsin-base linings is being done in 
an effort to produce a satisfactory interior lining which will permit the shipping of 
acidic and alkaline liquids and solids in carbon-steel drums rather than in more expen¬ 
sive containers. 

Rubber-lined Steel Drums. Rubber-lined steel drums with open- and tight-head 
constructions have been used for many years. The lining is applied to the separate 
parts of the drum and the parts are 
th en assembled. Tlie tight-h ead drum 
is equipped with a special reversible 
pour-out spout and cap (see Fig. 32-7). 

Fiber Drums. Fiber drums are 
convolutely wmund cylindrical paper 
shells equipped w^ith fiber, wood, or 
metal heads. A section of one type 
of chime (‘.onstruction is shown in f^g. 

33-8. These drums have found wide 
acceptance for shipments of dry and 
solid products, viscous liquids, and 
pastes. 

Fiber drums are made in sizes Fio. 32-7. Rubber-lined steel drum with 
ranging from 1- to 75-gal capacity. pour-out spout in position. 

The majority of capacities are avail¬ 
able in two different sizes which permits the nesting of empty druma, tbuB 
decreasing freight costs and warehouse space. Because of the wide range of 
capacities and the variety of products shipped in fiber drums, several strength 
eonstniGtions ore available for most of the capacities manufactured. Inerease in 
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Fig. 32-6. Lever-lock ring. {Right) 

Bolted ring seal. 



Lock seam "Gordon" seam 


Flo. 32-5. 
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«4;r0ng1^ is obtained by addiit^ to the number of plies making up the bodies and beads 
or by employing higher strength fiberboard. In addition, on some sizes of dnunsy 
bottom ebimee are reinforeed with a metal hoop. To prevent damage to drums 
setting on wet platforms, etc., those drums having fiber bottoms are treated. High 
resistance tomoisiure-vapor penetration through the fiber is obtamed by incorporating 
in the side wall moisture barriers such as aphalt-imprcgnated paper, plastic wax, 
regenerated cellulose, Pliofilm, metal foils, and other moisture-vapor barriers. In 
the same mamier, resistance to chemical attack, fiber contamination, etc., may be 
obtained by having such a treatment or barrier on the inside facing of the drum. 
Disks of the same materials are used between the product and the cover to assure 
complete protection to the contents. 

Outside treatments or coatings for fiber drums are also available. 8uch treatments 
permit limited exposure to water without deleterious effect to the drum plus enhancing 
the appearance. 

Economically, the fiber drum is competing with light-gauge steel drums, slack 
barrels, and plywood drums. It merits careful investigation. 

Plywood Drums. Plywood drums arc straight-sided containers constructed of 
two or four plies of veneer bonded to each other. The 
grains of adjacent plies arc always at right angles to one 
another. Although several types of plywood drums have 
been in general use, a single type is the only one cur¬ 
rently being used. This drum is constructed by butting 
the ends of a plywood sheet and securing the seam by 
wire stifcehing a metal strip to the butt se^am. Heads 
are held in place by means of head liners on both sides of 
the top and bottom heads. These head liners are thin 
strips of wood, usually elm, which are wire-stitehed or 
stapled to the drum body. The exterior end sections of 
the drums are reinforced with wood or metal bands 
which also are stapled. This construction results in a 
reinforced end or chime, permitting rolling of the drums 
on their hp.ads, and also keeps the heads of the drums 
elevated from the floor. Because of the metal stitching 
of the longitudinal seam, heavy gummed kraft-paper tape 
tioror onr“type“ orfiliw “ frequently specified to go over the. seam on the interior 
drum. Note the metal drum to afford a smooth interior. It is customary 

chime reinforcement. to use a crepcd-paper drum or barrel liner with plywood 

drums. 

Plywood drums arc available in sizes of approximately the same capacities as 
fiber dinjms. However, it is not customary to make two different sizes of plywood for 
a given capacity, and nesting of empty drums is not standard practice. 

Four-ply veneer drums are used for export shipments and for very heavy loads in 
domestic service. 



BARRELS 

Barrels are uniformly bulging side cylindrical-cross-section containers constructed 
of wood staves bound together with hoops and have flat wood heads of equal diameter. 
Figure B2-9 illustrates and names the various pa^ts of a barrel. Barrels are classified 
in two major categories—slack and tight. 

Slack barrels arc those barrels having parts not sufficiently tight to hold liquids 
and are therefore used for shipping dry products. Slack barrels are available in 
capELcities from 12 to 64 gal (sc.e Table 32-2 for barrel dimensions and capacities) and 
in four Classifications—commodity, No. 1, mill run, and No. 2. 

Commodity barrels are used for heavy loads and are essentially the same as No, 1 
with the exception that staves are H hi. thirib:, hoops are usually of heavier gauge or 
wider than those used on No. 1 barrels, and more hoops are employed. 

No. 1 barrels are siftproof and are made of No. 1 grade staves and heading. The 
staves are ^ in. thick and tongued and grooved, heading is H H thick 
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<m tibe baited eajxaeity and tbe load to fiarr;^i imd boads aia 
pieoOj tunned aad l^vedand glued or biitt-i<^ted and glued. ' Content 
up to^^0O lb may bo B|ui:q;)ed in Noi 1 banrela provided bead Bi^ or ekats are m»d. 

MilWun bamla are not siftproof and are made of inill^4:lim'fitaveB (contdbiag at 
leai^ 4&per cent of No. 1 staves) and milUnin beading (containing at l^st 50 p^ cent 
of No. 1 pieces). Staves are ^ in. thick and may be tongued and grooved or butt- 
iointed as apecided. Heading is ^ in. thlek and may be made of three to five pieces. 

No. 2 barrds are not siftproof and 
are made of No. 2 staves and heading. 

Thickness of staves and heading is the 
same as for mill-run barrels. Generally 
weights not exceeding 450 lb are shipped 
in these latter two grades of barrels. 

Slack barrels normally have bilge and 
head hoops of steel, although the com¬ 
modity barrels are equipped with quarter 
hoops owing to the heavier weights con¬ 
tained. Wood and wire hoops are also 
employed, and small economies may be 
effected by substituting wood or wire 
hoops for steel hoops. 

As all slack barrels require the replacement of one head after being fiUed, it is 
important to note that bilge and quarter hoops should be driven tight after the head 
is in place and the hoops fastemed by hoop-fastener nails or other means of equal 
efficiency. The head hoops and head are secured by nails or staples driven through 
the head hoop and into the head. The barrel supplier should be contacted for full 
details on the proper method of heading. When wood or metal cleats are used to 
reinforce the heads, they should be positioned perpendicular to the grain of the heads. 

Tight barrels are those barrels having parts sufficiently tight to hold liquids without 



Fio. 32-9. Tight-bairel nomendature. 


Table 32-2. Slack-barrel Dimensions 
and Capauties (Approximate) 


Table 32-3. Tight-barrel Dimensums 
and Capacities (Approximate) 


Cap«dty, 

gal 

Head 

diam, 

in. 

Stave 

lenii^h, 

in. 

1 External 
bilKe cir¬ 
cumfer¬ 
ence, in. 

12 

12M 

21 

47 3 

18 

14H 

24 

54 1 

21 

l,Vi 

24 

59 5 

25 

17H 

24 

€5.4 

30 

iBVa 

.30 

62.6 

35 

17J^ 

30 

08 0 

38 

17^^ 

30 

70 6 

43 

WA 

30 

74 8 

46 

20 

30 

77.0 

46 

lOM 

32H 

74.9 

51 

19H 

34 

76 0 

54 

20 

34 

78 6 

SO 

22 

32 

84 0 

64 *. 

22 

34 

85 0 


Capacit3S 

gal 

Head 

diam, 

in. 

Stave 

length, 

in. 

External 
bilge 
diam, in. 

5 

10?^ 

17H 

36 5 

10 

12} i 

21H 

47 5 

16 

14H 

23H 

3S 0 

20 

16 

2W 

60.0 

25 

l€H 

29^ 

02 5 

30 

17H 

29H 

07 5 

50 

21H 

33K 

S0,Q 

57 

21H 

SBH 

83 0 


They are manufactured in 
nominal capacities from 5 to 57 gal (see 
Table 32-3 for barrel dimensions and ca¬ 
pacities). Tight barrels are of heavier 
construction than slack barrels and thus 
are higher priccMl. Because of this, tight 
barrels are frequently used as returnable 
containers. 


Staves and heading of tight bairels are usually made of white oak, red oak, fir, 
gum, or ash. Various grades of while oak may be sp<K*ifietl, i,e., sap free, sap clear, 
tight sap, etc., dc^ppmUng the quality of liari'rf required. 

Staves and heading will range in thickness from H to 1 iu. Btaves are always 
butt«j:ointed, urhile the heading may be doweled and fiagg^ or glued. 
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Hoops tpr tight barrels are always steel and may vary in number from six to eight 
boops and in siae from 1 in. wide by 19 gaug$ to I ^ in. wide by 16 gauge. The loca¬ 
tions of hoops are bilge^ second quarter, first quarter oil head for eight-hoop barrels. 
When ^ hoops are specified, the barrels do not have the second-quarter hoops. 

As tight barrola arc used for liquids, they generally have an interior treatment of 
some kind, the most well known probably being the charred interior of whisky 
barrels. However, other linings such as animal glue, paraffin, asphalt, silicate of soda, 
and rubber lattices have been successfuUy employed. 

Generally, tight barrels are filled through a bunghole located in the bung stave. 
Bungs should he treated with the same material as the drum interior, or a piece of 
suitably treated or coated cloth should be placed over the bunghole prior to driving 
the bung in place to assure maintaining product quality. Wood bungs should be 
driven wuih the grain of the bung parallel to the grain in the bung stave. Bungs 
should be secured by means of a bung strap placed acrosj^ the bung and driven inLO 
the barrel. 

LINERS 

It is frequently nece.ssary to utilize liners, which are not an integral part of a ship¬ 
ping container, with various types of containers iji order to (1) prevent contents from 
sifting, (2) afford water and/or moisture-vapor protection, and (3) provide a chemi¬ 
cally r^istant material between contents and container. Liners may be fabricated 




Form for inserting liners in bogs Form for inserting liners 

in barrels or drums 

Fig. 32-10. Devices far inserting Jiners in hag.s, barreln, and drums. 



from paper, flexible films, or coinbinations of both. They must be of a size 1o fit tin* 
interior dimensions of the shipping container without strain being placed on the liner 
or liner closure when contents shift during the course of haiidling and shipping. 
Liners must have sufficient flexibility and stretch to withstand the distortion which the 
shipping container may undergo. Liner closures may be made by tying, sewing, 
adhesives, or heat sealing. The type of closure will depend upon the type of shipping 
container, the liner material, and the degree of protection to be afforded hy the liner. 

Paper liners, other than box or case liners, are usually nreped or crinkled so as ti) 
stretch 15 to 25 per cent when tension is applied in the creped direction. liners are 
ereped or crinkled in one direction (single stretch) or in two directions (all-way stretch). 
Paper liners are made in various basis-weight papers and are designated hy the basis 
weight of the paper before creping. They may be untreated paper, wax-impregnated 
(5 to 60 per cent by weight) paper, asphalt-laminated paper, or plastic-coatcd paper. 
Manufactured seams are usually made by sewing or with adhesives. 

Pflm liners may be manufactured from polyethylene, polyvinylidone chloride, 
rubber hydrochloride, and other materials depending upon the chemical or moisture- 
vapor resistance required. These films do not require creping as they have inherent 
stretch characteristics to obviate the necessity for creping. Film liners are usually 
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1 to 5 mils in tlnckii«S8 depending upon weight of load and physical chaj’acietifli^ee ef 
the film. Manufactured eeams are normally hcat^aled. Olnrare is made by tying 
or heat afealing. Increasing use is being made of film liners dwing to their physiol 
and chemical properties which permit the shipping of pastes and liquids in metal or 
fiber drums and corrosive solids in film-lined bags. 

It is important that all Liners be inserted in containers properly or their function 
may be lost. Devices similar to those shown in Fig. 32-10 are recommended for insert¬ 
ing liners in bags and barrels or drums. The correct procedure is to slip the liner 
over the form and, in the case of barrels or drums, to fold the liner “ears” over the 
bottom; insert the form in the container and fold the top of the liner over the top of the 
container; remove the form, fill the container, and then bring the top of the liner 
together and tie or wire the liner closed about 2 in. from the end of the liner. tie 

the liner close to the product. When film liners are used it is essential that the interior 
of the shipping container be free from sharp projections or burrs which might »iag the 
liner. In addition, hermetically sealed film liners should have as much air as possible 
removed from the interior prior to sealing so as to avoid film breakage due to air 
pockets. 


BOXES 

Fiber Boxes. Two types of fiberboard are utilized for making fiber shipping 
hoxes—corrugated fiberboard and solid fiberboard. 

Corrugated fiberboard consists of two sheets called liners or facings between which 
is adhered a corrugated medium. T^inerboard is normally made of pure kraft or jute 
(reclaimed papers) and is designated by caliper (points) and weight (pounds per 
1,000 sq ft). Tj^pical linerboard specifications are shown in Table 32-4. 


Table 32-4. Typical Corrugating Medium and Linerboard Specifications 


Type 

Caliiier, 

in. 

Bursting strength, 
pai 

Weight, lb per 
1.000 sq ft 

Corrugating meflium; 

0.009 


32-33 


O.UUD 


26-28 

Linerboard: 

Jute. 

0 012 


50 


0 016 

ioo-lio 

64 


U 023 

140-150 

85-90 


0 030 

190-200 

105-110 

Cylinder kraft. 

0 016 dry 

105 115 

50-62 


0 016 seiuiw'aler 

115 12.5 

52 54 


0 016 water 

125-150 

54-.56 


0 030 setniw'ator 

1B5 200 

90-95 


0.030 water 

220-250 

9.V100 

Fourdrinier. 

0 012 

60-70 

33 


0 014 

75-85 

38 


0 016 dry 

65- 100 

42 


0 (116 semiwator 

100-105 

47 


O.OIQ water 

105-no 

52 


0.023 

135-150 

69 


0.030 semi water 

145-160 

88 


□. 030 water 

150-166 

95 


Note: To determine the weight of eombined boardi use the above £j;urca plua faetora of 1.55 qnd 
1.3S for .4 and 11 flutes, rcapectively, fur weight of corrugating medium, plus the fallowing weights of 
adhesivoR: 



Silicate of soda 

Starch 

.A flute.. 

12 Ib/1,000 sq ft 
14 lb/1,000 sq ft 

7- 9 lb/1,000 sq ft 

8- 10 lb/i;000aqft 

B flute .... ... ■. -. 
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' Liixe]:bc»utl is mther of fmirdriaier m DyHnder ccmatruction indicating the 
empkycd in the manufacture uf the liners. Most kraft liners are fijurdrinier type 
' 'vrhieh results in a better balance of liner stren^h between ‘‘machine direction” and 
“acrosMxiachinc direction” than is obtained with cylinder kraft or jute board. Also 
jute board usually weighs more per given area than kraft board of similar strength 
'because of the extra material required owing to the use of redaimed paper 
Mock. 

Corrugating material is usually strawboard, chestnut.board, or kraft and lb 0.009 
in. thick and weighs 24 tp 28 lb per 1,000 sq ft. Three types of oornigations are 
employed—(1) A^uie corrugations being Kfi bi- bigh and having 34 to 38 corruga¬ 
tions per linear foot; (2) B-flute corrugations, H in. high and having 50 to 52 corruga¬ 
tions per ft; and (3) C-flute corrugations, in. high and 42 to 44 corrugations per ft. 
A^dute corrugations are employed for maximum cushioning, whereas B-flute comiga- 
tions are less easily crushed and are used for heavier limdlg. The C flute is essentially 
a compromise of the A and B flutes. When double-wall corrugated board is specified, 
it is usually composed of A- and B-flute corrugations, although some suppliers may be 
able to furnish AA, BB, or CC if necessary. 

When corrugating material is combined with the liners, the grain of the liners is 
perpendicular to the corrugations. Hence the normal corrugated box is cut from the 
board so that the cornigations are vertical in the sides and ends of the box. 

Solid fiber boxes are constructed of a solid board made up of three or more plies of 
paperboard glued together. Solid fiberboard may be constructed entirely of kraft or, 
as is usual, made with chipboard filler and kraft facings or linings. These facings 
may be treated with resins to provide high scufl resistance and resistance to water 
absorption. Increased resistance to water absorption is obtained if waterproof 
adhesives or barriers are employed in the fabrication of the board. 

When specifying the strength of corrugated or solid fiberboard desired, it is cus¬ 
tomary to specify the minimum bursting strength per square inch (Mullen test) and/or 
the minimum caliper and weight of the Iniers or solid board. 

Both corrugated and solid fiber boxes are made in a variety of styles and are sized 
to meet each product requirement. Styles of boxes in cotnnion usage are illustrated 
in Fig. 32-11. Close examination of the several styles illustrated will show 

1. Regular Slotted Box. Manufacturers’ joint or seam is at vertical edge. Iimer 
and outer flaps are same width which, unless box is square, results in a gap between 
the inner flaps when box is sealed. 

2. Center Special Slotted Box. Inner flaps are cut so that they will butt the same 
as outer flaps when box is sealed. This type of box has two thicknesses of material 
over entire top and bottom area. W’hen box is longer than it is wide, the center special 
slotting requires the use of more material and an extra labor operation than regular 
slutted-style boxes of similar inside dimensions. 

3. Overlap Slotted-style Box. Inner flaps are cut to same width as outer flaps, but 
the outer flaps will overlap at least in. or will overlap the entire width of box 
(full overlap). 

4. Telescope-style Box. This box consists of tw'o pieces—^top and bottom. Each 
piece must be assembled by the user by wire stitching or staples. The top or cover 
telescopes the bottom resulting in two thicknesses of board along the sides and ends 
and single thickness of board of top and bottom. (Extra thickness results at ends or 
partway along sides depending on how the top and bottom are slotted.) 

The size of a fiber box is alw'ays designated by the inside dimensions in the order 
of length, width, and height. It is well to remember that the flaps result in double or 
almost double coverage and that the area w'hich the flaps will cover should be kept at 
a minimum to keep box cost down. 

The slotted styles of boxes are made with a manufacturers* seam which is where the 
body of the box is joined. This seam may be made with a gummed tape, either cam¬ 
bric or reinforced paper, or by cutting the body of the box so that there is a flange 
which will fold against the aide or end and be stapled to the side or end. The stapled 
manufacturers’ joint is more rigid than the taped joint but also costs more owing to 
the extra board and a more laborious seaming operation. 
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Wood Bom. 8pUd wood box^ ate tliiose eo&siiaieted of wood aurd 'Midio- 

mg oo^ for fadtetieie. The etylee of wood boxeo ^e diown ixt ^12 and ftre Oii 
fo&OwB; ^ 

1 ie the choaiiOfit And weakest coDfitniction of wood box. Top and bottom 
nailed into ends and sides, sides nailed into end grain of ends result in poor naif-holdifig 
power and frequent splitting of ends. 

Styles 4 and 6 are a siiigle-oleated-end box in whkh cleats may be placed on outddo 
of box as shown or inside box (style 5). Oeats are of length equal to outside he^h'tof 
box minus H in. Cleats are nailed to ends with nails clinched. Side-board nailing 



Regular slotfid style Center special slotted style 



Full ovarlop style 


Fiq. 32-11. Four styles of fiber 


Normal flap arrangement 
Inside on cover, 



Full telescope style 
and the nomenclature of parts. 


Is ataggered, nails being driven alternately into end grain of end boards and side grain 
cleat. Cleats not only strengthen end by decreasing the unsupported length of 
the end board but also result in greatly increased nail-holding power of nails securing 
the sides. Style o boxes are used where box contents are of a shape which permits 
the placing of the cleats inside thereb^'^ decreasing the cubic displacement of the box. 
Style 2 boxes are sometimes made with the cleats horizontal and the grain of the end 
pieces running vertical. This is done to provide hand holds for lifting the box. 

Styles 2 attd 2^i are double-cleated-end boxes. Both vertical aaid horizontal 
I’leats are provided on each end. These styles are used for heavy loads and for loads 
which will give a high end thrust (welding rods, bolts, etc.}. For boxes having small 
end areas, it is frequently more economical to use double ends (two tliicknesses of end 
boards) instead of cleating. 
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Style 6 is the Iwi-oomer box. The sides sad ends are joined by glumg the mortise 
and tenon jointa. The top and bottom are secured by nails. This style box is nor¬ 
mally elassed as comparable to the load-carpring ability of style 1. However, through 
the use of good lumber and the proper cutting of the tenons and adequate gluing, this 
style is believed superior to style 1. 

Assuming the choice of the proper style of box, the dependability of wood boxes is 
governed by (1) lumber used and (2) nailing. Wood should be good-grade box lumber 
free from loose knots, shakes, cross grain, and tight knots which will interfere with 
nailing. Lumber should not contain more than 18 per cent moisture. Wood is 
classified into four groups. The principal woods in each group are as follows: 

Group I. White pine, ponderosa pine, spruce, cottonwood, yellow poplar, bass¬ 
wood, willow, cedar, white fir, buttenmt 



Slyle 4 Style 5 Styis 6 

Fio. 32-12. Styles of nailed wood boxes. 

Group II. Southern yellow pine, hemlock, Douglas fir 

Group HI. White elm, sweet gum, sycamore, black ash, black guni, tupcl ft 
maple 

Group IV. Hard maple, beech, oak, rock elm, birch, white ash, hickory 

It will be neticed that these groups are arranged from soft to hard woods. I'lie 
thicknesses of pieces and the size of nails used in box asacmbly depends upon 
group of wood is used in the box construction. Table 32-5 shows the coniitionly 
accepted thicknesses to be used for the various groups of wood for boxes to carry loads 
up to 1,000 lb. Also shown in the table are the nail sizes for the thickness of parts 
specified. 

In. addition to the information above, the following should be borne in mind so 
that good box construction will result: 

1. Keep inside dimensions to a minimum so as to reduce possible shifting of load. 

2. Width of parts making up sides and imds should not be the same. 

3. I^ails should be cement-coated box, sinker, or cooler nails except those nails 
which are clinched. These need not be cement coS.ted. 

4 When unsupported span of box part exceeds thirty times the thickness of the 
part, additional cleats or battens of the same size as end cleats should be nailed across 
all parts to reduce the unsupported span length. 
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Table Thijcknefia of Wood-boi Paata lor Vaiieea loada and SiM el Naila to Be 

tJaed 



Group I Bud If woods 


Group in and IV wioods 


Gross 

weisht, 

Lb 

Thickness rd 
sides, top, 
and bottom, 
in. 

Thickness of ends and 
thickness and width of 
cleats, in. 

Nail 

site 

Thickness of 
sides, top, 
end bottom, 
in. 

Thickness of ends end 
thickness and width of 
cleats, in. 

Nail 

«ue 

100 

H 

Vi ends with X IH 

elBBta 

5d 

Hs 

He ends with Ke X 
IH cleats 

fid 

250 

Me 

"He ends with ^He X 
2Ha (‘leatei 

6d 

Hs 

Hs ends with Hs X 
\fi cleats 

fid 

500 


2Ha ends with X 

2H6 cleats 

7d 

H> 

^He ends with ^He X 
2H cleats 

6d 

750 


H ends with H X 2H 
cleats 

8d 

"He 

"He »®dB with "He X 
2H cleats 

7d 

1,000 

"He 

IHe ends with Ms X 
3H cleats 

9d 


H ^nds with H X 2H 
cleats 

7d 


Table 32-6. Number and Sizes of Steel Strapping for Wood-box Reinforcement 


1 

Gross 1 
weight, 
Ih 

Size of flat band. in. 

Rise of round wire, gauge 

One strap 

Two stiaps 

Three strai>s 

One wire 

Two wires 

Three wires 

100 

X 0 020 

H X n 020 

X 0 015 

12 

12H 

14 

250 

H X 0 020 

H X 0 020 

h X a 020 

10 

101 i 

12 

500 


H X 0 02n 

H X 0 023 


0 

a 

750 


H X 0 028 

X 0 023 


8 

ID 

1,000 



H X 0.023 



9 


Ndtb: Boxea ar«r 15 in. lung shauld have two or more atrupa applied. 


6. Large heavy boxos should have skids on bottom to faeilitatc handling. 

6. Considerable inerea.se in box strength may be obtained by correct application 
of steel strapping. Steel strap reinforces the nailing and should be positioned with 
that thought in mind. Table 32-6 shows the commonly iLscd sizes of flat and wire 
strap and the number of straps to be used for various box weights. 



Fia, 32-13. {Left) All-Bound box, {Center) Uock-Fastencr box. {Right) Regulni-Twiat 
box. 


Wire-bound boxes are constructed of veneer, plywood, or rcsnwn lumber having 
cleated ends and with girthwise wires stapled to the box blank for reinforcement. 
The use of wires permits dpcre.i8ed lumber thickness resulting in low tare weight and 
low initial cost. Three style's of wire-bound boxes arc in common usage: (1) All- 
Bound, (2) Bock Fastener, and (3) Regular Twist (see Fig. 32-13). 

The >l Il-Bo und box b as the ends attached to the body by moans of wires. The box 
is ahipped knocked down and is set up by passing the ends of the wires attached to 
the box ends through the soils in the cleats and bending the wires back. No nails are 
required for assembly or closing this style of box. 
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' Bock-Pttskner hoz cdnsifiter of a bi^y blank and two onds, tho ends b^geep- 

^ The |iarta are shipped knocked down, and the box is assembled by nailing 
throulfh the body cleats into the end cleats. Closure is made by use of the roek 
fasteners. 


The Regviar-Twi&t box is essmitially the same as the rock fastener with the excep¬ 
tion that the closure is made by twisting the wires together which extend beyond the 
closing edge of the box. 

Each of these styles of wire-bound boxes can be obtained in thickness from H q to 
% in. for veneer and plywood and Ke to in. for resawn lumber. 

The cleats furnished on wire-bpund boxes may be either mitered or tongued and 
grooved. The former is considered more desirable from a strength standpoint. 

Binding wires are available in a number of gauges and hardnesses and may be 
galvanized or black. It will be seen that the rock-fastener type of closure is designed 


for multiple openings, and accordingly the wire used inust not be too hard or soft. 
The regular-twist closure is destroyed when opened, 

and soft wire is desirable for effecting a good twisted ^ 

closure. Of interest is the fact that, if a ropk-fastener 
closure breaks, a new closure piece may be spliced onto 
the box and satisfactory service continued. 

Wire-bound boxes arc manufaelurcd in many differ- —-^y ^VAv 




Fiq. 32-14. Two styles of pleated plywood Fig. 32-15. Three-uay 

or fiberboard boxes with cleats at each edge cover construction for crates, 

of each panel. 


ent shapes besides the conventional rectangular container, depending upon the shape 
of the contents. In addition, w'irp-bouiid crates arc also marketed. 

Inasmuch as wire-bound boxes are manufactured on automatic equipment which 
requires considerable setup time, it is not ecoiiomiral to consider using wire-bound 
boxes unless several hundred or more of one size of box can be purchased at one time, 

Cleated Plywood and Fiberboard Boxes. Cleated plywood (fiberboard) boxes 
consist of panels of plywood having cleats attached along the edges. These panels 
are assembled by nailing. There are many styles of cleated boxes depending ujwn 
the number and position of the cleats. The strongest constructions are those which 
have two cleats at each box edge permitting side-grain nailing throughout. These 
styles are known as style A and style B and are shown in Fig. 32-14. 

Cleated boxes are used for carrying weights up to 1,000 lb. The strength of ^hc 
box depends upon the thickness of the plywood and the size and number of cleats and 
battens. The battens are used to reduce the unsupported span of the plywood and 
add considerable strength. The plywood is stapled to the cleats by wire staples or by 
ilathead nails. Both staples and>nails should penetrate the cleats and be clinched. 

The same type of box utilizing fiberboard, either corrugated or solid fiber, is in uf>*'. 
The same method of construction is employed, although in attaching the cleats to the 
fiberboard, glue is sometimes employed. Boxes with fiberboard panels are not used 
Ui carry such heav>’’ loads as plj-wood paneled boxes. 

Crates. It is impossible in the spa ce reserved to establish any concrete facts con¬ 
cerning proper crate construction. In a vor}’’ general manner the following is offered 
as a guide; 

1. Determine if open or closed (sheathed emles may be employed). 

2. If size and weight of object to be crated are not excessive and quantities are of 
a good magnitude (1,000 and over), consider the use of wire-bound crates, 
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the abiect^ on ekidfi wh^ver pessibla. * 

4. Bknploy three-way eerner constructiair which gives \m% jiailing aieomerevCeee^ 

Fig. 32^15). - , „ . 

5. Use diagonal members to prevent distorticm of crate by weaving. The apgkss 
which the diagonal member makes with the horizontal should not \»o. loss than 30 or 
greater than 60 deg. 

6. Use good^dzed lumber for frame members, and cut down unsupported spasis by 
intermediate vertical and horizontal membera. 

GLASS DEMIJOHNS AND CARBOY BOTTLES 

A large number of 5-, 6j^-, and 13-gal-caparity carboy bottles are used by the 
chemical industry as returnable containers, generally carrying acids. The 5- and 
GH-gal bottles are machine made. The former are obtainable with either a cork or 


MoMifttum U25 
Mitt imam ] 



Fig. 32-16. A 6 t' 2 -teal carboy bottle. 



screw finish, whereas the latter are obtainable with Bcrc\A finish only. Figure 32-16 
shows data pertaining to the 6j^-gal bottle. 

The 13-gal carboy liottles are manually blow'ii and may be obtained with either a 
plain cork finish or a ground-glass finisli for a corresponding ground-glass stopi)er. 
Figure 32-17 shows the standard 13-gal bottle. 

("arboy bottles must be packed in a shipping container for transportation. If 
dangerous articles are to be shipped, there are stringent requirements on the construc¬ 
tion of the boxes and cushioning which must he used (see Agent H. A. Campbell's 
Freight Tariff No. 4). For nondangerous commodities the shipping container'may 
lie ft fiber carton or drum, plywood drum, slack barrel, etc., wdth sulfieient interior 
cushioning to prevent bottle breakage. Normally, it has been found to be economical 
to pack bottles in a suhstaiitial wood box wdth interior cusliioning of relatively long 
life and use the carboys as returnable containers. 

PACKAGING EQUIPMENT 

It is again emphasized that this section deals with the "industrial" type of con¬ 
tainers previously described. Other than equipment for container assembly, the 
Users of "industrial" or bulk containers are essentially interested in equipment for 
W'eighing, filling, and closing. These operations will be discussed in the following 
material. 
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Genefil- The proper choice of weighing and filling equipment will vary with the 
characteristicB of the products to be handled, the filling rate required, and the capital 
expenditure which may be allocated. In many instances, there are several choices of 
equipment for a specific job. It is the engineers' duty to study the equipment avail¬ 
able and utilize that which wdll return the greatest savings commensurate with invest¬ 
ment, It is hoped that the following reidew will aid engineers in their job. 

It is essential for accurate weighing of materials, dry or liquid, that uniform flow 
of the materials to a scale or to filling equipment be maintained. Primarily, in the 
case of dry materials, this will depend upon proper bin design. For free-flowing 
granular or ciy^stalline products, fhis is not difficult, and conical bins may be used 



Fig. ii2-18. Net-weigh scales. (Left) Hoepner Mpdel 02 fully onrlojscd automatic dis¬ 
charge with counter. {Right) Hoej^ner 02. 


without fear of difficulty. However, with fine powders which W'ill deaerate in storage 
and pack or ‘^bridge” in a bin, designing to prevent this is difficult. With such prod¬ 
ucts, it is suggested that the following be considered: 

1. Design bin with tw"o vertical adjaeeiii sides and tw^o sides at an angle well in 
excess of the angle of repose of the material going in the bins. 

2. Keep material moving by utilizing either internal or external vertical conveyor 
which will constantly remove material from the bottom of the bin and deposit it at 
the top. 

3. Insulate bins from normal building vibration in order to keep packing tendency 
to a minimum. 

If uniform flow of material is maintained, weighing equipment wdll give excellent 
results. With some tyjies of filling equipment, it is necessary not only to obtain a 
uniform flow but also to maintain a uniform amoimt of material in the hopper of the 
filling equipment. This is easily accomplished by (1) having a hopper whose minimum 
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eize is at least twice the capacity of the eontaincr to be hUed and (2) inetal&ig bin** 
level eontrols at a mimmum and maximmn hoppet^ capacity which experience hacr 
indicated will give the beet results. 

Another factor which must be kept in mind when filling ccntamers with dry matc^ 
rials is that, with all containers other than bags, it is desirable to fill them to their 
maximum capacity. With products that deaerate or settle, this means that fiUing 
equipment or auxiliary equipment such as vibrators which will settle the xnaterial 
as it is beiag packaged should be employed. However, a dense tight-filled bag is 
not so safe a carrier as one w'hirh has some slack. Accordingly, care should be 
exercised on the amount of deaerating obtained with bag-filling equipment. 



Fio. 32-19. Toledo auloniatir weij^hiiig and discharging equipment for filling bags. One 
or two vibrating conveyors may be used to feed material to the weigh hopper. These 
feeders may operate at one oi two speeds depending upon filling rate and accuracy required. 

Weighing Equipment. Tw'o general methods of weighing are employed: (1) net 
weigher and (2) gross weigher. 

In net weighing, the am omit of material to be placed in a container is weighed 
independently of the container and then discharged into filling equipment or direct 
to a package. This type of weighing is considered more accurate than gross weigliing, 
as variations in the tare wxughts of containers are not factors, and the total weight On 
which the percentage accuracy of the scale operates is less than with a gross weigher 
(see Fig. 32-X8). Illustrated are several types of net-weigh scales. Bucket- m* 
hopper-type scales, whether they be of the beam or dial indieator, are unifotmly 
net-Weigh soalea in which material flows through a gate into the top of the scale 
bucket. As the weight of the material approaches the desired not weight, the move¬ 
ment of the weigh hopper causes the inlet gate to close, partially thus elowing the 
amount of incoming material to a dribble. When the final weight is reached, the 
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gate ie eamplctDly shut by iiK*cbanical trip.^ The clmrge is then released front the 
weigb hopper by push button or other manual controL CTompleteJy automatic weigh¬ 
ing is accomplished by the same principle but utilizing mercoid switches and solen^s, 
efcO-t to release the charge and start another weigh cycle. Weighings at the rate of 
hve to im lOOlb units per min imiy be oblained. 

SimUar automatic weighing may bo achieved with a dial scale equipped with 
magn^ic or pdio to electric cutoffs. With this setup weigh hopper and feed mechan¬ 
ism are actuated hy the dial indicator making a magnetic circuit or intercepting a Hght 
beam at a predetermined setting. When the final weight is in the weigh hopper, a 
thruster is actuated W'hich releases the charge from the hopper (see Fig* 32-19)* 

Other methods for obtaining accurate final weights by controlling the feed to the 
weigh hopper are (1) belt feed, (2) screw conveyors, and (3) vibrating feeders. Very 
close tolerances are realized by employing a bulk and a dribble feed simultaneously, 



Fio. 32-20. Model A Bagpak. High-speed autoiiiatic, weighing, filling, and sewing of 
multiwali paper bags. 

with the hulk feed being slopped u few pounds short of required weight. The choice 
of method used will depend upon the pJj 3 "sical characteristics of the material being 
weighed, weight accuracy dcsii ed, and production rate. It should be borne in mind 
that every product costs money to manufacture and that over-all plant jdeld is deter¬ 
mined by the pounds of material sold. The close&t tolerance coneiatent with product 
and packaging labor costs should be the goal of every weighing operation. 

Platform dial and beam scales are commonly used for gross weighing. The con¬ 
tainer is placed on the platform and tare weight adjustment made or the tare weight 
noted and added to the desired net weight. Uial scales for manual gross weighing are 
frequently used, as the approach of the indicator to the final weight acts as a signal 
to the operator to throttle the discharge valve and reduce the fiow of material until 
the final weight is reached. 

Bagging Equipment. Opei^mouth Bags. The scales heretofore described and 
equipped or supplemented with bag holders may be used for accurate filling nf open- 
mouth multiwdl paper and texile hags at rates up to six 100-Ib bags per min. 
high bagging rat^ of fifteen to twenty 100-lb bags per min, the Model A Bagpak 
machine shown by Fig. 32-20 may be used. This unit weighs, fills, and closes hags 
at the described rate using but one operator, The unit consists of a battery of iF^ree 
or four scales moiinted over a rotary turntable on which are suspended a number of bag 
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1u3^6]!9'wU1i mtrs^ hopiim. ThWpemtof on tl)o bold^ tm ihey 

Wh^ tho empty ba^ nre indexed to the ^oper position tmder the flOj^es^ 
ifl relfianed into the bag* As the idled bags eontinue around the tu^table on a ioggHng 
roller eonveyOr, the material is settled leaving suiBcient outage lor the ba^" ^ be 
sewn* When the bags ireach a position approximately 270 deg fiom tbeoperatorj they 
are automatically transferred to a conveyor running tangential to the tumtaJble and 
with the help of chain belts the bags are guided through a sewing machine and then 
to conveyor to warehouse or freight ear. A similar smaller unit for ten to twelve 
bags per minute is also manufactured. 

A simple and relati\’‘ely inexpensive bag holder and scale for manual fUling and 
weighing is shown in Fig. 82^121, This unit is a bag holder momited on a ^aU hopper 



Fio. 32-21. Exact-weight bag holder and sacking scale. 


pivoted on a frame. The frame may be stationary or pivoted. The bag holder and 
hopper arc at one end of a lever arm to which weights equaling the gross weight are 
attached at the other end. An “under-over'^ dial indicator guides the operator in 
adjusting the flow' of material to the bag. This scale permits filling to final weight 
in one operation, the weight accuracy depending U]^ the skill of the operator. 

Many dry materials are of a nature which prohibits their being discharged from a 
scale hopper into a bag because of serious dusting. In such instances where open- 
mouth hags are used, it is desirable to fill the bags by means of an auger packer fsee 
Itg. 82-22). This equipment consists of a small hopper feeding a vertically mounted 
auger. A comiterweighted platfonn serves as a base for the C4)iitainer during the fill 
Hme. 1116 auger may be belt- or direct-motor-driven through a clutch, In addition 
to the counterweight on the platform, the packers may be obtained with an adjustable 
brake shoe which gives added compression against which the filling auger mirst act. 
In operation, an empty bag is alipp^ over the end of the tube sutrounding the auger 
and up the tube uutil the bottom of the bag is at or near the bottom of the A 
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foot pedal or piiah button is then ac*tuated which causes the platform to rise until it is 
directly under the bag, At this location the platform trips a switch which throws in 
the clutch and starts the auger. As material is forced into the bag, the bag and |dat- 
form descend until a second switch is contacted which disengages the clutch, thereby 
stopping the flow of material. The platfoim continues to descend until it is at floor 
level where the bag is rc^moved. Inasmuch as this is a volumetric filling method, it is 
necessary to che<;kweigh the filled bag prior to closing. While consideralde deaeration 
of product may be realized by adjusting the brake pressure and using augers of varying 
pitch, it is frequently necessary to compromise the deaeration with dustless operation 

and higher fillin g rate in order to achieve the 
optimum operating efficiency. 

Valve Bag^. Numerous types of valve-bag 
filling equipment are available depending on the 
bagging rate desired and the physical rharacter- 
istics of the material to be bagged. Basic types 
of valve-bag packers are (1) impeller, (2) belt, 
(3) auger, and (4) gravity. The principles of 
each type are explained below. 

1. Impeller. The impeller-type packer con¬ 
sists of a housed rotating shaft on which am 
mounted blades (similar to a turbine), Material 
is fed from a hopper into the housing where it is 
picked up the blades and giv^eii sufficient 
velocity to force it through the sjM)ut, outlet of 
the housing on which the bag is held. The 
impellers may be mounted vertically or horizon¬ 
tally depending upon material feed. This type of 
packer is normally used with nonabrasive mate¬ 
rials which Avill not break down by impact of the 
impellers. 

2. Belt. Belt packers (see Fig. 32-23) are 
used for fast bagging of free-flowing granular and 
crystalline products. The belt packers may be 
either the preweigh or gross-weigh type. If pre¬ 
weigh, the material is discharged from a scale into 
the hopper of the packer. The hopper outlet is 
Constricted so that the material is fed into a 
groove in a rotating wdieel. The material is held 
in the groove through UO deg change in direction 
by an endless belt which runs against the flanges 
on either side of the wheel. As the material 
leaves the gn)ove, it is forced through the filling 
spout. The preweigh type of packer permits 

Fig. 32-22. Vertical auger packer vibration of the bag during the filling cycle, 
for filling bags, barrels, and drums. rpjjg accomplished by automatic joggling of the 

rest on which the bottom of the bag is placed. 

The gross-vreigh belt packer operates on the same principle as the prew'eigh except 
that there is a shutoff valve at the inlet to the rotating wdieel, and the filling spout 
and bag rest are part of a beam scale. In operation, a control lever is positioned which 
causes the inlet valve to open and the grooved wheel to rotate. When the predeter¬ 
mined weight of material is in the bag, the lever arm trips which closes the inlet valve 
and disengages the clutch. It will be seen that uniform feed of material to t he rotating 
wheel is essential if accurate W'oights are to be obtained. At the instant of cutoff the 
amount of material between the cutoff valve and the outlet of the filling spout will be 
added to what is already in the bag. If this amount is not fairly constant for each 
bag, poor weights wuU result. 

3. Auger. Auger-valve bag packers (see Fig. 3^24) are designed to be used on 
materials which are light and tend to deaerate and pack. Materud is fed to the packer 
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Jiopper wliich is €$quip|»ed #ith a riblbon agiiatot to ptevent liddeing. ^Tke mateial 
drops into an augor running from 1,200 to 2>000 rpiou sug^ forces tlie material 
out the hUing spout on which the hag is suspended. Frequentlv, this type of padedr ie 
used for products which cannot be preweij^ed and discharged* In such instances, 
two types of auger packets are available. One type depends on a tim^ which stops 
the auger after a predetermined period of time. Here again it is of utmost importance 
that uniform feed to the packer bo maintained for accurate weights. The second type 



recently introduced commercially weighs the material as it is forced into the bag and 
trips a switch stopping the auger when final weight is reached. 

4. Gbavitt. Gravity-valve bag packers (see Fig. 32-25) are employed for free- 
flowing crystalline or granular materials where relatively low bagging rates are desired. 
The unit consists of a small hopper taperin g to a fillmg spout. It depends on the free- 
flu^ving characteristics of the material and gravity to fill the bag. Material may be 
either preweighed ^d discharged into the hopper of the packer, or the packer maybe 
mounted on a platform scale and the operator control the flow of material to the packer 
as indicated by the scale. 

In considering valve bags and valve-bag packers, it should be kept in mind that 
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tlke^r d^B^ned primarily for high bagging rates with small labor FetikiirementSii 
n phM xtsually i^ohlbitB idieckweighing and adjusting of every bag. However, beoatuse 
of the j^unplidty of closure inlwaJent m valve bags, their use in broadcs' applieationais 
becoming more widesi^ead. Weight adjustment may be made by menus irf scoops 
which Will easily fit in the valve opening of the bag. Several scoops holding different 
quantities of the same material will facihtate the adjusting of bag wights. 



Orum-fiHing Equipment. Dry Materials, The scales and auger packers described 
in the foregoing section may also be used for filling drums and barrels. As previousl> 
stated^ with these nontamers it is desirable to have ilipm filled to capacity during 
storage and transpoitation, This not only reduces container, handlmg, and freight 
costs per unit of net weight but also permits better and safei storage and handling. 
To increase the amount of material which can be packed m a container, consideration 
should be given to (1) mechanical and electrical vibratois, (2) hydraulic jolters, and 
(3) vacuum deaeration. Mechanical vibrators are available having a fixed amplitude 
and frequency of vibration. Electrical vibrators have a fixed frequency, but the 
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iBfly varied by mems of a xbmtat. GeoeKaUy^ the ni^hjoiic^^Mid 
eleutrieaiTibratora have a relatively Mgh iret^eaiey ^whiah with aeaie veiy light 
ground powders will not result m deaeration. BucJ^ mateimknmy deamte ^ 
frequeney of vibration is sharply redne^ Mid the amplitude inoreased* Sudbi an 
action may be obtainod with an hydraulic jolter. The third method of deaeratum— 
vacuum bell-^is iticcompliahed by placing the hlled container in a vaeuum chamber 
and after the proper amount of vacuum is reached opening the chamber to atmospheric 
pressure^ 

In effecting deaeration by the mechanical, electrical, or hydraulic equipment, two 
methods arc optional: (1) vibrate the container while filling, or (g) fill the container, 
vibrate, and then refill the volume gained by vibration. If preweigh scales are used, 
it is possible to vibrate while filling. However, if the container rests on a scale plat* 
form while being filled, it is impossible to vibrate until 
after filling. In order to do this aud| avoid further 
filling, the use of a collar which will fit on top of the drum 
and increase the drum capacity temporarily may be used. 

After the material has settled to where it is all within the 
confines of the drum, the collar can be removed and the 
drums closed. 

Equipment for filling rigid containers with powders 
by vacuum has been recently marketed. While similar 
equipment has been in use for 8 to 10 years for filling 
small containers, its adaptation to buUt containers is 
relatively new. Vacuum filling of powders is a quick 
dustlcss operation with a packed density of product 
higher than may be achieved by any other known pack¬ 
aging method. A vacuum filler consists of a vacuum 
source, vacuum tank, filter, valve assembly, filling head, 
and hopper and elevating container platform. The 
filling head is illustrated in Fig. 32*26. It will be noted 
that the filling head consists of centrally located holes 
connecting the bottom of the hopper with the container 
and two separate vacuum inlets which are screened. In 
op(*ration a container is placed on the platform which 
ascends and seals the top of the container against a 

gasket in the filling head. Vacuum is then admitted in .p, P t t * 

one side of the head which evacuates the air from the con- bag packer.^^ 

tainer. The pressure differential between the evacuated 

container and the material in the hopper causes the latter to rush into the 
container. After a fixed time interval, the vacuum is released on the one side 
of the head and applied at the other. When the vaeuum is released, that side 
is Djien to atmospheric pressure, and the incoming air cleans the material off the 
screen on that side of the head. The tuning of the application of vacuum to each side 
of the head and the number of cycles to a filling operation are controlled by a valve 
meclianism. 

Liquid Materials. Liquids may be packaged in drums or other containers by vol¬ 
ume or weight. A simple inexpensive vplume filler utilizes a fioat valve to cut off the 
flow of liquid when the proper level is reached in a container. The depth to which the 
valve wiU go in a container is adjustable. With volumetric filling cd this type it is 
important that containers be uniform size. 

Another more accurate method of volume filling is done by a metering device. 
Such a meter measures the amount of liquid fiowing through it and automatically cuts 
off a set volume. The meter is equipped with temi}erature controls to compensate 
for temperature variations of the liquid which in turn affect volume. For best relMilts 
S' constat pressure head sliould be maintained. These meters may be equipped with a 
control valve for reducing pressures to practical working pressures and with strak^rs 
for ensuriitg a product free of foreign materud. The metem are availablein statidnary 
aud pmtable models. 

im 
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Several semiautomatic and automatic metliods of filling liquids by weight are 
utilised. niuBtrated in Hg. 32*27 is the Yol-U-Metcr method consisting of a valve 
and a mercoid switch with a trip lever. The latter is attached to the frame of a beam 
scale in such a manner that when the beam falls, indirating the desired weight is in 
the container, the beam hits the trip lever which actuates the mercury switch and 
closes the valve. The valve is opened by moving the manually operated lever. 

A second method of weighing liquids is accomplished by utilizing a dial scale 
equipped with magnetic or photoelectric cell cutoffs connected to a two-stage solenoid- 



Fig. 32-26. Section of vacuum-filling head for filling rigid containers with powdered 
material. Flexible containers may also be filled by this principle by placing a rigid shroud 
around the container and evacuating the air between the shroud and container at the same 
time that air is evacuated from the interior of the container. 

Operated valve. In operation, the container is placed on the scale platform and the 
tare weight adjustment made. The desired net weight is fixed on the beam balance. 
As the dial indicator approaches the zero mark on the dial, it intercepts a light beam, 
n,nd the first stage of the solenoid valve is actuated causing the valve partially to close. 
As the indicator continues to zero, the light beam is again free, and the second stage 
of the solenoid valve is actuated which shuts the valve completely. The extent to 
which the second stage of the valve permits the valve to stay open is adjustable so 
that whatever “dribble” flow is required can be obtained. 

Case Packers. Case packers are utilized for semiautomatically loading canned 
goods and bottled goods in flber and wood boxes and small paper bags in paper shipping 
containers. 

Hound cans are usually rased in equipment similar to that shown in Fig. 32-28. 
The cans enter on their sides and arc guided into a form holding the desired number. 
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As layer the form drops, permitling the next layer to go iato position. When 
theJPorm is filled, an empty cartoii is placed over the opening and a foot pedal depressed. 
This actuates a thruster which ptishes the cans into the carton. The carton is then 
lowe^red to a eonveyor leading to a carton^ealing machine. 

Bottled goods are kept vertical and separated on a conveyor into the nuixLber of 
TOWS which is equivalent to the rows of Ixittles in the case—usually four. The four 
rows then move forward simultaneously into a jig under which on empty oarton is 
placed. A lever is tripped which lowers the bottles into the case (see Fig. 32-29). 

Container Bag Packer. A paper shipping container bag is a multiwall paper bag 
in which a number of small bags or “pocketsare shipped. Equipment for fUling 
container hags operates on somewhat the same principle as the can packer. Bags to be 
packed come to the packing station in a single line. The number of bags to go across 
the width of the container bag are then pushed by a thruster into a form over which the 



I'u;. 32-29. Bottle case packer. 


container bag has been placed. One layer of bags is positioned at each siroko of the 
thruster. 

Closing and Sealing Equipment. Opm-mmith Bags, Multiwall open-mouth 
paper and textile bags arc rinsed by wire tying, stapling, and sewing. The first two 
methods are usually employed wliere bag production is low. This is for the reason 
that these methods require longer bags than the sewn closure, and thus bag cost is 
higher. When bags are wire tied, the mouth of the bag is gathered and a wire tie 
bent around the gather and twisted together by means of a tool. The gathering and 
application of the wire tie may also be performed automatically on equipment manu¬ 
factured by the Hamer Machine f lompany of Minneapolis, Minn. If bags are paper 
and made of four or more plies, it is difficult manually to gather so much paper in which 
Case the inner ply or plies may be folded down on the product and the outer three 
plies used for making the closure. When we ties are used, care should be exercised 
that the fie is not applied e/o.w to the product. There simuld be 8 to 12 in. of outage, 
depending iijxin f he hag size, and the fir* applied 1 to 2 in. from the end of the bag. 

Btaph'd elij.sure.s are made by folding down the top of the bag 1 to 2 in. and stapling 
throtigh the fold. A Roeond fold will make the bag more .riftproof. Standard wire- 
stapliiig inaehine.s are used for this operation. If the bag is placod on a roller conv^’cyor 
and the stapling head placed at an angle rather than horizontal, an easier operation 
will result. 
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i»ajority of op^^outL bags are eloHOd by arwing Sewiiig maoibanea utll»Au)|^ 

a cbaki Biitcbi double-locked stitch, sud pat^ted “eushiou^' s6t-ch Ai*c avafliWe. 

details of these stitt^ee are shown in J'lg. 3^30. The twd latter types of stitch 
are those iiorma% used in closing paper bags, while the first two types are used for 
closing textile bags. 



Thi Cusli4on Stiich cloturs bsfprs 
This ryps closure affected by models £-1 
and If-i" Bagpachers 


■ 

mm 

jmm 

EHHHHbH 


rope 



The taped afid seolad 'bushion Stitch" cjjcau re 
This type closure effected by models V and 
"O-A" (Tape not applied by models "EH" and 

“f-i") 

I Sewmg thread 


Multi watt bag 


Fitter cord 


Tape-bound sewed closure for 
mu 1 1 watt paper bags 

I lo 32-30 Si*wii clodures for multi wall paper bags 




Flo 32-31. Union Special Style 21800 bug sewmg luarhiue With Hl\le 80000H sewing 
head and 21B44 tape-aealitig aUaehtnent. 

The Union Special Machine C'onipany bag-seuing machines arc available in several 
styles. A commonly used one is Uiowu in Fig 32-31. Various types of sewmg heads 
are applicable to the different machines. Sewmg head styles SOOOOAC and 30000AD 
hre used for closing heavy-weight textile bags. The AC produces the double-loeked 
stitch and the AD the chain stitrh. Styles 30600K and 806(X>F may he used for both 
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pBper and textile bags. A filter cord is normally used with paper bags. This filter 
ooi^ fills the needle holes and prevents sifting. Sewing head style 30600H makes a 
tape-bound sewn closure with the stitcher penetrating the crepe-paper tape. Simul¬ 
taneously, a filter cord is run. This head produces the double-locked stitch and has 
an automatic mechanical tape and thread cutter. 



Fia. 32-32. Mode] DA Bagpak sewing mEKshiiie for applying lape over ^‘cuEihion^itch” 
closure. 


The Bagpak sewing machines are also available in different styles and with hoa^ls 
producing different types of stitchuig. In wride use is the Model DA Bagpak for 
closing multiwall paper bags (Fig. 32-32). This unit produces the “cushion stitch** 
illustrated. Paper tape is applied over the stitching if desired. 

Fiberboard boxes may be closed by application of gummed paper or cambric 
tape to all open seams, by applicatian of adhesive to the flap area, or by stapling 
Adhesive sealing may be entirely manual, semiautomatic, or completely automatic. 
A carton sealer of th e latter type is shown in Fig. 32-33. Cartons are fed automatically 
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to the entriince of the gluing unit whore the outside top and bottom flaps are turned 
outward and pass under glue rolls. The flaps are then turned to their normal elosed 
portion, and the rarton enters the compreesion unit consisting o{ 6pring*mounted 
idler rolls pressing down on the top flaps. The carton is carried through the ghter by 
a push-box conveyor and through the rompression unit by a belt conveyor running on 
a steel bedplate. Speeds as high as 40 cartons per min may be obtained depending 
on the speed and box spacing of the push-box conv^or and the length of the compres¬ 
sion unit. 



Fio. 32-33. Automatif* case sealer (gluer and compression unit). 


Overlapping cartons maj" lie sealed by adhesive or by wire-stapling machines in 
which the anvil is thrust under the tv o overlapping flaps and \he top stapled Kegular 
slotted boxes may be stapled closed by a machine utihzing a preformed staple. Two 
anvils having knife edges penetrate the liberboard. The preformed staples are 
chnehed against the amil heads, and the aimls retract. 


LLL-B-631 

LLL-6-036 

NM-B 601 

NM-B-621 

NM-B-6.31 

RR-B-llG 

RR-r-Ob 

RR-D roi 

RR-D-726 

RR-D-729 

RR-D-741 

UU-S-48 


Federal Specifications for Containers 

Boxes, fiber oorrupcatod 

Boxes, fiber, solid 

Boxes, wood-i leafed plyi^nod 

Boxes wood nailed and lock comer 

Bnxei», wood, viirthound 

Barrels steel T\ i>e a 

Cant, steel (tiiined-platc, t rra-plate, and blsrk Hhaet), fncfion eovera 
Drums, metal J mkjs 5A. ’’C, and flD (for acids and other danaerous artiLlea) 
Drums, slofl, Tvpc 5 (f iflaromable or poisonous liquids) 

Dr steel, Tvpe SB (b liquid pefroloum products) 

Drunih fiteol, Iyi>ofiC(ro inflammable solids and oxidizing materials) 
Sackb, paiicr, shipping 
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INDUSTRIAL GLASS* 

BY Harold G. Vogt 
Physmst, Coming Glass Worhs 

DEFIinTION AND TYPES OF GLASSES 

i 

Glass is an inorganic product of fusion which has been cooled to a rigid condition 
without crystallizing.I It is typically hard and breaks with a conchoidal fracture. 
Although basically homogeneous and transparent, masses or bodies of glass may be 
made colored, translusccnt, or opaque by the inclusion of dissolved, amorphous, or 
crystalline materials. 

Glass is made by heating a mixture of dry, powdered or granular materials at 
about 2800''F in a refractory container until a viscous, homogeneous liquid is formed. 
The proportions of the raw materials in the batch are seldom in the ratios correspond¬ 
ing to those of chemical compounds. Rather the proportions may be varied continu¬ 
ously over relatively wide ranges to give glasses with some physical and chemical 
properties varying continuously over wide ranges, while some properties remain 
practically constant, and others vary over small rangCvS. Moreover, there is consider¬ 
able choice as to wliich and how many ingredients are to be used. Through a study 
of the properties of some 50,000 glasses, it has been possible to select formulas that 
are best fitted for specific applications. About 400 different glasses are melted com¬ 
mercially each year. They differ considerably in some of their properties. Of these 
glasses a relatively small number have such good all-around usefulness that they arc 
melted continuously and in great volume. 

The great bulk of commercial production is commonly classified in the following 
chemical types of silicate glass. Listed in order of decreasing costs, decreasing soften¬ 
ing temperatures, decreasing thermal-shock resistances, and of increasing thermal- 
expansion coefficients they arc (1) 99.8 per cent silica glass, i.e., fused quartz or fused 
silica; (2) 96 per cent silica glass; (3) borosilicatc glass; (4) lead glass; and (5) soda- 
lime glass. The commendal ranges in composition of these types, as determined })y 
analysis and calculation of oxide equivalents of the finished glasse.s, are given in Table- 
33-1, and the physical properties of some typical representatives of each type are 
given in Table 33-3. 

Table 334 



Sodii lime, 
per cent 

I^ead, 
per cent 

Boros ili cate, 
per cent 

96 per rent silica, 
per cent 

Fused qiiartr, 
per cent 

SiO:. 

70-75 

53-67 

73-82 

96 

99.B 

NaiO. 

12-18 

5-10 

3-10 



KsO. 

0-1 

1-10 

0.4-1 



CaO. 

5-14 

0-6 

0-1 



PbO. 


^ETiwTi^l 

0-10 



B^OI. 



5-20 

8 


AhOi. 

0.5-l.fi 


2-3 



MgO. 

(M 






In other types of glasses Hueh as colored, opal, and optical, the chemical composi¬ 
tion is not the distinguishuig characteristic, and they are u.mully made from the above 

* Superior numbera refer to opecifiG references listed at the end of this section, 
tACTMCl62-4fiT. 


1904 











FBYBmAL xm csmicxh mOFMMflEB m 

iypea ^ "hybrids” th^mrf» dolored glasftea ard ma40 by adding inMsefi genially 
metals oxi^ ta the bateh, phis proper heat-treatment ol the bnished ghusa ^hm 
needed. Opal glasses most often are made by adding ^uorides or phosphates io tlie 
batch, and the finished glass is treated so that small particles appear in the body of 
otherwise transparent glass and cause the scattering light Ihat makes opal glasses 
appear "milky.” Optical glasses are made from a variety of compositions to get 
desired combinations of index of refraction and dispersive constant. Their distin¬ 
guishing characteristic lies in the severe degree of freedom from physical imperfoctiDno 
required in the finished glasses. 

There are a few nonsilirate glasseSj e.g.^ borate and phosphate glasses, made in 
small quantities fox specialized uses. 

PHYSICAL AND CHEMICAL PROPERTIES OF GLASSES 

During recent decades industrial users of glass have adopted much more of an 
engineering approach towards its application, and glassmakers, through intensive 
research, have acquired scientific understanding and technical control of the material. 
New superior chemical types, particularly the low-expansion borosilicate glassy and 
96 per cent silica glasses, have been, developed. Technological improvements have 
been made in the old soda-lime and lead types, and designing and finishing treatmenta 
have been advanced greatly. The resulting improvements in mechanical strength, 
thermal endurance, chemical durability, and electrical properties have been so marked 
tliat glass, particularly of the low-expansion types, has gained wide recognition as a 
versatile engineering material. 

In using the specific values for the various properties of glass listed in Table 3^, 
it is necessary to keep in mind the following general comments because the physical 
nature of glass is so different from that of other engineering materials. 

Mechanical Properties. Glass is a supercooled liquid and is not crystalline or 
endowed with any directional properties the way crystals are. It is nonductile and 
perfectly elastic; t.e., it shows no cold How right up to the stresses necessary to break 
it. It seems to be broken only by tensile stresses, the fracture starting in almost all 
cases from imperfections in the surface. It does not deform or decompose with aging 
or exposure to moisture, and it suffers no permanent deformation when subjected to 
mechanical or thermal stresses even at very low or quite high temperatures. Having 
no porosity whatever, it does not swell or shrink with changes of humidity or immersion. 

1. Strength, For safe design practice, tensile stresses should be limited to 1,000 
psi maximum for annealed articles and to 4,000 psi for tempered articles of glass. 
This is true since, although annealed articles have tensile strengths ranging from 4,000 
to 10,000 psi and although many products can be tempered to have two to five times 
the strengths of annealed products, the evaluation of safety factors is rather difficult 
and depends upon the type of application and condition of the surface. 

The nature of the surface has a great effect upon the tensile strength of glass. 
Not only are loading stresses considerably magnified in regions of surface imperfec¬ 
tions, e,g.f scratches, but also the stress concentrations cannot be relieved by any 
yHding or cold flow since glass is nonductile. This results in the strengths of gfiies 
an ides being markedly less than the 500,000 psi and upwards measured for some fibers 
id glass. It also results in noticeable variations in the measured strengths. Temper¬ 
ing puts a permanent compressive stress in the surface and thus strengthens a ^asa 
article and makes the glass more resistant to abrasion or scratching. 

Glass tested in compression or shear seems always to be broken by the tendon 
Lomimnents of stress, and the terms compressive strength and shear strength are 
generally considered to have little meaning for glass. However, the apparent or 
effective compressive strength is about ten times as great as the normally measured 
tmsiJc strength, and consequently it is a decided advantage, when using glass in con¬ 
junction with metals or other materials, to have the designs such that the forces on the 
glass are compreamve rather than tensile. This is parti cularly true when temperature 
changes may introduce considerable stress in the glass because of differences in 
aion coefficients. 
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H. M^tduU 0f Yonftg's moduliifl Tangee from 0.S X 10* lo 12 X 10* |»d 

for varioofr glaeees. Poisaon’a ratio ranges from 0. IS to 0.30, but 0.22 oaldy 
be \hk 4 io dempi oaloulatioxw. 

% Surdms^, The nouductility of glass makes it difficult to assess the signiSoauce 
Of iOitentaticm tests, and glass manufacturers use tests different from those used for 
metals. Chk tlm Moh scale of resistance to scratching, where diamond is arbitrarily 
aseSgu^ a ffgure of 10, glasses range from S to 7. 

’ The tenris '^hard^' and *^soft” as used in the glass trade seldom refer to the median^ 
ical hardness but rather to the question of whether a glass has a high or a low softening 
temperature, respectively. 

Besides the Moh test, glass manufacturers sometimes use an impact-abTasion teat 
in which the amounts of abrasion required for equal surface destruction are measured 
and calculated relative to that of regular jmlished plate glass. Assigning a figure of 1 
arbitrarily to plate glass, the values for a few other types of glass are as listed in 
Table 33-2. 

Table 33-2. Impact-abrasion Hardness 


Plate glaas (aoda-lime glane) . 1 0 

High-lead glaaa ... .... 0.5 

Bornailicatie (rlaaa . 3.0 

90 per cent mlica glaaa. ..3.6 


Thermal Properties. 1. Reference Temperatures. Consonant with the fact that 
i is a supercooled liquid, glass has no critical temperatures. It has no freezing or 
melting point, and with change of temperature the viscosity changes continuously. 
The '^melting temperature " of a glass is merely a high temperature at which the batch 
materials will fuse together and give a viscous, homogeneous liquid in a reasonable 
length of time. The viscosities of glasses are about 100 poises, even at the melting 
temperatures. 

For the practical control of shaping and annealing operations, either in the glass 
factory or out in the field where the glass is being used, it has been found useful to 
define certain reference temperatures. The softening points of a glass is the tempera¬ 
ture at which a uniform fiber, about 0.75 mm in diameter and 22.9 cm long, elongates 
under its own weight at the rate of 1 mm per min when the upper 10 cm of its length 
is heated in a prescribed furnace at the rate of approximately per min. For 
glasses of density, about 2.5 grams per cc, i.e., for all the commercial chemical types 
listed above, except the higher percentage lead glasses, this corresponds to a viscosity 
of 4.6 X 10’ poises. The annealing point of a glass is the temperature at which inter¬ 
nal stresses in the glass are svibstantially relieved in 15 min. It corresponds to the 
equilibrium temperature at which the glass has a viscosity of 2.5 X 10^^ poises and is 
usually the high-temperature end of the annealing range. It is determined by a 
loaded-fiber method of measuring viscosity. The strain point is the temperature at 
which infernal stresses in the glass are subatantially relieved in about 16 hr and repre¬ 
sents generally the low-temperature end of the annealing range for articles of ordinary 
thickness. Under conditions specified for laboratory tests, the viscosity at the strain 
point is 4.0 X 30^* poises. However, in cooling through the strain-point tempera¬ 
ture, the prtipcrties have already begun to lag appreciably behind the temperature, 
and thu.s the viscosity reached in annealing practice may be appreciably greater or 
less than 4.0 X 10^* poises, d^^P^nding upon the speed of cooling. It is for these rea¬ 
sons that the maximum operating temperat%re for annealed ware, if appreciable thermal 
and mechanical Btrcsscs arc avoided, may approach the strain-point temperature, and 
there will be no danger of introducing appreciable permanent strain. For tempered 
ware the maximum operating temperature must be lower than the strain point if the 
mechanical strength is to be maintained at the higher level achieved by tempering. 

2. Linear TheriruiLexpansion Coejfficwnt. Ooeffieionts of glasses range from values 
equal to and down to one-thirtieth tlioso of metals. The values tabulated are aver¬ 
ages for the range 0 to 300®C’l, but they differ little from the values ft^ the range 20 

tosa^c. 
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3, Thefmfll <7efwiiic<*N«y. Fw glasseii the eot^iadtivitJiiMf r»nge ifom^ 

0.0018 to 0.0033or GBpram-<!aloriefl)<<sin)/(Befs)(sqciii)(®C). Tfeo condUGlivity 

of a typioal bo|^ikt;aie ^aas is ^ to 25 per cent Mgher, its room-tempera- 
lure TsiuB of 0,0028 grainrcaloriea/(8ec)(fiq can)I(°C)/{cm)l, {00117 waAts/(i!m)X^C)], 
Despite a lower thermal conductivity, glass dishes bake their contents faster than 
shiny metal dishes sitice glass reflects away so much less of the incident heat radiatimL. 
And because of the surface films that develop in service, heat exchangers mad** ol 
metal turn out to be not much better than those made of glass. 

4. Th^mal Enduranes, The ability to withstand, without cracking or breaking, 
rapid or uneven changes of temperature is called heat-shock resistance or thermal 
endurance. No general formula for the thermal endurance ol glass articles has been 
found since it depends on all those complicated factors which control tensile strength 
as well as other factors. However, there are three useful generalizations: (a) the 
smaller the coefficient of thermal expansion, the greater the thermal endurance; ft) 
the thicker the glass, the more apt it is to break from thermal shock; and (c) glass wifi 
withstand a considerably greater total-immersion shock when heated than when cooled 
since in the first instance the surface is put into compression, while in the latter the 
surface is put into tension. Ordinary bottles are made of high-expansion soda-Mme 
glasses^ and they will usually break if plunged from boiling water into ice water, 
whereas most articles made of low-expansion borosilicate glasses usually will not 
crack even though some parts may be up to half an inch in thickness. The 96 per 
cent silica glasses do not crack even though plunged into ice water while they are at 
a glowing red heat. 

Electrical Properties. 1. Resistivity. The volume resistivities of commercial 
glasses are so high, 10® to 10'® ohm-cm at room temperature, that it is difficult to make 
reliable measurements, and room-temperature values are available for only a small 
number of glasses. Generally, they are 10'® ohm-cm or higher. Since the resistivity 
□f glass decreases appreciably as the temperature increases, it is more satisfactory to 
measure the resistivities of annealed samples at 250 and 350°C. 

2. Dielectric Strength. The dielectric strengths of glasses in air range from 1,0CX) 
to 8,000 volts per mil of thickness and are so high that measurements are often made 
under dry oil to prevent ‘'flashover.'* But under these conditions the oil generally 
fails first and sets up point electric stresses of extremely high magnitude with the 
result that only a fraction of the true dielectric strength of the glass is measured. 
Consequently, data taken under oil should be used only when the glass insulator is 
to be used under dry oil. 

Corrosion Resistance and Chemical Durability. One of the most outstanding 
properties of glass is its great stability and chemical inertness. The resistance which 
it offers to the attack of water, to weathering, which is due primarily to water and 
carbon dioxide, and to the attack of aqueous solutions of acids (except hydrofluoric), 
bases, and salts is the main reason why glass is so widely used for the storage of foods, 
drugs, and chemicals; for chemical-laboratory ware; and for chenucal-plant equipment 
such as containers, pipe lines, and pump parts. The chemical durability of glass is 
the lasting quality, both visible and cl^mical, of its surface. It is evaluated fre¬ 
quently, after prolonged weathering or storing, in terms of chemical and physical 
changes in the glass surface or in terms of changes in the contents of a vesscL 

The chemical durability of a glass, considered as an intrinsic function of the glass, 
dcjwnds upon such factors as composition, thermal history, and surface treatment. 

Today the demands upon the durability are becoming more and more severe 
because of using higher pressures, higher temperatures, and the like in the chemical 
industri^. To meet these demands it is advantageous to choose a glass best fitted 
for the specific service, since, although the commercial glasses listed in Table 33-X all 
have great chemical resistance in comparison to most all other materials, some have 
higher durabiiitieB than others. 

Some of the main factors which may affect the rate of attack of a reagent upon a 
glass are temperature, pressure, rate of agitation or flow of the reagent, and the nature 
of the recent itself. Different glasses respond in different ways to these factors^ 
^nd no acoelerat^ (the normal rate of attack being too dow to measure in a reasonable 
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l<aigtli of time) bboratary tost or practictd sories of testa has been derised to 0,ve a 
universal number for durability or to det^mine beforehand the durability for all 
aefvicQ conditions. Reaulib of accelerated laboratory tests nniat be used in combina*- 
tion with a background of actual service experience. 

For general purposes, where "high corrosion resistance is required^ eert^i corn- 
mercial boroailicate glasses and 96 per cent silica glass have wide application. They 
have excellent resistance to neutral solutions, to acids (except hydrofluoric), and 
to alkalies at moderate temperatures. Their low expansions make them valuable 
for chemical equipment where there are severe heating conditions to contend with. 
Their compositions are rebtively simplCj and tbis^ results in the contamination, if 
any, of the contents being limited to a few elements. For this reason they are suited 
to exacting chemical-analyses usage. This is especially true of 96 per cent silica gbsa 
which contains only traces of alkali elements. 

WORKING CHARACTERISTICS 

Cold gbss cannot be turned in a lathe, surfaced in a shaper, or drilled with a 
machine. In other words, it cannot be shaped with a cutting tool. The diilling of 
small holes, a quarter of an inch in diameter or less, by triangular pieces of hard steel 
or carboloy, fed with turpentine and operated in a drill press, might be considered 
somctliing of an exception. Larger holes can he made with a metal cylinder that has 
a serrated end, operated in a drill press and fed with a mixture of water and abrative 
particles. 

On the other hand, gbss can be ground and bpped very much as can metals, 
except for slower speeds and extra mounting precautions. It can be polished to 
much smoother surfaces than can metals. 

On the other hand, abo, relatively large cylinders can be cut by a vaiiety of simple 
crack-off” methods. With the smaller sizes of rod or tubing a scratch with a dia¬ 
mond or a score with a carbide-wheel gbss cutter allows the gbss to be broken off 
squarely by putting the scratched region in tension. With thicker walled tubing, 
electrically heating a Nichrome wire placed in a scratch around the tubing and putting 
cold water on the scratched region is a more effective way of cracking off the tubing. 
Heavy pieces of gbss can be sawed with abrasive wheels or diamond wheeb. 

Crews can be quickly trained to do pipe fitting of glass piping in the field with hot¬ 
wire crack-off and hi gh-f requen cy electric sealing or w elding < For uses where serv- 
ice conditions do not require the standard conical glass flanged joint to be employed 
throughout the lines, a simpler method of field flanging has been developed. Known 
as pipe beading, the method consists of fornuiig a bead by gas heating on the end of 
the desired length of piping. Considerably Jess equipment is needed than with electric 
sealing. The pipe-beading kits can be bought or rented at reasonable rates. 

When glass is yellow hot, it is quite moldable and can be readily blown or pre^d 
into complex shapes. A variety of mass-production methods exists for shaping hot 
gbss as it emerges from the melting tank. Also cold glass can be reheated and then 
reshaped and welded- In the multiform process powdered glass can be cold-pressed 
or cold-cast to give articles that, after firing, are perfectly vitreous and vacuum-tight. 
Multiform articles can he of very intricate shape with holes, grooves, screw threads, 
and the like, and with some dimensions accurate to high precision, 

FACTORS INFLUENCING CHOICE OF GLASS OVER OTHER MATERIALS 

For many engineering uses the relatively low tensile strength and the limitations 
on cold working are disadvantages of glass. However, the toughness of moat gb^s 
products today is such that the term “brittleness,” in the by sense of the word, b 
inappropriate, and modern gbss b turning out to be strong enough for a great number 
and variety of new industrial uses. And the ease and speed of hot forming is a great 
advantage. 

Also, the unique and excellent combinations of physical and chemical properties 
are great advajitages. The most outstanding of its char act eristics are 

1, Transparency—^very high and permanent. 

2, Traneluscency or opaqueness can be obtained as desired^ 
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а. AUdwb very veraatile control ovor the diHerential transmisfiaon or hacking of 
infrared, ultraviolet, or uiidesireii parts of visible light, 

4. ^moo^mess of molded suHaces Or supersmoothneos of ground and polinlied 
surfaces. 

5. Good hardness and resistance to scratching. 

Dimensional stability or pemiauence of shape is better than that of concrete 
or steel (Keiiee the use of glass for tlic 20''ioii 200-'in. mirror disk for the Mount Palomar 
Observatory redocting telescope). Glass is free from eroep, from e1a.stic hysteresis, 
aii^dfree from liability to permanent deformation utuler thermal or mechanical stresses, 
7. liightaess, or low specific gravity, 

S. Low beat condurtivity as compared with metals. Yet, as discussed above, 
glass is suitable for a number of heat-transfer applications. 

9. Very low expansion coefficients available in borosilieates or 96 per cent sUira 
glasses. 

10. Resistance to heat—good to excellent. 

11. Resistance to heat shock, especially with the low-expansion types—good to 
excellent. 

12. Small coefficient of reflection for radiant heat (see under thermal conductivity 
above). 

13. Electrical insulation and dielectric properties—excellent. 

14. Wide range of fine jn^rmanent colors. 

PRINCIPAL TYPES OF INDUSTRIAL PRODUCTS 

Chemical. In food- and drug-processing industrii's and in chemical indu.stries, 
use is made for the most part of low-expansion, chemical, and heat-resistant glasses for: 

1. Containers, tanks, jars 

2. Piping and tubing 

3. Centrifugal-pump parts 

4. Laboratory apparatus 

5. Tubing for heat exchangers 

6. Cyhnders for fractionating cnluiniis 

7. Sight and gauge glasses 

8. Godet wheels or pulleys for drawing rayon thread out of arid baths 
Electrical and Electronic. In the electrical and electronic industries, glass is used 

for the following: 

1. Insulators 

2. Lightning-arrester bodies for power-line use 

3. litbbon-glasB condensers 

4. Fuse-plug bodies 

5. X-ray-tube envelopes and X-ray absorbing sheet or molded shields 

б. Electronic-tubc envelopes and tubing 

7. Mercury-switch envelopes 

8. Metallixed glass for containers hermetically scaled by ordinary soldormg 

9. Metallized-glass electronic components 

10. Special glasses for matched expansion glass-metal fusion seals 

Lighting. In the lighting industry glass is employed for the products listed below. 

1. Incandjjscent-lamp envelopes, fluoresccnt-lomp tubing, sign-light tubing 

2. Projection-lamp envelopes and cover lenses 

3. Diffusing and lens-action prismatic light oontrolling glassware 

Light Filters and Colored Signalwore. In the field of light filters and colored 
signalware, glass is employed in the following materials: 

1. Ultraviolet transmitting 
a. Germicidal-lamp tubing 
h. Sundomp bulbs 

c. Black-light tubing 

d. Bulbs 

e. Filter sheets 
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SL Seat or infrared thuisixilttii^ 
k. Heai^kmp 
6, Blaek4igTit Yiato filtera 

c. Bulbs 

d. Tubing 
3. Colored ^lase 

a. For i^gnalware that often has areurate pristnatic surfaces on cylindrical^ 0at, 
or lens shapes 

h. For filter sheets or covers 

ThermaL In thermal installations, the materials listed below are made ^ glass. 

1. Heat-exchanger tubing 

2. Furnace windows 

3. Induction-fumaec eruribles and calcining jars and trays 

4. Thermocouple protection tubes 

5. Heat-absorbing sheet glass 

6. Furnace cores or linings 

7. Thermos- and Dewar-flask glass parts 

8. Thermometer tubing 

9. Heat-insulation Foainglaa 

10. Heat-insulation Fiberglaa products 

11. Heat-insulation double-glazed (m^aled-in airspace) windows 
OpticaL In the optical field, glass is used for the following: 

1. Instrument lenses, prisms, and mirrors 

2. Eyeglasses and goggles 

Mechanical. Glass is used in the following materials in the mechanical field: 

1. Jew’el bearings for precision instruments 

2. Optically flat surface plates 

3. Machinists’ gauges 

4. Torsion fibers 

5. Paraboloidal reflector shells for sealed-beam headlami>s and projection lamps 
f). Accurate-bore tubing for gas and liquid flowmeters 

7. Blueprint cylinders and sheets 

8. Mohls for rubber and plastics 

9. Diffusion vacuum pumps 

10. Lubricator and oil cups 

11. Hollers for yarns and thread 

12. Fibcrglas filters 

13. Slide-valve disks for gas-meter valves and rotaiy-valvc seats 

14. Fiberglas texlile.s 

15. Humidifier floats 

16. Multiform glass pipe-line filters 

17. Centrifuge containers 

18. lievel vials 

Aeoufitical. In the acoustieal field, glass is usetl for Filierglas products for aound 
absorption. 

S^ctural. In the structural fiehl glass 5a used for the following; 

1. Laminated safety-glass windshields 

2. Tempered sheet for doors, machine windows, fire screens, backstops 

3. Building blocks 

4. Fiberglas-plastics board of very high strength-to-weight ratio 

5. Oases and cx)vera 

6. Ultralow-eximnsiop spacers 

7. Mirror disks for ultraprecision reflecting telpseopos 

8. Foamglas floats 

CARfc AND MAINTENANCE OF GLASS EQIHPMENT 
Recommendations for Handling and Installing. It has been found that workers 
handling and installing ^ass equipment teinl automatically to be sufficiently careful. 
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MoteovBTf modein industrial glassware is more nigged and tdugher than the glass 
produets of five decades ago, and consequently, if properly installed, it has been found 
to give long years of trouble-free service under hard, continuous operation. 

Nevertheless, since the tensile strength of glass is relatively low compared with 
that of steel; since assembly stresses cannot be relieved by any cold flow of the glass; 
and since deep scratches and sharp bruises may cause excessive stress concentrations 
when mechanical or thermal stresses occur later on, it may be worth while to list the 
following recommendations, no matter how obvious and natural some of them may be. 

To avoid scratches, chipping, and sharp bruises, it is well not to unpack or unwrap 
glass equipment until the time of installation. Thus bumping against hard objects 
is avoided, and dirt, which sometimes may include abrasive pai-ticles, is kept away 
from the glass. Gaskets or pads of soft, resilient materials should not be exposed to 
picking up abrasive particlea. Glass piping should noj|t be racked along with steel 
piping, and rack pegs should be of wood or covered with rubber or friction tape if they 
are of metal. Hangars for glass piping should be padded with clean, soft, resilient 
material. 

To prevent assembly stresses from exceeding the safe maximum tensile stress of 
1,000 psi, it is well to check a number of installation details. In coupling flanged 
glass piping, gauge glasses, sight glasses, or the like, to metal parts, high point loading 
of the glass should he guarded against. The metal parts should be rugged enough not 
to deform under assembly stresses and should be flat and smooth. Resilient gaskets of 
materiala and designs recommended by the glass manufacturer should be used. Nut, 
and bolts should be drawn up evenly and only tightly enough to prevent leakage. 
Stud and nut clearances should be sufficient but not greater than necessary. More¬ 
over, since glass is appreciably stronger in compression than in tension, it is well to 
have coupling stresses on the glass compressive as much as possible. Good alignment 
is desirable at all times, and tanks, pumps, or other similar equipment to which glass 
piping is attached should be rigidly stationary so they cannot shift and put the glass 
under excessive stress. Hangers should be of recommended number, position, and 
alignment. Vibration in itself does not harm glass at all, but when piping is connected 
to vibrating equipment, the adjacent hanger should be located far enough away so 
that the displacements due to the vibration may be absorbed in the resilient gaskets 
at the flanged joints. 

Inspection for strains in glass is simple with a polariscopc and may be worth while. 

Operating Recommendations. So as not to exceed the maximum safe tensile 
stress of glass piping in sizes up to 4 in. ID, it is recommended that pressures noL 
exceed 50 psi. Pressures in the line should be checked or relief valves used, particu¬ 
larly with positive pumps, to protect against pressure surges. Closing valves too 
suddenly may cause excessive “water hammer” and vibration. Sometimes hydro¬ 
static heads are sufficient to require allowance- 

The maximum operating temperature depends greatly on whether the article is 
made of a high-cxpansion soda-lime glass or of a low-expansion borosilicate glass, 
With equipment made of borosilicate glasses of expansion coefficients around 35 X 10"^ 
per deg C, temperatures up to 220°F may be used freely in almost all cases, and 
higher temperatures—^up to about 400“F are not imcommon. With the higher tem¬ 
peratures there might be thermal shock problems, and the glass manufacturer should 
be consulted. Pyrex-brand piping, which is made of a low-expansion borosilicate 
glass, will easily stand flushing with alternate cycles of cold water and live steam. 
Actually, Pyrex-brand industrial glassware does not have its strength measurably 
affected until the temperature reaches about 900'^F, but the glass at a temperature 
over 400“F can be subjected to excessive thermal shock if it comes into contact with 
rain, oold-air blasts, and the Hke. Consultation should be made first with the glass 
manufacturer if such high-temperature service is contemplated. 

Do Jiot bring flames into direct contact with glass since some spots in the glass may 
be heated hot enough to introduce undesirable permanent strains. 

Wooden guards may profitably be placed around glassware in regions of heavy 
traffic or around glassware outdoors that might have icicles fall on it. 

Do not use wire brushes in cleaning glass. Cleaning can be accomplished often 
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by fluflhbig Ttriib cold or hot wator. Acid ^ol^tions pT hot 0.0 per cent aUcaHne 
geiit solutions containing a wetting agent may be used in vadous cases that are^^ore 
obdurate. 

large glass vessels under gas pressure or vacuum should be cageil for safety^ 

Altera^n and Repair of Glass Equipment. Oeikcrally, altrral ion of glsfis e*|uip* 
inent or the repair of cracked or broken articles out in the factory is not very fea«ob£e. 
A laboratory glass blower with the requisite knowledge, skill, and facilities can redomi 
yellow-hot glass and properly anneal it if the article is not too large or of too great a 
wall thickness. 

Recently, two methods have been developed for making alterations in glass piping 
installations made of Pyrex-brand piping. In both methods a stock length of flanged 
piping is cut with an electrically heated wire method of crack-off. Then in the first 
method®'®'^ a glass flange is sealed to the cut end of the piping by high-frequency electric 
sealing or welding to give a flanged pipe of desired length. After the sealing, the weld 
is annealed by a small electric fumacc that clamps around the pipe. 

In the second method of field flanging or pipe fitting in the field, the cut end of the 
pipe is heated in a ring gas burner; and when the glass is soft enougli, a beaded end is 
formed on the pipe by a rapid spinning of the pipe. The beaded cJid is annealed by 
rotating it in the same ring burner. Beaded piping can be joined to standard flanged 
piping or to other beaded piping. The beaded joint requires the use of rubber gaskets 
and is not ordinarily used for service pressures over 25 psi, for temperatures over 
250®F, or for piping of inside diameter over 3 in. 

GLASS SPECIALTIES AND THEIR CHARACTERISTICS 

Building Blocks. Glass building blocks are hollow, partially evacuated blocks of 
variously figured transparent glass. They arc used in buildings for non-load-bearing 
walla and partitions that give controlled ^Maylighting” combined with insulation 
against heat and cold, and insulation against noise. 

Glass blocks are made by fusing together two halves of pressed clear glass, and 
thus the hollow space inside is completely and permanently scalc'd. The air pressure 
in the hollow is only about one-third an atmosphere, and hciire a panel of blocks 
provides good thermal insulation. For example, the over-all coefficient of heat trans¬ 
fer, U value, is 0.49 Btu/(sq ft)(hr)(°F difference) for a 15-mpb wind on the exterior 
of a panel. 

The edges of the blocks arc coated with a grit-lx?aring plastic material to ensure 
permanent and effective bond with portland-cement mortar in which the blocks are 
set. The crushing strength of panels so set varies from 400 to 000 psi for edgewise 
loading. Hence panels arc self-supporting but should not bear any of the building 
load. Panels have a lateral stren^h or wind rceistanee of 55 psf for the maximum 
limit of 144 sq ft of unsupported area. 

Owing to the different figurings of the surfaces obtainEid in the pressing, different 
patterns of blocks range from a high traiLslusconcy to a reasonable transparency and 
include prism light-directing and -diffusing patterns. In the diffusing units a st^reeu 
of Fiberglas is sealed inside the block. 

The blocks are available in three sizes: 5.75, 7.75, and 11.75 in, square in face 
dimension by 3Ji in. in over-all thickness. Special shapes for comer pieces are made 
in 5.75- and 7.764n. sizes, and special radial units for curved panels in 7.75-in. size. 

Foomglas. Foomglas, made by tiie Pittsburgh-Coming C/Orporation, is a rigid 
material consisting of inert-gas bubbles completely encapsulated by glass. More 
than 5,000 bubbles per cu in. are formed in the foaming or cellulating of the glass by 
the evolution of internal gas at a high temperature. Foamglas is used for an easily 
installed industrial and commercial thermal insulation both in low-temperature and 
high-t<wnperature applications. Also it is as good as or better than cork as a material 
for floats. 

It retains its insulating property permanently since it is impervious to moisture, 
acid (except hydrofluoric and glacial phosphoric) atmospheres, vapors, and fumes. 
It does not pack, swell or shrink, slip, warp, or rot; and it is verminproof. Nat 0iily 
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U it Bozteombui^blc, but it has reliance to heat and'^ean be used at te^npeFatltrelB up 
to iSOO^J^ if thermal shodfa are avoided. 

Although it is fnable to the extent that it crushes locally with point loaduig, e.g., 
yielding to such surface irregularities as rivet heads and weJdS| it does not craok or 
break and will support its own weight permanently in any type of wall construction. 
It i^iould not be Used for load-bearmg walls. The friability permits cutting and 
shaping Foamglas with ordinary tools. 

The specihc values of the physical properties of Foamglas are as shown in Table 
33-4. 


Table 33-4 

Bensitj'' 10 5 Ib/cu ft (0 17 grBrina/et') 

Thermal oonduLiivily, K, 

at 5(PF 0 40 (Btu) (in.) / (hr) (aq ft) (“F) 

at 300"F 0 55 (Btu) (in )/(hr) (aq ft)<“F) 

ExpOrnBion ooeflicicnt 0 000005 (in )/(in,5(°F) 

Specific heat 0,10 to 0 19 Btu/‘(]b) C^F). 

Oruahing pai (average) 

Modulus of rupture 90 jiai (average) 

Absorption (24~hr iiiiiitf rbion lu ivatcr) 2 percent by weight (average, all at surfaces') 
Air infiltration of ijeriiieahilti> 0 

Capillarity ... 0 

Volume chauge with irioibturt 0 


Standard sizes are slabs 12 by IS m. of thicknesses 2, 3, 4, and 5 in and standard pipe 
insulation forms. 

Double-glazed Windows. Double-glazed windows consist of two sheets of glass 
with an air space between. There are various types made with different kin^ of 
spacers and sealing terhniques. Tbenr properties are approximately the same as those 
of glass blocks in insulating against heat and cold, reducing condEUisation on interior 
face, and in insulating agamst noise. 

Heat-absorbing Glass, lleat-absoi biiig glass is made of both high-expansion and 
low-expansion compositions. These glasses contain certain metallic oxides which 
cause high absorption of infrared rays or heat waves. They are used in filters or 
windows to pass visible light while at the same time stopping appreciable amounts of 
the heat radiation, which causes unwanted heating, unwanted glare, and unwanted 
effects on fabrics, dyes, etc. 

The low-expansion types, which are therefore heat resistant as well as heat absorb¬ 
ing, are about 85 per cent as transmiiting for visible sunlight as ordinary sheet glass, 
while they exclude about 30 per cent of the solar-heat waves. 

Heat-absorbing plate glass transmits loss than 45 per cent of the solar heat, and at 
the same time more than 70 per cent of the total solar light. It is made of high- 
expansion glass (linear thermal-expansion coefficient 8.3 X 10^^ per deg C) and has a 
thermal endurance of 125“F, It is available m and %-in. thicknesaes with 

plates ranging up to 10 by 18 ft for the J^a-in. thickness. 

Tempered Plate Glass. Subjecting plate glass, after cutting, drilling, or fabricat¬ 
ing in any way that is desired in the finished piece, to a heat-treatment or tempering 
puts a permanent compresfcive stress into its surfaces. This makes the glass toughet 
without impairing its other properties It is four t/O five times stronger and will flex 
four to five times farther than normal annealed plate glass. It does not shatter into 
jagged sphnters but rather falls apart into sniaH, relatively blunt and harmless chunks. 
It is harder and more resistant to scratching. And it can be used at temperatures 
between 120 and 650°F. These improvements greatly broaden the field of use for 
plate glass. 


KoTn: The tempered glass cannot be cut or drilled after tempering. 

Tempered plate glass can be used for oven glazing, fire screens, fire wtpdaws where 
wired glass is not permitted by law, kick plates, all-glass doors, backstops at baseball 
fields and the like, as well as for many other applications that need tough windows. 

It is available in H b- to 1 K-m.-thick plates up to 48 by lOflin* in clear, colored, or 
eoloredr-dpaque glasses. 
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ties listed in preceding material), wl!iich ismeetiaiuealiy tougk^and nt^ed^ 
kigti lei^tanee to heat and to heat shock, and which has Id^ cheiijt^-*coi^ioh 
resistance. The piping eonyeya Kqttids and gases safely, vimhly, and withonl’^Con- 
tamination. Its low expansion coefficient ma&s possible the flushing of the Mae wi^ 
alternate cycles of cold water and live steam, hot water, or hot detergent solutions tor 
cleaning or sterilizing. It is quite resistant to pitting, and its “glass smoothness^ 
facilitates cleaning and minimizes scale formation. 

It is resistant to all acids (except hydrofluoric) and to alkalies. FVeqiiently it is 
used to handle hydrochloric acid, nitric add, wet chlorine, bromine, ehromio acid, 
chloimated hydrocarbons, brine, organic adds, pharmaceuticals, sensitive drugs, and 
wine- 

Hping is made with conical flanged ends, and with standard fittings and gaskets 
stocked by the glass manufacturer, it is possible to join lengths together and couple 
to metal flanges. It is available with 1-, 1)4-, 2-, i, and 4-in. ID sizes in standard 
lO^t lengths. Other lengths arc made to the purchaser's designs, and while it is 
unusual to use pieces over 10 ft, it is not impractical to use lengths up to 15 ft. 

Some Other Pyrex-brand Industrial Glassware of Borosilicate Glass. Tubing 
of the same glass used in making piping is available in a wide range of sizes for Use 
in manufacturing laboratory equipment, tapered flowmeters, heat-exchanger tubes, 
and many miscellaneous pieces of plant equipment. Ranges of diameters extend 
from H to A14 m. in intervals of to in. Wall thicknesses range from H 6 1*^* for 
the small sizes up to % in. for the heavier pieces. During the Seenmd World War 
the drawing machines were equippi^d to make tubes up to in. OD and in lengths up 
to 6 ft. These larger sizp.s are made to order and are not ordinarily stocked. 

The tubing can be of elliptical cross section, rather than cbcular, for sjiecial appli¬ 
cations such as cell cooling coils. 

Tube and shell heat exchangers can be equipped with thin-wall glass tubes if the 
end sheets are designed to hold a packing that permits the glass tubes to move slightly 
w’lth respect to the shell. A number of successful heat exchangers of this type use 
rubber 0 rings. 

Borosilicate hand-blown glass cylinders are made in sizes from 5 in. OD up to 
23J^ in. OD, Table 33-5 lists the sizes and lengths moat frequently produced. 

Table 33-6. Frequently Used Sizes of Borosilicate^glass CytindeiB 


Outside diarn, 
in. 

Nominal wall 
thirknesH, in. 

Max length, 
in 

7 

— 

24 

8 


16 



24 

10 


20 

11 


19 

12 

He H 

24 

13 

H 6“- K 

23 

14Vi 

He-H 

28 

! 

H'e-H 

24 


Large cylinders are often used to make observation sections in pilot-plant fractionating 
columns. Entire fraclionatuig columns can be built with glass cylinders when chemi¬ 
cal attack is exceptionally st‘vere or when reactions can be accelerated by the admission 
of visible light and near ultraviolet 

Flat-bottomed borosilieate-glass jars are available in sizes as large as Ifl in. OP 
by 36 in. long and 18 in. OD and 18 in. long. They have been much used for the 

* And Vyeor are registeredi trademarks ol Cominfi; Olaas Works. Tkeir sole fimcflcm is to 
indiisate the origjia with Coming of the producta on Which they nppear. A lar« number of dsff ereiii gLaes 
oompcNotioiLB, varying wid^y in phyMeal and ehemicai propertieB are used ia the fabdoatioQi of gtSsswara 
and sold under both trade-mark^ The Pyrex trade-mark is also applied to oertain metal articles. 
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lolodUcs of electrolytic cells because they are much less vulnerable to temperature 
atressea than other ceramic containers of the same size. 

j^rosilicate plate glass is available in thicknesses of ^ and % in., and 

thicknesses are planned for. Sheets are normally smaller than 24 by 30 in., but it is 
poBinble by special order to obtain sheets as large as 24 by 60 in. Applications 
Include low-pressure sight glasses, furnace- and oven-door glasses, and occasionally 
such unusual purposes as crane cab windows in steel mills. Molded sheets and slabs 
of borosilicate glass are made in thicknesses up to in. These heavier pieces are 
ground flat and polished for use as sight glasses in pressure vessels. 

Molded sight glasses are made in several standard sizes ranging from 2^- to 
fr-in. diameter for low-pressure service and from 4- to 8M-in. diameter for preasures 
ranging betw'een 150 psi for the former and 30 psi for the latter. When necessary, 
these glasses can be strengthened by tempering to double their maximum safe working 
pressures. ^ 

Molded borosilicate godet wheels are used in the viscose-rayon industry to draw 
wet fibers out of the acid baths. Glass is used for this purpose because of its corrosion 
resistance and its smooth abrasion-resistant surface which requires no finishing opera¬ 
tions subsequent to molding. Intricate glass parts for a centrifugal pump arc molded 
and then ground so that impeller, volute, head plate, and seal ring fit together in such 
a way that chemicals flowing through the pump do not come into any contact with 
metal. 

Products Made of Glass Fibers. Glass in the form of fibers is a new basic engi¬ 
neering material. Fiberglas fibers, made by the Oweiis-Corning Fibcrglas Corpora¬ 
tion, are produced in a wide range of diameters and of various glass compositions 
fitted for specific types of application. The range of diameters is from coarse (0.010 
in.) through fine textile (0.00022 in.) down to superfine (0.00009 to 0.00005 in.). 
The fibers are solid rods of glass and possess most of the good properties of ordinary 
forms of glass; 

1. Koncombustibility and high resistance to heat 

2. Noiipnrosity; hence nonhydroscopic and do not shrink, swell, and stretch 

3. Chemical resistance to weathering, acids, oils, corrosive vapors 

4. Nondiictility 

5. Inorganic in composition and hence rotproof, niildcw-proof, as well as water¬ 
proof. Also immune to attack of insects, rodents, and other vermin 

6. Excellent electric-insulation properties 

7. Possess no odor and do not pick up odors 

Because of their fineness, the fibers possess in addition such new and very desirable 
properties as 

8. Great flexibility 

9. Great tensile strengths, ranging up to 250,000 psi, and possessing greatest 
tensile-strength-weight ratio of any commercial material 

The Fiberglas fibers are used in more than 100 Fibcrghis products which are derived 
from four basic forms. All the forms are incombustible, nonabsorbent of moisture, 
not subject to rot or decay, resistant to most chemicals, and provide no sustenance for 
insects and vermin. The four basic forms and their properties and primary uses are 
as follows: 

1. Wool forms 

a. Light weight: 1 to 9 lb per cu ft 

b. Operating-temperature range for thermal insulation use: subzero up to 
1000°F 

c. Thermal-insulation value: K, 0.25 to 0.30 (Btu)(in0/(hr)(8q ft)('’F) at 
various densities, at 70 ®F mean temperature 

d. Sound absorption: liigh noise-reduction coefficient at various densities, 
thicknesses, and finishes 

2. Filter and aeration forms 

o* Air filtration; standard 1- and 2-in. tfiicknesstis of fibers covered with special 
dust-catcliing adhesive provide hi^ly effective method for cleaning air of 
dust, lint, and poUen 
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h. Industrial aeration packs; semirigid packs Of bonded coarsni medloxu, or 
fine fibers used to filter air of gases, liquids, sludges, ete., and in eontaet and 
eliminator applications where water is used for Cooling, humidity control, or air 
washing. Tower packing is used in petroleum, chemical, and distillery indus¬ 
tries for evaporation, absorption, and fraotiDnation applications where sur- 
face area of liquids must be greatly increased or gases are to be absorbed 

3. Textile forms 

B. Limited stretch, nonswelling or shrinking, low expansion coefficients, and 
high strength-weight ratios 

5. Electrical insulation: excellent insulation characteristics in cloths, tapes, 
cordage, braided sleevings; varnished cloths, tapes, and tubing; combination 
Fiberglas-aiid-inica sheets and tapes; laminated-Fiberglas sheets, sticke, Or 
wedges; Fibcrglas-covercd wire. Such forms impregnated with silicone 
resins make possible great improvements in dectric-motor construction- 
light weights, smaller motors, and ability to stand severe overloads 

c. Industrial textiles: noncoinbustihle and heat resistant 

d. Reinforcement in laminates, plastics, etc. 

e. Chemical filtration 

4. Mat forms 

a. Storage-battery retainer mats 

h. Acoustical surfacing 

c. Filtration 

d. Reinforcement for cleetriral insulating plastics 

€. Pipe wrapping 
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INTRODUCTION 

_|PlaBticfl are synthetic materials put together by the ingenuity of the laboratory 
for the explicit purpose of assembling qualities and economies of manufacture not 
available in natural materials. When the modern age of plastics began with the dis¬ 
covery by Dr. Leo H. Baekeland in the early 1900's of a practical way of utilizing the 
long-known reaction between phenol and formaldehyde, plastics were first thought of 
as substitutes for other materials of engineering. 

Plastic chemistry usually starts with so-called intermediates. Acetylene, acetone, 
phenol, formaldehyde, benzene, and many similar compounds are diverted, split apart, 
and recombined to form elementary plastics. These are still not the plastics seen and 
used by the consumer. They must be converted to such a stage by a combination of 
mechanical and chemical processes. 

The plastics industry, in diagram, is somew^hat similar to a tree. The trunk is 
made up of a large number of large chemical companies who process the basic raw 
materials into usable and, as yet, raw compounds. The roots literally absorb from 
the ground the starting materials, the carbon, hydrogen, oxygen, and nitrogen. 
Other constituents come from water, air, coal, oil, and inisccllancous natural com¬ 
pounds. All these materials pass up the trunk and are there transformed by chemical 
and research groups into the secondary usable plastics which are then ready for press¬ 
ing, mixing, and fabrication into a multitude of products. 

When these raw plastics are ready, they are usually sold by the chemical companies 
io specialists in paint, lacquer, safety glass, paper, novelties, general moldings, ply¬ 
wood, and many other industries. These specialists fabricate the article which is 
finally seen and used. 


PLASTICS CLASSIFICATIONS 

Plastics are classified in several ways. The most important division that covers 
the entire field is by a behavior pattern. 

Thermoplastics arc those plastics which soften under heat and again harden when 
cooled. No internal chemical change takes place. They arc very like paraffin in 
this respect. There are roughly 14 basic materials in this group with a softening 
point ranging from 140 to 220'’F. They will vary greatly in their mechanical and 
electrical qualities within the range of their optimum operating temperature. Some 
have excellent qualities all the way down to -GOT, Some have a sharp softening 
point,, while some get progressively softer as the temperature approaches the deadline, 

ThermosettingB will soften only once under heat and then undergo an internal 
chemical change which makes them hard and impervious to further applications of 
beat up to the charring or disintegration point, which ranges from 2^ to 300T. 
There are only three of these plastics in current use, phenol formaldehyde, urea 
formaldehyde, and melamine formaldehyde, all familiarly called by their first namos, 
phenolics, ureas, and melamines. 

Plastics are again classified by their chemical composition into the following general 
groups: 
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fkermos^tig resins 

CMhsies ' 

4. Fhenolios 

a. Acetate 

h Ureas 

b. Butyrate " 

c. Melamines 

c. Proittonate 

Thermoplastic resins 

d. Ethyl 

a. Styrene 

e. Nitrate 

6. Acrylics 

4. Naturals 

e. Polyamides 

a. Casein 

d Polyethylene 

b. Lignin 

e, Vinylidene chloride 

c. Shellac 

/. Vinyls 

d. Cold-molded 

COMPARISON OF PLASTICS 


Each of the various plastic materials has its own outstanding field. 

The most universal is molded phenolic. It may be outdone in cheapness at times 
by shellac and cold molded, but only at a sacrifice of strength and appearance. It is 
outdone in appearance by cast phenolic, urea, melamine, cellulose acetate, acrylate, 
and styrene. ' 

The thermosetting resins, of which phcnolics are the outstandii^ example, are 
made up of roughly half binder, the resin itself, and half filler. This allow'S a wide 
latitude of characteristics depending on the filler used. The eheapest of the group 
has wood flour as a filler. This is not only the simplest to make into intricate shapes 
but has a pleasing, smooth texture. The filler can be changed to col ton flock to get 
more strength and still maintain the nice surface. Chopped canvas gives more 
strength according to the size of the particles used. Asbestos filler gives higher 
resistance to heat and a better water resistance. Mica adds materially to the elec¬ 
trical qualities. Any choice between these materials probably means a compromise 
between cost and the qualities desired in the end product. 

Ureas are based on a water-white resin and therefore give a depth of surface and 
translucency which affords them a marked advantage in any article in which eye 
appeal is a factor. They are more expensive to produce both because of the pastel 
shades in which they commonly appear and the higher cost resin used. Although 
their appearance can be duplicated in some of the thermoplastics, the fact that they 
are no longer affected by heat within the range of their operating temperatures in 
many e^ses make their use necessary. 

Melamines are comparatively new to this group since their commercial develop¬ 
ment took place during the Hccond AVorld War. They were popular with the armed 
services because of their heat resistance, low W'^ater absorption, strength, and the fact 
that they would not sustain an arc at high altitudes. 

Cellulose acetate is employed primarily for appearance and secondarily for strength. 
WTiere ordinary room temperatures are involved and no undue mechanical strain 
comes on the piece, it will perform excellently. Since it is a thermoplastic, there is a 
certain element of cold flow. The raw material is fairly high in cost, but this 
often be made up by the advantages inherent in the basic method of shapmg, tHz.j 
inj(‘ction. The larger the piece, the less chance there is of making it at a price com¬ 
petitive with the cheaper materials, _ 

Cast phmolics are among the most beautiful of the plastics. They offer a wide 
range of cxilor, depth of surface, and even variegation of internal appearance. They 
are expensive in most shapes for the very reason that they are cast. They must be 
machined at the gate line, which is usually one whole surface. Cast phenolics are an 
exception to almost everj’thing that has been said about plastics to this point. They 
are made in their raw state, a liquid. » m * -i 

Laminated phenoUcs and ureas have a broad field. Thoir ability to reprodu<^ on 
their surface almost anything that can be printed on paper permits them to imjtkte 
wood, marble, onyx, or any other material commonly used for facing, Bevelopmaits 
have brought out surface decorations that cannot be duplicated by^any natural prod¬ 
uct, and like all plastics they are being accepted in their own right and not for imitative 
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jmpoa 0 $, Tkeir extreme strtmgtli and easy tooling in ample lorms fit them into 
incressiiigly wider fields. 

Acrylics liave exc^ellent optical q^lities in the transparents and are outstandingly 
beautiftil in cxHotb. They we the moat expensive of the eye-appeal thnrmoplasties 
and have a depth of surface that makes them very attractive in many applications. 

iStgrme is the cheapest of the thermoplastics on a cubic basis because of its com¬ 
paratively low price |>or pound and its low specific gravity. Its surface tends to meet 
the eye like a sharply varnished article. It tends to be bnttle^ although not seriously 
so. Some chemic^s will cause it to craze, but on the whole it has a high reputation 
for its chemical and water resistance., It definitely has outstanding electrical qualities 
at high frequencies. 

Cellidose nitrate is not moldable. It is made up in sheets, rods, and tubes and must 
be machined to the desired form. Because of its excellent tooling qualities, this is not 
difEiculi. It is strong, but tends to become brittle with age and is flammable. 

Cold-molded can be highest in heat resistance of any o^ the plastics if a cement*base 
material is used, llowever, the general classification also includes bitumen or asphalt 
binder, which is definitely a low-temperature material. The cement-base cold molded 
is used for such applications as electric-stove heating-coil holders; the bitumen base is 
indicated for inside electrical parts where appearance is of no importance. Strength 
is not one of its outstanding qualities. 

The vinyls enmphse one of the newest, best known, and most versatile families in 
the plastic group. Although some of them arc molding compounds producing rigid 
pieces, it is as rubbery, often transparent, materials that the group is best known to the 
public. These materials usually have excellent water and chemical resistance, so that 
they have become valuable as replacements for rubber not only to the public but also 
for industry. They are important as coatings fur other materials, especially textiles 
and paper. 

Polyamides, although a large family capable of many variations in characteristics, 
are so far represented only by nylon. This same material prepared in granule form 
makes excellent moldings having great strength in small cross sections. It has the 
highest heat resistance of the tliermoplastics and a very sudden softening curve. It 
is also the highest priced molding material in its raw form. 

Vinylidene chloride is most widely used as monofilaments and tubing. Some 
molding is done, but because it is sensitive under the heat of molding, having a tend¬ 
ency to throw off hydrochloric acid in the molding machine, it requires special metals 
for heating chambers and carpful handling. This characteristic does not extend to 
the material after molding. 

Casein^ a product of cow’s milk, can be made only in sheets and rods from which it 
must be machined. Its principal use is in buttons. 

Liffnin is present as the binder in nature, holding together the cellulose in plants. 
As a plastic binder it has intrigued the chemists for years, but so far they have not 
been able to extract it in sufficiently uniform composition to be practical for general 
molding. It is widely used in waJlboard and similar flat sections. 

Shellac is one of the oldest plastics. It is a natural gum produced by insects and 
is subject to all the variations of quality and end characteristics found in natural 
products. 

PLASTICS MATERIALS 

Phenolic-base Compounds. Plienol, commonly called carbolic acid, is obtained 
from coal tar and is produced in the form of white crystals. It readily liqu$fie.s when 
heated or may be obtained in liquid form xiroduced by the slight addition of water. 

Formaldehyde is made by passing heated W'ood alcohol mixed with air over heated 
copper or platinum, causing partial oxidation. The resulting product is a gas, and 
for commercial purposes it is dissolved in water. This solution is commonly called 
Formalin. 

Under carefully controlled conditions these two materials are blended to form a 
resin which has the valuable characteristic of softening under the application of moder¬ 
ate heat and very shortly haidening into an infusible mass. This characteristic is 
called ^’^heat irreversibility.” 


1922 



Hfe raim is ijcmibiwsd iii vaiyfe# pema^taiges wjil&aaa^y 
^vood Sour, ftsbestos, labri'ti, gmphit^, papfsr,^ and many otJbera $0 aa to obtain tbo 
value jg^ven by the diatinctive prop^ies of these matetials; bett^ zooldhig 
greater toughness and strength, and more resistance to heat. 

The ehemical Teaction, known as the "eure," requires from 4& sec to VI min 
depending on the particular class of compound \ieed and the shape and sise of the^^)|eCo 
in question. Practically all modem phenolics are removed from the mold wdinoiit 
reduction of temperature^ although in some cases cooling is used in an attemilt to 
freese an exceptionally smooth and lustrous surface. ' 

These materialB burn very reluctantly. Age has no effect, but sunlight will de¬ 
color the lighter shades. Weak acids, reducing acide^ and organic acids have little 
or no effect. Strong oxidising acids decompose them. 

Weak alkalies have a slight effect, while strong alkalies decompose them. Organic 
solvents have no effect when bleedproof matorials are used. Organic solvents do not 
affect moldable transparents and cast pheuolics. 

Phenolic molding compounds are generally classified by their filler as follows; 

1. Cellulose filled, general purpose 

2. Flock filled) medium impact 

3. Cbopped-fabric filled, impact 

4. Asbestos filled, heat and water resistance 

5. Resin filled, moldable transparent 

6. Special purpose 

Industrial Reams. At the present time various industrial resins are finding wide 
use in the manufacture of resinoid grinding wheels, brake linings, thermal-insulation 
boltiS, electrical and structural laminates, plywood surfacing papers, lamp-basing 
cements, plywood adhesives, sealants, and miscellaneous adhesives. 

Phmo^jurfural Restris, Most of the progress in the use of phenol-furfural resins 
and molding compounds has been made in transfer, iniection, and low-pressure mold¬ 
ing of these materials, whose set time and flow characteristics are weil suited for these 
forming processes. 

It has recently been shown that by adding of resins made with furfural and amines, 
phenol, etc,, to wet aggregate before it is mixed with bituminous road surfacing redueea 
the tendency of the aggregate to strip. The same property makes it suitable for rOofs, 
airplane ruiiwa 3 ^^ and other loafl-bearing surfaces. This product is suitable for com¬ 
bination with soil as well as aggregate. 

The main source of furfural is ’waste farm products such as oat and rice hulls, corn¬ 
cobs, and cottonseed hulls, all of which are rich in pentosans. These raw materials 
are digested with an acid, such as sulfuric acid, to yield furfural. 

Furetn ReHna^ The outstanding eharaetaristics of furan resins to date appear 'to 
be their penetrating ability as liquid-impregnating compounds, their chemic^ resist¬ 
ance as surfacing agents, and their bonding strength as adhesives. Furan derivatives 
form thermosetting plastics 'which resemble phenoUcs in physical properties but which 
bear no chemical resemblance to this group of compounds. 

The most widely used raw materials in the manufacture of furan resins are furfur- 
aldehyde and furfuryl alcohol. The furan ring has long been recognized as capable 
of SEdf-polymenzation under the influence of strong acid catalysts. 

Furan^esin adhesives have now been i^ablished successfully in several important 
lines. Furan-impregnated plasters offer superior strength and durability, which 
urih^rd of in gypsum plastics before their treatment with resins. Surface coatings 
of furan-rcsin derivatives are now being manufactured by several different companies. 
Liquid furan resins are also availaWe for caatmg purposes. 

Some trade names for furan resins are Haspreg, Ui^in X compounds, Duralon, and 
Furctone. 

AnMne^farTnMekyde Ueaina. Resins mfide with ^iphenylamine serve a deffidte 
industrial noed. They are fusible but cure rapidly at 265 to under pressure to 
form hard products of high softening point. 

Anilme-formaldehyde resins can with proper care be machined; the eleotidhal 
properties are little changed by plasticization, and the cold flow of the unplsstleiaed 
grade is very slight. Ultraviolet rays and weather do not affect this materi^. It has 
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« low power factor, dielectric constant, and loss factor, all of which are reniarlifably 
Btable over an extremely wide range of frequencies and in the face of the most adverse 
mokitUTe conditions. Its dielectric strength is high. 

It has noteworthy resistance to alkalies and is not soluble in any of the common 
organic solvents. Its resistance to gasoline, aromatic hydrocarbons, acetone, and 
alcohol is excellent. 

Aniline-formaldehyde resins are available in impregnating varnishes, sheets, and 
rods. ‘ 

Resorcinol‘fornialdehyde resins are outstanding for use in gluing exterior plywood 
and for assembly work requiring high water resistance, They are particularly suit¬ 
able for the assembly of boats and sections for prefabricated houses. They are appro¬ 
priate for bonding wood, leather, plastics, and a variety of materials to other surfaces. 

Mass in’oduction of hne wood assemblies has been facilitated and rendered less 
expensive through the use of a special grade of reBO|cinol resin. As many as six 
operations can be eliminated from the assembly of a molded-plywood radio cabinet 
in which the resin has been employed. Moreover, the assembly is resistant to warping 
and delaininatioii. 

The most important characteristic of resorcinol resins is their ability to react at 
temperatures of 75 to 90®F within controlled time periods of several minutes to several 
hours. Also characteristic of these resins is their excellent compatability with many 
other plastics and elastoniera. In general, improved water and heat resistance result 
from such combinations. 

Resorcinol resins and copolymer resorcinol-phenol resins are available as solids 
and in v^arious solvents. The solid resins are generally two stage, requiring an added 
setting agent before use. 

Resorcinol glues are the only low-temperature glues providing maximum resistance 
to exposure. Because of their high affinity for wood, the most important application 
of these resin adhesives has been in wood gluing, both in laminating and molding. 
Some trade names for these rosins are Ambcrlite, Bakelitc Resorcinol-formaldehyde, 
Cascophen, Burez, Bimte, Lauxite, Penaeolite, Phenae, Plyophen, and Taccalin. 

Phenolic Sisal. In phenolic sisal long sisal fibers are worked into a fluffy batting 
which in turn is nieclinnieally reduced to a firm feltlike blanket. This blanket is 
impregnated with resin, and powdered resin is sometimes vibrated into its interstices. 

Alkyd Resins, Alkyd resins comprise a useful class of synthetic polymeric mate¬ 
rials generally defined as reaction products of polybasic acids or anhydrides and 
polyhydric alcohols. 

Alkj^ds based on maleic anhydride, wdicn used with some of the newer types of 
varnish oils, produce varnishes which have outstanding characteristics of durability 
and high resisLancMj to alkalies. They also dry rapidly. According to end use, the 
resins are generally divided into two categories—the varnish type and the lacquer 
type. The varnish type is widely used as a A'^eliicle for metal decorating, household 
utility varnishes, and architectural w'hite-enamel vehicles. The lacquer-type maleic 
resins are usually dissolved in solvents and used with cellulose nitrate in the production 
of lacquers. 

Alkyds based on scbacic acid and other high-molecular-weight aliphatic polybasnc 
acids have been used with polj^vinyl chloride and ite copolymers. They are used in 
fabric coatings of aU t 3 ^pes. Tj’pical examples are raincoat, upholstery, and book- 
cloth fabrics. The}’’ arc also used in rubber and cable lacquers of aU kinds. 

Trade names for the phthalic alkyd resins are Ambcrlac, Aroplaz, Beckosol, Dulu\, 
Duraplex, Dyal, Esterol, Falkyd, Glyptal, Mirasol, Rezyl, and Syntex; for the maleic 
alkyd resins, Amberol, Arochrm, Beckasite, C'arbic and C-9, Dulux, Dymal, Lewisol, 
Paranol, Pentalyn, Petrex, and IVglar,; for scbacic and others, Para.plex. 

Polyester Resins. The polyester teBinH constitute a large and useful family 
resins based on acids, alcohols or glycols, and unsaturated hydrocarbons. The com¬ 
binations and permutations seem to be endle.ss, and niost of them have very valuable- 
qualities. They arc available in liquid or stJuiisoUd resin form, cast sheets, rods, and 
tubes. The outstanding qualities offered are chemical resistance, dielectric properties, 
low water absorption, low-temperatufe cure, toughness, loAV-pressure or contact eure. 
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liamea of |tolyeBt«sr refills tent Bak^ PolyoBter Bmm, Kristcai, 
MBrEfisins, Pami^ox, Hafikon, Solectron, Hialid, and Vibrin. 

Phonolic-liABO CoinpoitiidB—Lunlnated. The fundamental diSerokico bet^voon 
lamusatod and molded phonolics is in the nature of the filler used. Tho resin ^ 
basically the same^ although in the molded group, it has been developed along the Itnes 
of BjMjed of cure, a characteristic which is not so important in the laminated industiy. 
Molded phenolics are powders or comparatively small pieces impregnated with 
Laminat^ uses eheete of paper, linen, canvas, and silk, impregnated and dried in a 
continuous operation, so the original interlacing and length of fiber are not destroyed, 
The trade has standardized on grades which, by variation of the filler and treatment, 
have different qualities. like molded phenolics, if one characteristic is to be empha¬ 
sized, others may have to be minimized. The strength, fiexibility, and imperyiousness 
to oil and moisture are the outstanding qualities that suit this material for its wide 
use as silent^gears. These are bobbed from molded or cut blanks. Its high dielectric 
strength, high insulation resistance, and great strength m thin sections recommend it 
for simple punchings. It is widely used in the plating industry in place of wood for 
barrels and carriers. The rayon industry uses it not only because it resists alkaline 
reagents but because of its hghtness and strength. 

Manufacturers of laminated material of this type affiliated with the National 
Electrical Manufacturers^ Association have adopted a common nomenclature in 
describing their sheets as follows: 

Grade X —^for general use. It has a paper base furnished in natural, chocolate 
brown, and black with natural core. Thicknesses are from 0.015 in. and up. It 
punches up to ^^2 ill* iind to greater thicknesses when heated and machines 
readily. 

Grade XX —^for electrical applications requiring low moisture absorption. It has 
a paper base in natural or black. Thicknesses are from 0.016 in. up. It has low 
moisture absorption. 

Grade XXX —for extremely low moisture absorption and high dielectric strength. 
It has a paper base, natural or black. Thicknesses are from H 2 in* up- 

Grade XP —^for punching operations and electrical applications. It has a paper 
base and comes in natural, or chocolate blown with natural core, black with natural 
tore, black with black core, and chocolate brown with shiny or satin finish. It 
punches and shears cold up to ?Si 2 in. and in thicker sections depending on the design 
of the die and th^ temperature of the material. 

Grade C —^for exceptional structural strength. It baa a canvas base and comes iu 
natural or black. It punches readily and makes highly resilient insulation. Its 
structural qualities recommend it where high tensile and transverse strength are 
required in connection with good insulating properties. 

Grade L —^for fine machining. It has a linen base in natural or black. Thicknesses 
are from 0.015 in. up. It is not usually required over in. 

Different manufacturers produce minor variations of the above general classifica^ 
tions to suit their individual customers’ requirements and in some cases have prefixed 
or suffixed the above symbols with symbols of their own. The price varies with the 
resin content although not in direct ratio. 

Tubes are produced in two grades, wrapped and molded. 

Tfie essential difference between wrapped and molded is principally in their physi¬ 
cal characteristics. Molded is naturally more dense and less w^ater-absorbent. The 
wra uped tube is, however, the more resilient. Also, the wrapped tube, properly made* 
is a more reliable dielectric for high voltage. 

Pae^arming cf Laminaied Phenolics, Laminated phenolic was for many years 
believed to be virtually inert at temperatures below decomposition. Recently there 
has been derveloped a line of hot-forming laminated plastics which, when heatfd. 
tapidly to a temperature of about 275°F, pass through a stage of I'onsiderable flexir 
bility 'and, when coolwl to ordiiiar>' temperatures, recover their average physical 
properties. 

RhenoUc-base Compounds—Cast The ingredients of cast phenolic-base com¬ 
pounds, of which there are several well-known makes, aie essentially the same as the 

11)25 



PLASTICS 


phend’^^rmald^ycie molding reBons^ The difference is that th^y do not emitain 
any hUar and are cast in lead molds instead of being molded under pmssure in steid 
€astmgs can be purchased in stock forms such as sheets, rode, and tiid)es. 
Special castings such as cutlery handles, gear-shift knobS) handles of various types and 
designs, clock cases, and any item that does not require a split mold can be made. 
BheetS are of hi. minimum thickness. The material in its finished form is non¬ 
flammable, odorless, tasteless, and possesses high dielectric strength. Sanding is 
done on equipment like that used for wood, and a standard bufiing wheel is used for 
pohshing. 

These resins may be bent or formed to shape by immersing them in hot oil at 
250'’F for a short time, varying with the thickness, then placing them in a form and 
cooling. They may be stamped, embossed, engraved, or carved. They can be heated 
and shrunk on metal shafts such as cutlery handles on metal tangs. They can be 
machined to close tolerances, the shrinkage and eX'pansion being so minute as to be 
negligible. Age slightly increases the hardness of the material and improves the 
electrical properties. Sunlight yellows and fades nonfast colors. Weak acids have 
no effect, but strong acids slowly attack it. The material can be washed with soap 
or soap powders. It slowly softens when immersed in alkaline solutions, showing 
slight discoloration. Strong alkalies will attack it slowly. It is insoluble in alcohols 
but shows slight swelling in ethyl alcohol after long immersion. It is unaffected by 
ketones, esters, hydrocarbons, mineral, animal, or vegetable oils; insoluble in water, 
organic solvents, and acids; slightly soluble in olkaliE^s. 

This material is probably the most beautiful of all the plastics when proper finish 
is applied. It has a luster and depth that cannot be approached, and its fine-flowing 
qualities as it is poured into the mold give effects very clobely resembling minerals and 
precious stones. It is available in translucent, transparent, or opaque forms. The 
very definite limits on the application of this material come from the fact that it is 
cast only roughly and not press<3d. The comparison is similar to that of a cast-iron 
part with a pressed-stcpil piece. 

Urea-base Compounds—Molded. Urea molding compounds are well established 
in the field of commercial plastics molding and offer certain outstanding advantages. 
They are thermosetting; i.c., while being molded under beat and pressure, a chemical 
reaction occurs which makes the finished molded piece resistant to further applications 
eff heat. 

The chief appeal of these moldings lies in the beautiful color effects obtainable, and 
in addition, the finished moldings are odorless and tasteless. Unlike the colored 
phenolic compounds, the molded urea resins can be made with a considerable degree 
of translucency giving a brightness and depth of color somewhat similar, although 
superior, to opal glass. 

The urea resins are much more expensive than the ordinary black phenolic com¬ 
positions. There is an additional cost during the molding operation owing to 
the great care that must be taken in keeping the moldings free from foreign 
matter. Such small defects do not appear on the surface of black and darker colored 
moldings. 

Odors, Urea is produced in all colors from translucent colorless to natural and 
white and lustrous black. There is a list of standard colors, however, which carries 
a price somewhat lower than specials. It is better to use one of the -standards 
wherever possible, although any shades can be matched. This price differential 
applies only to quantities less than 3,000 lb. Some tints, such as orchid and pink, are 
very difficult for the m older to control. 

Light lias no effect on red, natural, gray, green, blue, and black urea compounds. 
It has a slight effect on orange, yellow, ivory, and coral. Pink and orchid fade bsdb’ 
on eiEposure to light. Tliesc effects are subject to variation between ihe light 
dark shades of each color. 

Waier Absorption. Molding of the urea-resin type shows a certain amount of 
wat^ absorption. Nevertheless, these resins will withstand a great deal of service 
in contact with water without deterioration. The leading m^nufaef^urers daim that 
they will withstand short immersion in boding wat^ without ddeterious effect. 
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They ilrfe jioi, iher«^ore, suitable for such ariidfiB as ailh traya, etc. Teels choir 
temperatures Xrom —10 to -hl75*F have no effect, but higher tenapmtureauver |»o- 
longed periods will cause fa^dkig and eventual blistering. * 

The iutermodiate w^ater-^uble products are starting maicdals for the proddfstion 
of resin adhesives^ surface coatings, paper oonditionera, and other special items, aS nf 
which arc hiially cured through heat and catalysts. The resin is currently b<^g 
applied in the production of toweling, blueprint, tag stocks, map, and chart papers, 
bag and wrapping papers, glassine and greaseproof papers, tissue papers, and manual 
and book papers^ 

The resin may be used as the principal bonding npterials for laminated sheets. 
In laminates which are bonded by other materials, ured resins are sometimes employed 
only on surface laminae for color effects. XJnea resin is also used as a binder in the 
making of sand foundry cores. As an adhesive it has been found suitable for edge 
gluing qf lumber cores and various wewd articles. One resin has been developBd 
for use in conjunction >vith starch as an adhesive iu the manufacture of fiber 
containers. 

Urea-base compounds were approved by the Underwriters^ Laboratories, Ine., as 
‘^acceptable for use in electrical devices and for the mounting of current-carrying 
parts/* Mar. 28, 1932. 

Melamine-base Compounds—Molded. Melamine (introduced in this country in 
1939) is one of the most recent additions to the plastics industry. It bears a close 
relation to the compound calcium cyanamide and is produced from that compound 
by the initial production of dieyandiamide. Melamine is considered as a trimer of 
cyanamide CIIaNa of which dieyandiamide is the dimer. 

Melamine, in combination with formaldehyde as a resin, may be combined w'ith 
various fillers to form molding compounds. In eombiuation with an alpha-cellulose 
fiUer the melamine molding compound has much the appearance of tiroa-formaldehydc 
compounds but has superior heat, water, and chemical resistance. It is odorless and 
tastdess. In combination with a mineral filler such as asbestos, it has the highest arc 
resistance of any synthetic molding compound and has high dielectric strength, dim^- 
sional stability, and low moisture absorption. In combination with chopped cotton 
rags, the melamine resin has high flexui'al strength, will absorb considerable shock, 
has a fairly good arc resistance, but will not support combustion. \Mxen combined 
with urea formaldehyde, melamme provides an adhesive producing a bond which 
withstands boiling water. These rcsius can be used in the production of laminated 
plastics at pressures as low as 30 psi. Numerous special applications of the remn 
indude beater treatment of paper for wet strength, nonshrink treatment of cottons 
and woolens, tanning of leather, and a variety of coatings. 

Styrenea* Although styrenes have been commercioUy available in the United 
States since 1937, it is only in the last few years that polystyrene has become widely 
{Hipular. Its electrical properties remain nearly constant over a wide range of fre¬ 
quencies, temperatures, and humidities. Chemical resistance, low water absorption, 
(/pticaL clarity, and dimensional stability are other outstanding qualities. At the 
present time it is the most available and lowest priced of the molding materials, owing 
mainly to the enormous nmnomer capacity built during the Second World War for 
syuthetic-rubber production. It is commercially available in compression and injee*- 
tion molding compounds, extruded shapes such as rods from fibers to 6-in.-diameter 
slugSf sheets from in. thickness to several inches, and tubing from small 

coaxial sizes to 5-m. diameters. In sunlight styrene tends to yellow slightly. Its 
machiiiability is not good. Its water absorption is so infinitesimal that its insulal^ng 
qualities are not afieeted. Surface hardness, permanence of dimensions, and excellent 
mechanical properties are other outstanding characteristics. For short periods 
ocetone has no visible efiect, but for longer contacts the styrene will soften and sweH. 
If acetone is to be used around this material, it would be better to chei:^ the resuHek 
'^y percentage of aromatic hydrocarbons will cause erasing, no matter hew small that 
pi^rccuitage may seem to be. There is no draining off of impact strength when parts 
molded of styrene are placed in contact with iy ice. 
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Ch$inical Besi^nce. Styrene molding compounds have good resistance to acids, 
allodies, and salts. 

They are soluble in aromatic and chlorinated hydrocarbons, esters, some ethers, 
and some terpenes. 

They are softened or attacked by higher alenhols, gasoline, ether alcohols, ketones, 
glacial acetic acid, strong oxidizing acids, chlorine and bromine water, sonic unsatu¬ 
rated hydrocarbons, and essential oils. 

They are resistant to lower alcohols (methyl, ethyl, propyl), mineral oils, vegetable 
oils, glycols, and water. 

Mixtures of two or more chemicals may affect styrenes differently than would one of 
them alone. Action is hastened by increase in temperature, retarded by decrease. 
Speciffeally, these compounds arc soluble in styrene, benzene, toluene, aromatic and 
chlorinated hydrocarbons, ethyl benzene, ethyl acetate, turpentine, dioxone, gasoline, 
ethylene chloride, cellosolve acetate, carbon tetrachloride, paradichlorbenzene, and 
amyl acetate. 

They are unaffected by acetic acid, formic acid, butanol, octyl alcohol, salt water, 
most fats, sodium hydroxide (30 per cent), potassium hydroxide (30 per cent), ethylene 
diamine, writing inks, bleaching solutions, photographic chemicals, animal and vege¬ 
table oils and most lubricating oils, strong or weak acids, and strong or weak 
alkalies. 

Styrene Variaiions. Styrene seems to lend itself to more internal variations than 
any of the other plastics. Chemists have brought out many combinations in the last 
few years that may have quite an impact on the market in the not-far-distant future. 
The material has such basically good qualities that it appears to be an excellent start¬ 
ing point for hybrids. A few of these are briefly desiu-ilicd below. 

Modified Polystyrene. Addition of chlorinated diphenyl materials to polystyrene 
results in a compound with nearly equivalent electrical properties with about a lO"* 
higher operating temperature. It is noninflainmahle and has excellent machining 
characteristics. 

Pclydichlorstyrene. The heat-distortion point is raised to 230®F without raising 
the high-frequencies electne-power losses above those of regular styrene. It is trans¬ 
parent with a slightly yellow color. Water absorption is lower than polystyrene. 
High cost restrirts its use at the present time, l^'he outstanding qualities of poly- 
dichlorstyrene are therefore high temperature resistanec, surface hardness, dimensional 
stability at high temperatures, and low water absorption. 

Cross-linked Styrene Copo/i/i?iers. These materials are of a thermosetting nature, 
and although they have distortion temperatures ranging from 217 to 235'’P\ tliey 
will withstand temperatures over 300“ for short periods of timo without ill effects. 
Available forms are limited to cast rods and sheets, from which parts can be machined 
to close toleranres. These materials arc priced somewhat higher than regular poly¬ 
styrenes but considerably lower than polydichlorst^'Tenes. 

Styrene Elastomers. Styrene elastomers are a gT*oup of flexible, rubberlike styrene 
elastomer resins (trade name Styralloy) developed during the Second World War for 
cable sheatliing for low-power high-frequency losses yet having good durability ard 
flexibility under wide temperature ranges. They are flexible in thin sections and 
fairly rigid in thick sections. Power losses are higher than other styrenes y* t are low 
enough to be classified with them. They have excellent abrasion resistance and 
remain strong and flexible during long exposures to temperatures from —90 to 

Other properties are excellent resistance to corona attack at the reduced pressures 
of high altitudes, stablcness to oxygen and ozone, and ease of fabrication, -^hey are 
usually dark-blue-gray colored and are available in production quantities in the low- 
eost range. 

Methyl-methacrylate Resins. Publicity given to the commercial production of 
aerylio resins such as Plexiglas and Lucite is but the climax to a long history of chemical 
research. These resins, to the chemist, are polymers of the acrylic acid derivatives; 
to the layman they are beautifully transparentj water-white, optically perfex t rods, 
sheets, and molded ports. 

Methyl methacrylate is a thermoj^stic, and the fabricator handles it in quite tho 
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$&me *way as eeHulose a^ate. It li soix^hat awa iwfe qoly 

so mueh is expected of it in the way of crystal clarity but because it Iiardens neioro 
slowly and therefore takes a loitg^ cycle. In time there will be colora to nvi4 ea.@t 
phenolic resins. It is somewhat more expensive than eellul<^e acetate. 

Dimensional changes in the nature of 0.002 to 0.005 in. per lin in. for at least W 
days after mcdding must be expected. The rate of change tapers o0 after that 
probably disappears in 00 days. Cast forms are veiy stable; they are completely 
polymerised and have no plasticizCT to evaporate. 

Chemical R^^sistance. Active solvents for the methyl methacrylate compounds arc 
acetone, butyl acetate, dioxane, ethyl acetate, and methyl acetate. 

Blow solvents for these compounds are methyl cellefsolve, bensene, toluene, carbon 
tetrachloride, diethyl phthalate, ketone, aromatic hydrocarbonSj ether, and chlorofonn* 

These compounds are attacked by alcohol—95 per cent—and pure methanok 

Under ordinary service conditions these compounds are not attacked by dilute 
alcohol, alcoholic ^veroges, gasoline, heptane, kerosaie, mineral oils, w^ter, vegetable 
oils, fatty oils, fruit acids, dry-cleaner solvent, hexane, pentane, aqueous solutions of 
neutral salts, dilute aqueous solutions of alkalies, hydrochloric acid, and 50 per cent 
aqueous sulfuric acid. 

In general, the methyl methacrylate compounds are resistant to esters, ketones, 
alkalies, alcohols, commercial solvents, and weak acids. They are not resistant to 
phenol, formic acid, or mineral acids. 

Polyamides. Polyamides are the well-known nylons. A whole family of these 
interesting plastics exists, including materials suitable for extruding into filaments, 
molding powders, and some resins for coatmgs. The greatest volume of the material 
now being produced goes into the textile filaments, but the molding powders are show¬ 
ing a steady gain. Extruded tubes and filaments for purposes other than textiles are 
also important industrially. 

The nylon filament was the first synthetic competitor of silk that closely resembled 
silk chemically. It best earned the designation “artificial silk/^ so generally bestowed 
upon the rayons and 1 heir successors. Nylon is produced by the reaction of polybasic 
organic acids (usually dibasic) and polyfunctional amines (usually diamines), so con¬ 
trolled that long-chain polymers predominate. As much as possible, cross linkages 
arc avoided. A variety of resins can be produced by varying the acid or amine used, 
or the proportiora of each, or the conditions of polymerization. The result is a Cherni¬ 
es compound in many ways <)imilar to the natural proteins in its composition. It is 
slow burning, very tough, with good tensile strength, takes colors with difficulty, tends 
to absorb moisture to a limited degree, and has rather poor electrical properties, In 
molded form it has fair dimensional stabibty but somewhat lower tensile strength than 
in filaments. It is still rather expensive. Aside from its use as a textile material, 
the filament goes into bristles for brushes, surgical sutures, woven screens, cordage, 
etc. Molded or extruded nylon serves as gaskets, automobile-wire insulation, non- 
breakable tableware, slide fasteners, combs, etc. 

Polyethylene. Polyethylene was first developed in England and firstused both in 
England and the United States as dielectric material for flexible coaxial cables. Its 
power factor and dielectric constant remain nearly constant over almost the complete 
electrical range. Its volume and surface resistivity, arc resistance, and dielectric- 
strength properties are excellent. 

In appearance, polyethylene is milky white, translucent, and waxhke, It has 
good flexibility in thin sheets, 'while in thick sections it is quite stiff and rigid. Its 
distortion temperature under 66 psi load is 122°F, its softening range between 220 and 
240“F, and it has been Buccesisfully used under low loads at temperatures considerably 
above 122". Standard water-absorption figures are between 0 and 0.01 per cent for 
24-hr immersion. This mafcrial resists the ad ion of all acids, alkalies, inorganic 
chemicals, and has no known solv€nf.s at room temperature. Three months' immer¬ 
sion ivill only produce slight swcllmg by such active solvents as ethyl a<»ctate, methyl 
isobutyl ketone, carbon tdraehloridc, and trichlorobenaenc. At temperatures above 
60°C, it will diswjlve in a number of rommon solvents. Polyetliylenc is commercially 
available in a wide variety of forms and is low priced. Its outstanding qualities are 
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m im trade nmnes for polyethyleiie, but it is also known as pdytheneu It 
is produced by Union Carbide and iSi Pont. 

Viaylidene Chloride. Vinylideiie rhloride resins are odorless, tasteiess, and jaon- 
toidc, l/nien molded under proper conditions, they produce articles of great sU'ength, 
abrasion resistance, strong welds, dimensional stability, toughness, and durability. 
The material is especially suited for the injeetinii at high speed of parts with hearty 
cross section. Molded products ran be readily machined, drilled, sawed, and buffed. 

Fittings and parts molded of vinylidene chloride resins are particularly valuable 
in industries involving the use of chemicals. Pipes of this material, for instance^ are 
superior to iron pipes for disposal of waste acids in phenolic plants. Extruded tubing 
fitted with injection^molded flare-type fittings of the same resin makes possible all- 
plastic systems of like chemical resistance which are relatively leakproof because of 
similar thermal-expansion characteristics. Another valuable property of the tubing 
is its ability to withstand pressure at low temperature. Films produced from vinyli- 
dene chloride resins exhibit an extremely low 'water-vapor-transmission rate, flexibility 
over a wide range of temperatures, and heat sealability. They are. particularly suit¬ 
able for various types of packaging, including food products, medicinals, and melsl 
parts. 

One year of exposure at room temperature has shown the specific chemical resist¬ 
ance to he 

Excellent to 5 per cent sulfuric acid; 10, 20, and 60 per cent sulfuric acid; 10 per 
cent nitric acid; 10 and 35 per cent hydrochloric acid; 10 per cent and glacial acetic 
acid; concentrated oleic acid, ethyl alcohol; ethyl gasoline; turpentine; lubnrating oil; 
linseed oil; bleaching solution; 10 per cent duponal; 10 per cent zinc hydrosulfite; 15 
per cent calcium chloride; water; and air 

Good to 10 and 50 per cent sodium hydroxide; 65 per cent nitric acid; triethanol¬ 
amine; carbon tetrachloride; and 15 per cent ferrous sulfate. 

Fair to 98 per cent sulfuric acid; ethyl acetate; acetone; methyl isobutyl ketone; 
and benzene 

Poor to ethylene dichloride; diethyl ether; O-dichlorbenzene; bromine water; and 
chlorine water 

Uuauited to 10 and 20 per cent ammonia and diozanc 

Note: Resistance to corrosive liquids and to organic solvents decreases wdth 
increasing temperature. 

There are no trade names for the vinylidene chloride plastics. They are produced 
only by Dow Chemical Company and are known generally as Saran. 

Vinyl Polymers and Copolymers. Just beginning to achieve commercial recogni¬ 
tion at the outbreak of the ^cond World War, the vinyl polymers and copolymers have 
grown to be the most used of all in terms of value of output. Not only is their dollar 
value the greatest, but their volume is tw'o and a half times their nearest competitor. 

Although the vinyls differ in composition and properties, certain general charac- 
teristics are common to nearly all these materials. Most materials based on vinyb 
are inherently thermoplaMic and heat-sealable. Exceptions to this are the products 
which have been purposely compounded with thermosetting materials or cross 4iTiking 
agents. In general, vinyls can be plasticized to give a wide range of hardness-^rom 
thin flexible free films to rigid molded pieces. Most of the vinyls are naturally clear 
materials, and unlimited color range is available for most forms of the materialfi- 
They may be made opaque as well as clear. 

In their elastomeric form, the vinyls generally exhildt properties which are superior 
to those of natural rubber in flex life, resistance to acids, alcobok, sunlight, vrear, and 
aging. They are nontoxic, tasteless, and odorlcHs and arc suitable for use as parking 
materials which come in contact with foods or drugs, as w'^ell as for decorative packag¬ 
ing requiring ordinary protection. Vinyl resins can be used in printing inks. Tbey 
can be effectively used in coating paper, lejtther, wood, and in some cases fdfij^ics, 
Vinyl produets in most forms can printed on. 

Inmtlaring characteristics of the vinyls fidapt them for extruded jadeetings for 
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^re Other applica^ens h$ve been pbonogriEiJph reoowJe, |9het<^pNt|i'hie 

and vatieus tubberlilEe obj^ta Btuch as grom^etiB, j^aalcets, dia|^agn;H^ lu^d 
itema. Ftboae and sbeetuag of vEmon^ debtees of rigidity and eo^sd^ed fabriea hav^ 
used for ^bo^, handbags, loggagCj and the Uke. Coatings for labriiss bave been oi^e 
id the holds in which vinyls have excelled. Protective olothing and fouK'Weatber i^oar 
have proved the efficacy of vinyls nbng these linBs. Vinyl coatings and vinyl dims 
and shoeing have been used m hospital eqmpment because ^ their durability and 
their hypenic qualities. 

The vinyls have a good finish which may be smooth and satiny or may simulate 
leather of all kinds. They may be colored to fit into modern Bohjemes of deooratteni 
can be handled easily in making up comidicated items/ will flex around corners well, 
and can be Btitohod or heat-sealed. They are for the most part waterproof, self^ 
extinguishing, stain resistant, stable to light, and dimensionally stable. Vinyls laad 
themselves to almost all conventional methods of fabrication. 

PolyviHyl Chloride. Poljrvinyl chloride resins exhibit a high degree of resistance 
to concentrated acids, alkalies, and alcohols. They arc nontoxic, odorless, and taste* 
less. Major applications are in elastomeric forms, or in coatings. Trade names lor 
these resins are Goon, Vmylite, Chemaco, Tygon, and MarvinoL 

PUyvinyl Aceiaie. Polyvinyl acetate is an odorless, tasteless, nontcude, sIowt 
burning, lightweight, colorless thermoplastic which has reasonably low water absorp¬ 
tion. The material is soluble in mganic ketones, esters, chlorinated hydrocarbons, 
aromatic hydrocarbons, and alcohols. It is insoluble in water, aliphatic hydrocarbons, 
fats, and waxes. Water emulsions have extended the use of this resin. They are 
used extensively as adhesives for bonding cloth, paper, porcelain, metal, mica, wood, 
glass, and plastic sheets and films. Other applications for the resins include coatings 
for paper, sizing for textiles, and finishes for leathers; bases for inks and lacquers; 
stiffening agents; heat-scaling films; and photo flash-bulb linings. Trade names are 
Elvacet, Vmylito, Gelva, and Viiiyseal. 

Polyvinyl Chloride-acetaie. The copolymerization of vinyl chloride and vinyl 
acetate forms resins of marked versatility, combining the best characteristics of both 
ab to physical and chemical properties and general processability. They show extreme 
chemical inertness, bemg unaffected by alkalies, oxidising agents, and most inorganic 
acids; excellent resistance to water; and good dielectric properties. 

Rigid sheeting may bo produced in all colors, iransparrait, tranducent, or opaque. 
Because these sheets do not warp or shrink, they are suitable as watch crystals, draw¬ 
ing instruments, slide rules and other calculating instruments, instrument dials, and 
aircraft windows. Problems in the printing industry have been eased by the use of 
molded sheeting in the production of electrotypes. The high-fidelity nonfrangible 
transcription record sucressfuUy established in radio studios is molded of vinyl acetate- 
chloride. Electrical insulation, hose and tubing for beverages or chemicals, weather 
stripping, and channels are produced by extrusion. 

Extruded monofilament is suitable for weaving fabrics of great chemical resistance 
and durability. Textiles woven from these resins resist shrinkages due to water. 
Upholstcjry fabrics, fireproof curtain material, cloth for raincoats, shoes and textUe- 
printing screens are produced from these fibers. Trade names are Vinylite, Chemacjo, 
and Tygon. 

The copolymers of vinyl chloride and vinyl acetate have excellent resistance to 
wc‘Mk acids, strong mineral acids, weak and strong alkalies, alcohols, alip^tic hydro¬ 
carbons, and mineral, animal, and vegetable oils. They swell in aromatic hydrocar¬ 
bons and dissolve in ketones and esters. They are mazketed under the trade namte 
Tygon and Vinylite. 

Polyvinyl Alcfdid. Major applications of polyvinyl alcohol resiiw are in daste- 
mijric products, adhesives, films, and finishes. Extruded hose and tubing are excdl^t 
for use when subjected to contact with oils and oth^ chemicals. It is used as a stee 
in the manufacture of nylon hosiery. Trade names are hSvanol and Hesisteflex 
Gompars. 

Polymnyl Formal. These resins are soluble in eWarinated hydrocarbons, 
acetic add, and mixtures of polar and nonpolar solvmits but arevUttelul^ 
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benJBeiief tolu«ii€^ and the like. Although major applications in the field 
of laequcrs, eoatings, and impregnations, they are also employed as mold compounds. 
Trade names are Formvar and Formcx Maginet Wire. 

P^dyviiiyl Acetal. These resins are soluble in lacquer solvents and aromatic hydro¬ 
carbons but insaUible in aliphatic hydrocarbons. They ore most suitable for applica¬ 
tion in lacquers, adhesives, coatings and inipregimtions, and as films. In molded 
form, howeviu*, Ihcy are available in sheets, rods, and lubes. 

Ptillfvinyl Buiyral. These resins are soluble in esters, ketones, alcohols, chlorinated 
hydrocarbons; insoluble in aliphatic hydrocarbons; and stable in dilute alkalies; but 
they slowly decompose in dilute acids. They are widely used as safety-glass inter¬ 
layers and between sheets of methyl metliaciylatc to protect enclosures of pressurized 
cabins of airplanes against shattering. They are also used as coatings for textiles and 
paper and as adhesives. Trade names are Butacitc, Butvar, Monsanto Polyvinyl 
Butyral, Saflex, Vinyhte, and Horco X. a 

Vmyl~(Mor^-Vinylidene-^Moride Copclyniers. These copolymers were devel¬ 
oped to furnish resins combining the unusual stability and chemical resistance of 
polyvinyl chloride with the solubility and plasticity essential to certain processing 
operations, particularly in the field of coatings. Flexible tubing of all kinds has 
proved successful when based on these resins. They are practical for use in wire 
insulation. Molding compounds find outlet in such articles as piston cups and seals 
for grease guns, buckets and ladles for chemicals, Btora|o-battery jars and eases, 
grommets, '^^Ive disks and bellows. C'alcndared and cast films are suitable for pro¬ 
tective clothing, containers, shoe soling, electrical tape, and similar items. Trade 
names are Geon and Glioflex. 

Cellulose Acetates—Molded. Cellulose acetate is mad© by treating especially 
purified cotton linters with acetic acid and acetic anhydride. Cellulose acetate mold¬ 
ing composition is cellulose acetate with suitable plasticizer, pigments, and dyes. 
It is thermoplastic, changing its form under the application of heat and pressure 
without any chemical change (known as curing). It is generally necessary to 
cool the mold about 100®F below the molding temperature before removing the 
easting. 

Advantages. The chief advantages of cellulose acetate molding composition over 
other molding compositions are extreme toughness, resilience, and high polish. 
Because of its toughness it can be used in thin-walled sections where other molding 
compounds are inadequate because of their brittleness. It is particularly adapted to 
the molding of articles which come in contact wdth the skin since it is a low conductor 
of heat, takes an exceptionally smooth finish, and is pleasant to the touch. It is also 
without odor or taste. 

CcloTs. Colors available are colored and crystal transparent, slightly pigmented 
but unfilled translucent, and variegated configurations of mixed-color mottles. The 
price range on the raw material is wide depending on the brilliance of the ralor required. 
Pearl effects are available but rank among the most expensive. Any color can be 
matched, but a guaranteed minimum of 200 lb for each color is required to hold the 
standard price. Five thousand pounds of a group of colors rates the minimum prii'e 
on raw material. 

Water Absorption. Cellulose acetate owing to its average 1,9 per cent water 
absorption, is not suitable for use as containers for water or anything containunig water. 

Heai. Because it is thermoplastic, softening at and not in any way chang¬ 

ing its chemical composition as phcnolics and ureas change, this material should be 
used only at temperatures below this figure. Cellulose acetate differs from cellulose 
nitrate in its reaction under extreme heat. It merely burns like heavy cardboard, 
fiber, or wood. It is listed under the Underwriters’ Laboratories Re-examinatioiP 
Service and rated as follows: ’^Hazards of this product in use are judged to be small 
and in storage somewhat less than w'ould be prcscTited by common newsprint paper 
in the same form and quantity.” 

WorkabiliJty. Cellulose acetate has excellent machining qualities, using .standard 
brass-working methods. Two-flute tools are better than those with three or four 
since they clear the material away faster. The material has an abrasive action which 
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te^d9 to dull tile tools; therefore the' tools should he uitiided. The busle 
niachiniBg should lie conhued to rutting rather than Iding or It should"he 

0 ut| turiied, pundbied, or scraped rather than filedy sanded^ ^ burred. Do 
overheat. 

CemeHtinff, TJie two surfaces to be joined should be as smooth as possible iMwi 
absolutely' clean. Hough surfaces or a film of oil will cause a poor bond. Lightly 
pigmented compowds can be cemented by melting the contacting surfaces with aoe- 
tone. More heavily pigmented compounds do not take the bond no easily. Properly 
done, sn excellent bond can be obtained. The raw-material manufaeturers have 
special cements, one of which may be found necessary, 

Chemioaln Cellulose acetate is uninjured by contj^xt with vegetable and most 
mineral oils. Alcohols and some essential oih of an aromatic nature are partial soL 
vents and will soften or spot the surface of a molded piece. Dilute acids and n-llcfllie s 
have only a slight effect, but the material decomposes under increasing concentrations. 
The passage of time and the action of sunlight have very little eff^. Cellulose 
acetate is soluble in ketones and ^ters such as acetone, ethyl acetate, cellosolve; 
softened by alcohol; insoluble in hydrocarbons like benzine, toluene carbon tetra¬ 
chloride, oils (see Table 34-1). 

Note; Articles coated with pyroxylin or cbUuIobb nitrate lacquer should not be placed in 
direct contact with parts molded of acetate powder. The plasticizers in the acetate soften 
the nitrate film causing tackiness which may result in a portion of the film being removed 
when the two articles are separated. 

Each manufacturer of cellulose acetate molding oompoimd has several formulas 
which he supplies the molder to fit certain conditions. Fur instance, the molders can 
buy a compound with emphasis on free flow, fast setting, welding, optical, and the 
like. These formulas are based on different plasticizers. In each formula the 
physical-flow properties of the material can be again varied by the percentage Of the 
plasticizer used. Tliese flow variations range from Hi—a very low percentage of 
plasticizer, hence a very reluctant flow—down through H, MH, M (for medium), S 
for soft, and a rouge of S numbers, even to Sio. Some formulas have as many os 14 
different flows available, none fewer than 7. 

An all-purpose formulation may range from Ha to S® in 11 steps. The molded 
parts are very d'fferent in physical properties, while electrical properties are not 
affected appreciably. 


Table 34-1. Chemical Effects of Cellulose Acetate Molding Compound 



Beagent 

Effect 

Ai'id, BtaiiilafJ . 

31)'“r sulfuric 

Partially decomposea 

3 % Bulfuric 

No cliauge 

Supplementary 

10'^ nitric 

Decomposed 

% acetic 

No channe 


10 % hydrochloric 

Decomposed 


Oleic 

No chanee 

Alkalies, Rt^ndard. 

10 % sodium hydroxide 

DecQmi>Dsed 

1 sodium hy ilroxido 

Much softened and swonm 

auppleraiMitary 

10 % ammonium hydroxide 

Decomposed 

2 ^ sodium carbonate 

No change 

Bolventti, standard. 

flfl 7o clhyl alcohol 

Softened, blushed, swollen 

50 % ethyl alcohol 

Softened, blushed, swollen 


Acetone 

Dissolved 


Ethyl acetate (85-88%) 

Dissolved 


Ethylene dichloride 

Dissolved or very soft—flabby 


Carbon tetrachloride C.P. 

No change or swollen 


Toluene 

No change or swollen 


Gasoline (white) 

No change 

Mizoallaneous, ptandard 

Water 

No change 

10% sodium chloride 

No change 

Supidamnntary . . . 

3 % hydroaen per^nude 

No cbangD 
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y CSelWose ad^ie molding compomids at« made under the lollowmg tsade mimea; 
Amiiaeet, FibcietoBy Kop|>era, Lumarith, Nixon C.A,^ Phstooele, and Tenite I. 

Miifhr^u^yl Acetate. In ordinaiy cellulose acetai^ the percentage of the com^ 
bined acetic aeid runs from 5 to 36. From 36 to about 62, the product is called h%h- 
acetyl acetate. This material haa come into its own mainly during and aince the 
filecoud^ World War, It requires special solvents to make it and la more tricky to mold. 
Moisture and heat resistance are improved over the regular t 3 ^e of acetate, also 
resistance to organic solvents, to mineral, animal, and vegetable oils, and to gasoline. 
It loses none of the inherent qualities of toughness, strength, and resiliency for which 
cellulose derivatives are noted. 

Ejects of sunlight and outdoor aging are dependent upon the locality in which 
the articles are exposed and their pai'ticular composition, V.e., the type and quantity 
of plasticizer, etc. Kequirements for resistance to outdoor exposure ^ould be con¬ 
sidered a special problem. Experience has shown that articles molded from cellulose 
acetate remain fully serviceable with indoor aging at norinal temperatures. 

CeUuloae Acetate Butyrate. Cellulose acetate butyrate molding compositions are 
made of cellulose acetate butyrate and plasticizers with or without the addition of 
pigments or coloring matter. Cellulose acetate butyrate is made by the esterification 
of alpha-cellulose with acetic and butyric acids and anhydrides in the presence of a 
catalyst. For chemical effects, see Table 34^2. 


Table 34-2. Chemical Effects of Cellulose Acetate Butyrate 



Heazent 

Effeet 

Arid, atand&rd... 

30 % aulfuric 

Nn change 


3 % sulfuric 

No chanjpB 

Supplementary. 

10% nitric 

Discolored 


B % aceiii; 

No change 


10 % hydrochloric 

No ehange 


Oleio 

No change 

Alkalies, Htandard. 

10 % sodium hydroxide 

Sligli tly softeued 


1 % sodium hydroxide 

No change 

SupjjlemBUtRry. 

10 % ainmoniuni hydroxide 

Disr'olor^ 


2 % sodium carbanate 

No change 

Bolventa, standard. 

95 % ethyl alcohol 

Swullpn 


50 % ethyl alcohol 

Swollen 


Acetone 

Diasolvecl 


Ethyl acetete (85-88%) 

Dissolved 


Ethylene dinbloride 

DiMolved 


Carbon tetrachloride C.P. 

Much swollen 


Toluene 

Much swollen 


Gasoline (white) 

No change 

Miseellaneoua, standard. 

"Water 

No change 


10 % sodium chloride 

No change 

Supplementary. 

3 % hydrogen peroxide 

No change 


Their stability is good xmder service conditions because they show very little loss 
in weight over long periods of time because of the fact that the plasticizers used have 
low volatility, low solubility in water, and are present in relatively small quantities. 
Because of the low plasticizer content, moldings have an excellent finish and usually 
do not require buffing. Certain hard formulas will resist distortion and impairment 
when boiled for a short period of time. Other outstanding projTorties are tbeii tough¬ 
ness, high impact strength, wide compatibility with organic substances, and tlndr 
ease of molding. Choice of this material should be governed by whether average 
innperties are sufficient for the intended purpose or whether superior rei^tance to 
rither heat or impact may be required. It should be remembered that, in general, 
superior shock resistance is obtained at a sacrifice neat resistance and conversely. 

CeUuloee acetate butyrate compounds are used for such items as toothbrushes, 
telephones, toilet float bulbs, bayonet scabbards, pistol grips, ga^-mai^ vahrea and 
guards, and steering wheels. 
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ilsiid out^lbor Atti d^pi^diaiit upon ^^ 3 ® iQiballtiy (i 
article B3F© ^xfwe^^'ftnd their particular oo^po^lioiij, t.c., type atid quantify uf p^uHip' 
ciraij eta. Becjujitenieiitia ior resiatanee to outdoor e^rposute sl^uid be iJOdsad^H^ a 
apeeial irtubleni. li/s^riexioo has shown articles molded from cellulose heotate but}^ 
ate remain fully serviceable with indoor aging at normal temperature. 

Celhddse ^^loaate. Cellulose propionate, was the first new plasty ibof be 
sjutounoedafter the close pf the Second World War. Too little expericmee is avaii^tiblB 
at this nmment to do more than cite the claims of its maimrs, the^Manese Corporation 
of Ameriea. They state it has the b^t balance of basic characteristics of any cettiilose 
plastic in rastence today. 

Its dimensional stability, impact strength, beauty, ;fe,nd moldabUity are said to be 
outstandiiig. Ghemically It is a straight e/dlluh>se ester, cellulose propionate combined 
with suitable plasticises. The propionate is made in the form of a flake by the reac¬ 
tion of pl^opionic acid and anh 3 dride with wood pulp or cotton lintcrs in f^he presesme of 
a cataly^. Propionic acid is a 3-carbon acid falling between acetic and butyric in the 
fatty-acid series. Hie propionic acid for this new plastic comes from petroleum raw 
materials. 

Specific gravity is 1.2. Impart strength is roughly twice that of cellulose acetate. 
Moisture absorption is low, expansion in high humidity a minimum. Dielet^aio 
strength is the same as cellulose acetate; power factor and dielectric constant are 
lower. The trade name for cellulose propionate is Forticel. 

Ethyl Celtulose. Ethyl cellulose plastics are made from the ethyl ether of cellulose 
combined with suitable plasticizers, mold lubricants, and coloring agents. They are 
distinct chrmicaUy from the other cellulose plastics, which are esters of cellulose. 
The well-known chemical stability of ether compounds is reflected in their stability to 
hydrolysis, or to chemical breakdown, and to their resistance to dilute acids, to con¬ 
centrated and dilute alkalies, and to heal. Moldings of these thermoplastic materials 
are outstanding in toughness and strength, low temperature, shock resistance, and 
retention of original properties on aging or on exposure to a wide range of temperature- 
humidity conditions. Their moldings also possess excellent dimensional stability and 
a high degree of resistance to water and distortion by heat. They are free from odor, 
light in weight, and have good insulating qualities. 

Cellulose Nitrate. Cellulose nitrate is the oldest of the group of plastics nOw in 
common use. It 'S not moldablc because of its flammability, a disadvantage that has 
been the subject of much expensive research by its makers without too much in the 
way of results. Parts made of nitrate are formed or machined. It is the toughest of 
all the thermoplastics. This quality and the case of fabrication are its chief advan¬ 
tages. Other desirable qualities are its dimensional stability, resilience, low water 
absorption, and resistance f/O mold acids. A wide variety of transparent, opaque, and 
mottled colors can be produced. It may be cut, sawed, punched, drilled, drawn, 
embossed, printed, polished, and swaged. It is easily cemented to itself and othei? 
materials. 

It is widely used in fountain pens, spectacle frames, and drawing instruments, 
where dimensional stability is necessary. 

It is available in beads, color chips, lacquers and emulsions, rods, tubes, and sheets 
of various thicknesBCS, usually 20 by 50 ft standard» 

Beiixyl Cellulose^ Among the most noteworthy properties of this new material, 
benzyl ©elluloae, are its extremely low moisture absorption, 0.44 per cent in 24 hr, its 
excellent electrical properties, including high arc resistance, and its good resistance, 
when pi?opcrly formulated, to chemical attack. It may have a definite place in 
plastics field as a hot-mclt coating, extruded on Avire for electrical insulation, or kl 
extruded or injection molded shapes. Its trade name is Hercul^ Bensyl CeUulose.' 

Methyl C^itilose. Methyl cellulose is forming a long-felt need in industry for a 
powerful aynthetic thickener, from property variations present in natural gums 
b(»cause of their Variable growing conditions. 

It is used in the field of emulsions, particularly in water-emulsion paints. In ^le 
Paqkaguig industry, the property of oil and grease resistance makes it very useful. Ifo 
trade name is Met^ocel. 


im 



PLASTiCS 


f'olBrisobutyle&Q Srst AppeE^ed in Germany undnr tbe mam of 
Oppanol and wan later introduced in the Unit^ States as Vistanex. 

It is made in a wide range of molecular weights which produce materials from 
lubricants to tough rubberlike polders. 

It is not used alone because it undergoes considerable cold flow and has little 
structural strength. It is compatible with a wide variety of other materials and is 
used to change and improve their qualities. It can also be compounded with various 
flllers. It differs from natural rubber in that it cannot be vulcanized. It is com^ 
pletely saturated and th^efore has good resistanco to strong chemicals and osone. 
It is used in cable insulation and sheathing and is available in commercial quantities 
at low prices. 

Polytetrafluorethylene, This material known as ''Teflon,^' is a remarkable resin 
that possesses mechanical toughness over a wide range of temperatures and excellent 
electrical properties over a wide band of frequencies. Teflon is chemically inert and 
has high heat resistance. It has no true melting point. At about 420°F small 
amounts of gas are given off, and at 750°F it decomposes slowly. While its heat- 
distortion temperature is 2€6“F, it can be used over a temperature range of 1(K) to 
480°r. Dielectric losses of Teflon are practically constant from 60 cycles to 3|000 
megacycles and are as low as either polystyrene or polyethylene. Its resistance to 
surface arcover is high, and on failing it melts and vaporizes and docs not leave a 
carbonized conducting path. Boiled in aqua regia, hydrofluoric acid, or fumic nitric 
acid, it shows no change in weight or properties. The effect of strong alkalies and 
organic materials is almost zero, and outdoor weathering gives no detectable change in 
a l-year test. It can be extruded as rods and tubes or as a wire coating. Compres¬ 
sion molding of simple articles can be done, but more complicated shapes must be 
machined. 

Teflon can be machined easily with regular wood- or metal-working tools if they 
are kept sharp. So far no usable cements have been found. Only limited quantities 
are available. 

Casein. Casein has been known for a long period as milk curds or cheese, which is 
casein in a very impure form. It occurs in the milk of all mammals, although it differs 
in quality and quantity from one species to another. An average cow's milk carries in 
suspended or colloidal condition about 3 per cent of this material, which is best 
described as phosphoproteiii, a line compound in combination with calcium {ihosphate. 
A perfectly clean and, so far as possible, neutral separated milk is used, and a quantity 
of rennet is added. Rennet casein is usually chosen as being most suitablo, giving 
the toughest fmished raw material. 

If casein is to be made into sheets, the extruded material is placed in hydraulic 
presses, compressed to the desired thickness, cured in formaldehyde, dried, and 
straightened. If the material is to be used as rods, the extruded rods are cured, dried, 
and ground to size. 

It is made and sold in the form of sheets, rods, and tubes. Amoroid and Galom 
are trade names for casein. 

Lignin-base Compounds. Lignin is nature’s binder in the formation of growint^ 
things. It is widely used in forming wallboard and sheets of various sorts but has not 
proved itself in competition with phenohes for individual shaped pieces. Its .irincipal 
attraction is its low price, but this is ovcrbonie by the need to chill in the mold aiKl its 
reluctant flowing qualities. Woody materials consist of water solubles, such as 
turpentine, rosin, tannin, and the like; wood-sugar anhydrides, which can be con¬ 
verted by acid hydrolysis to water solubles; cellulose, the flbrous portion; and lignin, 
the binder. In papermaking the lignin is removed. In the process of making 
lignin-baso materials, the chips of wood are heated under high pressure which is sud¬ 
denly released, resulting in an explosion of the fibrous material. The mass is treated 
to remove thf? sugars, and a moldable material is lidt. The lignin pulp remaining ia 
easentialb'^ a thermoplaHtic material but definitely does not lend itself to iiij^ndmn 
molding. As a eomprefeHion-nioldiag compound it reacts with amines* furfural, and 
phenol to form a thermosetting resin. An average formula would be 16 to 28 per cent 
phenol resin and 77 per cent ground-lignin pulp. It can be pulled hot from the mold- 
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Sbci^c. tli€ plttatic-moldixig field the first ^tensiy^ely tiaed Biatcrial 5<sni6 
poTcelaifi. Wldle this material had excellent heat^, water-, and eleetripel^rosi^tant 
prop6rti^B, ite brittlenesB and lack of aocuracBr led to the development of nxbber bitktjbrs- 
llhese in turn were displaced by the use of shellac compounds because of the cor)stian.tly 
increasing price of rubber. Shellac as a bindi^ in a molding compound probably out- 
dates any other binder known. Other natural gums such as copal, sandroc, etc., have 
been incorporated in the mixtures as the price of shellac rose. The fibers used are 
innunierable, but the outstanding ones are asbestos, mica, marble fiour, and wood 
flour. 

The applications of shellac materials are varied and widely diversified. Finish is 
excellent, the parts taking a high poUsh. Accuracy can be maintained within 0.002 in. 
if necessary. Dies are about the same as used for phenolic materials. For a long 
period shellac products were marketed in practically any color, but now only natural 
and black are used. , 

The material is rather brittle. It is noncombustible and will not sustain flame. 
It has a good weather resistance and is practmally impervious to moisture. Its 
greatest disadvantage is its low heat resistance which at present has a limit of 175 to 
ISO^F. 

Various experiments are under way to raise this softening point. These may, if 
Bucrcssful, increase the popularity and application of this material. A trade name for 
shellac is Complac. 

Cold-molded Compounds. Cold-molded compounds can be grouped in three 
classes: those using bitumen binders, cement binders, and resin binders. The most 
widely used are the bitumen binders consisting of saphali or gilsonite, drying oils, 
diier, coloring matter, and occasionally a small percentage of natural gums combined 
with asbestos fiber, the latter alumt 80 per cent of the resulting compound. Impact 
and tensile strength are about half those of phenolic materials. Cost of material and 
dies is considerably less than for hot-molded phciiolics. When strength is required 
and weight and volume are not important, cross sections can be increased consider¬ 
ably and costs still kept low. 

In brief, the three types ran bo characterized as follow's: 

Bitumen binders are the least expensive and are used principally in parts requiring 
a high degree of plastic flow in molding. 

Cement binders have great physical strength and high heat and arc resistance' 
ivhen suitably treated. Their cost relatively high. 

Resin binders arc physically stronger but not so heat resisting as bitumen binders. 

PLASTICS VERSUS METALS 

Any attempt to compare plastics and metals on a competitive basis is difficult 
because of the versatility of both groups of materials. The general idea that plastics 
will in some way be competitors of metals (especially light metal) may be true to a 
certain extent, but the area of overlapping will be found to be comparatively small. 
Plastics are not a tonnage industry as arc practically all metals. Even magnesium, 
the newest metal, is being produced at something like double the entire output of 
plastics. Even in the competitive area the rivalry is not general. Molded plaeiics 
compete writh metal chiefly when metals are die-cast, sand-east, or machined. Lam- 
fnaM plastics are competitors of metals when the latter are considered in sheets, 
formed, or machined. 

KeSin coatings compete with metals used as plating mediums. These are the 
three principal occupants of the zione w'here plastics and metals overlap. Outside 
this area the two types of materials are mutually exclusive.” Plastics cannot be 
used where continuous heat above 4(K)°F will be applied. Plastics lack the surface 
hardness of most metals, although many plasrirs seem to bi: bettor under abrasion 
than many metals. Again, if only a small hpaee is available and the cross section 
therefore limited, metals are invariably rhostm bcfuuse they provide the requisite 
strength. 

Broad Distinctions, Plastics arc beyond the competitive reach of metals where 
(1) satisfactory ^ectrical insulating quality is required; (2) a material is needed that 
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wfti^iproof textiles so ae to leav« theci isxible o&ough to tise ss rsinoosts, i^wer 
inirtaiin$, sad iite Hke; (S) tmnspsreiicy is xequired; (4) a material is jsoiight tbctt is 
i^itable for protection against Q^mary beat conduction in such simple applications 
as ooSee^t, gas-stove and eJectrio-iron handles, and num^us other similar parts; 
<5) the material must feel warm and comfortable to the touch; and (6) a choice of 
built-m colors is desired. If those were the sole bases of comparison between plastics 
and metals, metals would already be at the start of a long decline. However, the 
problem cannot be settled so simply in favor of eithm* side; In the two most important 
fields where the choice may be difficult—formed metals vs. molded plastics and sheet 
metals vs. sheet plastics>--lt may be necessary to draw finer distinctions. Not all 
metals can be formed with equal ease. M with plastics, compromise is usually 
invoked. A certain alloy steel may be ideal as to service quality, but to form it into 
the shape needed may involve prohibitive cost. Molded plastics need rather expen¬ 
sive steel molds, but so do metal die castings. Sand-oast metals ojGter a cheaper 
approach but may leave too much machining to be done to obtain the needed accuracy. 
Hastics molded parts seem to fit into a middle band of accuracy. If the part is really 
rough and He in. means nothing, a sand casting is indicated; if the tolerances, how¬ 
ever, are less than 0.001 in., carefully machined metal is a better choice. Between 
these two, molded plastics may be considered. Other things being equal, the greatest 
advantages plastics offer are built-in eolors and surface permanence. Plastics are not 
affected by either corrosion or electrolysis. Dio-cast or stamped metal is preferable 
when thin sections must be rigid or bear any appreciable strain. Strong thin plastic 
parts can easily be made in limited shapes by using reinforcements of laminates or 
fiber stocks, but they will not be rigid. Plastics can be threaded as well as metals if 
there is enough ‘‘stock'* around the thread to prevent its cracking out. 

Table 84-3. Comparison by Weight of Some Plastics and Metals 


(Lifrhte^t at top of tht* lint) 

Maieriale and charai^eriMici! Specific tfranfUiM 

FDO-mica Pregwood No. 100; impr^'pnaled comprPHSfd woewi; all laminatioiia parallel, 

claEwed aa a high-atrength product, water abaorplioti 0 per cent maxiinuui.. 1,30 

Forraica-oanvaa laminate phenolic; grade C; cotton fabric—4 os per yd; tough; 

water absorption 0.3 per cent.... 1.33 

Formica-paper-Lase laminate-phenolic; grade X; primarily for mechanical appliM- 

tions; water aliHorjition 4.0 per cent. 1.33 

Bakelite woud-fluui phenolic BM-120—best all-round molding composition; water 

absorption 0.3 per cent. 1.39 

Bakelite inacornted-canvas phenolic BM-3510; higli-produclion, higli-impart mold¬ 
ing; water absorption l.f) per cent. 1.38 

Formica-g1aHe-mat-bas(' phenolic; gra.de MF; basically for clpctrical puriJOSPB; water 

absorption 0-35 per cent. 1.50 

Fonnica asbestos-fabric-base laminate—Grade AA; strength, toughness, minimum 

dimensional changes; water absorption 1.5 per eont. 1.80 

Magnesium alloy (AM-5851 . .. .... 1.81 

Aluminum alloy (24 ST)... 2.80 

StainlesB steel... 7.86 

Chrome-moly steel.7.85 

Engineeriug Factors in Selection. The first factor determining the choice ct 
plastics or metals is the available space or volume of the part. If it is relatively 
small, plastics are almost automatically out unless their use is demanded by miee of the 


six “exclusives" mentioned. The second factor is cost. All plastics cost mtm than 
metals on a pound basis. The saving lies in their low specific gravities (see Table 
34-3). Even magnesium with a specific gravity of 1.80 is higher than the average 
riwge of 1.06 to 1.50 for plastics. A correction of the usual strength valueid for the 
specific-gravity effect may bring plastics into the range of the engineering metals. , 
To make any coinparisoji, the very best plastics material must be chosen, and one 
of the weaker alloys should be select^. ^ 

Chi this basis, tensile-strength comparisons should be made (see Tabic 34-4). 
Chrome-moly steel and stainless steel show around 180,CMX) psi; aluminum ahoy, 
62,000; and magnesium alloj”, 46,000. One of the strongest plastics is PnngWO^, 
(impregnated plywood). Its tensile strength is 30,000 psi. Othcfr “strong” plastics 
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vMmm, ksitAis 

MO 1*^ teminate ai laauoote, 9,980 pn; aid voodfl^ao-'^MiiriEM 

molded* partBj ^BioGO psi, It is evident ihBit plastieB ©fier no eonipeti^n in 
eompansons of tlofi type^ 


T>l3le84-4. Compaiiwm of Strength-Weiglit Properties of Piastics ind MetiHs 


Material 

Hpeciiic 

gravity 

TeiiRtle 

strength, 

psi 

Modulus 

/»P«r 

Eado 
(maaneahuit 
alloy «l0O) 

Magneaium alloy... 

f.81 

46,000 

25,400 

100 

Btainleae steel. 

?.85 

185,000 

23,600 

93 

Pregwood. . 

1 30 

30.D0O 



Chrottifr-iAoly steel. 

7.85 


22.900 

90 

Aluminum alloy .. 

2.80 

62,000 

22,100* 

87 

Paper laminate. 

1.33 

12,600 

9,400 

36 

Glass- fabric laminate . 

1.50 

14,000 

9,300 

36 

Canvas-fabric laminaie. 

1.33 

9,500 

7,100 

28 

Wood-fiour phenolie, molded . . 

1.36 

8,500 

6,200 

24 

Asbeatoe-paper laminate. 

1 BO 

10,000 

5,500 

21 

Impact phenolic molded. 

1 38 

7,500 

5.400 

21 


When determining sppcihc temdle strength or tensile strength per pound (see 
Table 34-4) by dividing the strength figures by specific gravity, one of the plasties, 
Pregwood, moves to third plarr on the list at 23,000, following magnesium alloy at 
25,400 and stainless steel at 23,000, Chrome-moly steel at 22,000 and aluminum 
alloy at 22,100 are far alxive paper laminate at 9,400, canvas laminate at 7,100, and 
w'ood-flour phenolic, molded, at 6,200. 

This comparison shows that, if competition is confined to sheet materials, the 
plastics stand up fairly w^ell in tensile strength by weight, but the moment it centers 
about shapable forms, by bringing in the moldablo group, the plasties lose position 
rapidly. 

With respect to compressive strength, the steels are siroiigost, with some of the 
plastics better than some of the other metals (see Table 3^1-5), When the speciiic^ 
gravity corrertici^i is applied, all the plasties except Pregwood rate higher than tho 
metals. Therefore, if compressive strength is the determining factor in a specific 
design, plasties (some form of thermosetting phenolic or urea) will serve the purpose 
best pound for pound. 

Similar data on modulus of elasticity in tension, which is a measure of a materlaPs 
rigidity, are given in Table 34-6 and show clearty that the metals are outstanding in 
this respect even on a per-poiind basis. Plastics are very inferior to metals with 
regard to shear, impact, and flexural strengths. 

Metal is chosen over plastic where there is a reallj" severe application of an 
neering nature, unless the .stronger metal has its own disadvantage (such as poor 
lesistauee to corrosion or electrical characteristic) that may be even more serious than 
the mechanical deficiency of the plastic. 

When compressive strength is important in design, almost any kind of therm^ 
setting plastic material, except plywood, will give the best results on a pound bafflB. 
Under tension plywood compares favorably with leading metals on a pound-for-pound 
basis. 

Plastics have a few outstanding service qualities where the previously mentioned 
measures of strength are not all-iinportant. One of these is abrasion resistance. 
Ammunition chutes of laminated phenolic outwear steel. Plastic gears are not only 
quieter but wear as well as steel. Under impact plastic shoots will not dent and 
gradually deform before failure but will break suddenly, while metal, although it will 
not fail completely, will deform. Plasties will dampen machine chatter better than 
metals, resulting in less noise and vibration. 

Bh^ts of plastic cannot be drawn to new shapes so easily as metalSf but UStjal^ 
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when t>dd ehapt^ are deeired they can be created in the plastic itaelf without making 
the aheetl In other words, sheets of metals are raw materials suitable for a great deal 
more working than sheets of plastics. 

There is one unfortunate characteristic of plastics that occurs also in metsls but 
not to such an extent, and that is creep. Creep (cold flow) is the constant change in 
dimension iinder stress. The thermoplastics are strongly subject to this and therefore 
are avoided for stressed service. In the thermosetting materials, creep is present, but 
unless the material is used with practically no factor of safety, it may be discounted. 

Table 84-6. Compressive Strength Weight Values of Plastics and Metals 


Material 

Specific 

Compres- 

sive 

Modulus 

Ratio (canvas 
laminate 

gravity 

atrength, 

/Bp RT 

- lOOJ 



psi 


Can vaA laminate.. 

1.33 

38,000 

28,000 

lOD 

Paper liMulnate. 

1.33 

35,000 

26,000 

93 

Glaas-fabric laminate. 

1.6 

40,000 

26,000 

03 

Imimrt phenolic, molded... 

1.38 

36,000 

25,000 

80 

Wood4lour phenolic, raoLded 

1.3B 

30,000 

22,000 

78 

Aebestoe laminate. 

1.80 

38,000 

21,000 

78 

MagncHiiim alloy. 

1.81 

35,000 

19,300 

60 

Chrome-inuly steul. 

7.85 

150,000 

19,100 

68 

Stainless steel. 

7 85 

15O.D00 

19,100 

68 

Aluminum alloy. 

2.80 

40,000 

14,300 

61 

Pregwood. 

1.3 

15,000 

11,000 

39 


Table 34-6. Moduli of Elasticity in Tension and Specific Gravities of Plastics and 

Metals 


Material 

Specific 

gravity 

Modulus nC 
elasticity, psi 

Modulus 
/bp Bt 

Ratio 
(stainless 
- 100) 

Stainless steel. 

7.85 

30 X 10" 

3.8 X 10» 

100 

Chroms-moly steel. 

7.85 

29 X 10* 

3.7 X lO" 

98 

Aluminum alloy. 

2.80 

10,4 X 10« 

3.7 X 10* 

98 

Magnesium alloy.. 

1.81 

6.5 X 10" 

3.6 X 10« 

94 

Pregwood. 

1.30 

3.7 X JO" 

2.84 X in* 

76 

Paper laminate. 

1.33 

3.0 X 10" 

2.25 X 10* 

69 

Glass-fabric laminate. 

1.50 

2.0 X 10» 

1.34 X 10* 

35 

Impact phenolic, moldei] 

1.38 

1.8 X 10* 

1.30 X 10* 

34 

Canvas laminate. 

1..33 

1.5 X in< 

1.12 X 10* 

29 

Asbestos lamin ate. 

1.80 

1.5 X 10* 

0.84 X 10* 

22 

Wood-flour phenolic, molrleil. . 

1.36 

0.96 X 10* 

0.70X10* 

18 
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PATENTS 

BY Sheldon H. Graves 

AUomty of Emery, Holcomhe wnd Blair, Patent Attorneys, Washington, D.C, 
DEFINITION 

A patent is a grant by the Federal government to aft inventor, his assigns, or per¬ 
sonal representatives of exclusive right to make, use, and vend the subject matter of 
his invention for a limited time throughout the United States and the territories, The 
term of a patent is 17 years except for a design patent, which may be for 7, or 
14 years, as the applicant for design patent may elect. 

A patent may also be considered as a contract between the inventor and the public 
whereby, in consideration of a full disclosure of the invention to the public, which 
disclosure is contained in the description and drawing, if any, of the patent, the 
inventor is granted the exclusive right to practice the invention as this invention is 
defined in the claim or claims of the patent. 

The patent grant is statutory under authority granted to Congress by the Consti¬ 
tution of the United States and differs from the common-law right of the inventor 
which is merely the natural right to practice his invention and to keep the invention 
secret until others have acquired knowledge of it. The exclusive right granted by a 
patent is the right to exclude others from making, using, or vending the subject matter 
of the invention and docs not enlarge the inventor’s common-law right to practice his 
invention. 

APPLICANTS, APPLICATIONS, AND PROCEEDINGS 

Applicant. An application for patent must be made by the inventor if alive and 
sane. It the inventor is dead, the application may be made by his executor or admin¬ 
istrator and, if insane, by his legally appointed guardian, conservator, or representative. 

An inventor is a sole inventor w^hen he alone has conceived the invention, or he 
may be a joint inventor when he, with one or more others, has contributed to the 
conception of the invention. 

An inventor may hire someone to work out the details of the invention, to embody 
it in practical form, or to build a model or make drawings. This, however, does not 
make the one so employed a joint inventor with the employer, even though the one 
so employed in the course of his duties makes an aticillaiy invention. One who fur¬ 
nishes capital for the development of the invention or for the filing or prosecution of 
a patent application thereon does not thereby become a joint inventor, and he caniiot 
be a joint applicant with the one who has conceived the invention, although he may 
be a joint patentee. 

Application. An application for a patent must be signed by the inventor and filed 
with the Commissioner of Patents in Washington, D.C/., and all business with the 
Patent Office connected therewith is in writing and in the name of the applicant, who 
may and usually docs employ an attorney to conduct the proceedings. 

Rules for the filing and prosecution of an application, together with forms to be 
followed are given in the "Rules of Pra(d»ico of the United States Patent Office i"' 
Patent a copy of which may be obtained for 40 cents by addressing the 

Commissioner of Patents. Attemtion will be ealle i in the following pages to certain 
requisites of papers filed in the Patent Office. The mention of such requisites is not 
intended to be all-inclusive, and the "Rules of Practice" should be consulted in every 
Case. 

A patent application comprises a petition, signed by the applicant, addressed to 
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APiPMCAi^} AFpmiAn&m, and iubsam ? 

th« OndBiMiosca*, Mtq^aeatiog ti3« ftamt <rf a pa^t; an oa!& aigneil^. 

jRant ^4 03cec*iit€|idf bcfo^'a notarj^ ptiblie ©r other olEteBr wfeo miifit 

his oflSi&iftl seftl on the KUStruxD^t/ whieh petitioD, ai^d oeth shotiiil loHaw thB^; §oiS0i 
presented by the, “Kules ef Practice*'; a specihcation and elaiin or claims^ ;wliiek3hiist 
also bc'Signed by the applicant, and a drawing when thr invention is susceptil^o Cf 
disclosing by drawing. The drairving must be signed by the inventor or his attorney. 
The pe^tion usually includes the appointment of an attorney to prosecutor *liihe 
applicSitiQn. The petition^ oath, specihcattons and claims, and power rrf attorney, if 
one is used, may be included in a single document and may be executed by a aingle 
signature of the applicant if an approved single signature form supplied by thcofficeor 
approved by the office is used. 

Application papers must be accompanied by the filing fee, which at the present 
time is $30, plus $1 for each claim in excess of 20, excejjt in design cases, in which the 
entire fee is $10, $15, and $30, for terms of 8}^, 7, and 14 years, respectively. 

The [^lecification, which should follow the orderly form prescribed by the ^^Bules 
of Practice” begins with a general statement of the object and nature of the invention 
which may include reference to advantages of the invention over the prior ait. There 
then follows a brief description of the drawings, if there are drawings, and a detailed 
description of the invention. The dc^criptioii as a whole must bo bo clear and com¬ 
plete that one skilled in the art to which the invention relates, on reading the jsame, 
may reproduce the inventum in a concrete operative form without the necessity of 
his exercising any invention of his own. 

Unnecessary details need not bo given in the description provided they can be 
supplied by one skilled in the art. This is also true of the drawings. They need not 
show parts in exact dimcnsiojiB or proportion unless such dimensions or proportions 
are part of the invention itscilf. In an application for a design patent, inasmuch as 
the invention resides in the appearance of the article, a description which merely 
refers to the drawing will he sufficient. 

The drawing must conform to the requirements set forth in the ”Rules of Prac¬ 
tice,” The figures of the drawing, which should be consecutively numbered, are 
described in the specification in the biief description of the drawing above noted, 
and reference characters should be applied to parte of the structure shown and such 
reference charac'ters included in the descriptimi of such parts in the specification. 

The deBcription is followed by the claims. A claim is a formal statement of the 
invention stripped of extraneous matter and defines the patent right Or monopoly 
sought. Where the invention is an article of manufacture or a machine, the claim 
recitpii the part or combination of parte eonstituling the invention and should state so 
much of the cliaracteristics of the part or of the relationship of the parts of a com¬ 
bination that the manner in which the parts cooperate between themselves or with 
others is clear. Similarly, a process claim recites the step or combination of steps 
constituting the process, and in a claim for composition of matter the ingredient or 
ingredients are so set forth. 

Claims quite often state the art to which the invEsution relates, in the form of an 
introductory clause; e.g., "In a double-acting pump, the combination of, etc.,” or 
‘^A lubricant consisting of, etc.” In a design patent the claim is merely for the 
particular article as shown, 

(laims can bo classified as gmeric or specific. A generic claim is one which 
desi'nbes or "reads on” several embodiments of the invention or is limited to featui^B 
wh.ch are common to a number of embodiments. A specific claim is one whi^re^s 
on only one embodiment or on a fewer number of embodiments than a generic claim. 

It is common practice to include in the application broad or generic claims as well 
as specific claims. Ji eventually it turns out that the invention is broadly new, bf^ 
kinds of claims are valid. If some prior specific embodiment of the invention which 
would be inehided under the generic claim, but not under the ^cific claim, 
subsequEintly come to the speeifir claim would still be valid- 

As the drawmg of claims adequate to protect the invention dwclosod requires * 
high degree of skill and experience, the apidicant,* unless he is very familiar withth^ 
practice, is advised to employ s competent patent attorney. 
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PmceediiigB. WheJi the patent application is filed in all its parta, the Patent 
Office gives it a serial number and informs the applicant of the number and the date 
of filing. The date of filing, if the application cUscloses an operative invention, con- 
stitdt^ a record date of invention and prima-facie proof of its reduction to practice 
and is the date upon which the Office regards the invention as having been completed 
in the absence of other evidence, the importance of which will be more fully discussed 
hereafter. 

When filed, the application is sent to an examining division which examines 
applications in the art to which the invention relates, and in the course of time 
(usually several months) the first,official action on the application is mailed to the 
applicant's attorney or to the applicant. 

In this office action attention will be called to any informalities in the application 
papers, Note may be made of grammatical errors, and if there is anything not clear 
in the description, the applicant will be required to clarify the same by amendment. 
In many applications, for record purposes as filed, structures or modifications arc 
described in the specification which are not shown in the drawing. In this case the 
examiner will require that the structure be shown in the drawing or the description of 
the same canceled from the specification. 

If the disclosure or any part thereof is considered inoperative, the applicant's 
att^tion will be called to this fact, and he will be called upon to correct the same by 
amendment. In doing so, or in amending for any other purpose, care must be taken 
not to introduce into the application any new matter, i.e., any substantive matter not 
predicated on the disclosure of the specification, drawings, or claims as originally 
filed. However, simple changes may be made where it is obvious to one skilled in the 
art what is needed to correct the inoperativeness, WTiere the inoperativencss goes 
to the essence of the invention and cannot be remedied without the introduction of 
new matter, the application is fatally defective. 

Informalities in the claims will also be called to applicant’s attention, and where 
the invention claimed can be understood, the examiner will give an action on the 
merits of the claims unless as a preliminary matter he requires division or requires 
election of species. 

Division. Division is required when the examiner finds that applicant has 
claimed in his application two or more independent inventions. Where such is the 
case he will be required to elect which invention he desires to prosecute in that par¬ 
ticular application and to limit the claims in such application accordingly. He 
may claim another of the disclosed inventions in a second or divisional application, 
which should be filed while the first application is still pending in order that such 
second application shall have the benefit of the filing date of the first application. 

In response to a requirement for division, the applicant may file an argumeni to 
the effect that the inventions claimed are not independent and are such as may 
properly be included in one patent. The examiner then usually refers the question 
to another examiner known as the classification examiner, who will approve or dis¬ 
approve the requirement for division, and on approval the examiner in charge of the 
application will repeat the requirement and make it final. From such final require¬ 
ment, appeal may be taken to the Board of Appeals; or the applicant may elect 
which invention he wishes to prosecute, continue the prosecution of such invention, 
and later appeal to the Board of Appeals on the question of division along with such 
other matters as may then be appealable, should he so desire. 

Eleetuni> of Species. Election of species may be required when the applicant 
discloses moi^ than one embodiment of the invention or more than one way in which 
the invention may be carried out and at the same time separately claims different 
specific embodiments. Where the applicant files an allow^able generic claim covering 
more than one embodiment of the invention, he may claim specifically in s^arai^^ 
daims different embodiments of the invention, not exceeding three, pnrovided all thre^ 
fall under such generic claims. When there is no auch allowable generic claim, the 
applicant will be required to elect which species he desires to prosecute, and thereafter 
claims to such species only will be considered on their merits. 

Whenever a requirement for division or for clcGtion is to be made, the examiner 
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usually malces a ^nxtBoty eKamination of piior art aaS m his ipoqun^meiit citas 
pateutB or publications as may assist the applicant in pan.1riinj gr h^ja c>J|ectiote» 

Whe^ such preUinmajy questions as above noted are disposed of, the action on^tho 
application wiH be directed to the merits. The claims will be acted on individua^^ 
and they will be allowed or rejected. When rejected, the reasons for rejection w^ be 
fully ipven, and where patents or puhhcations are cited in rejection, sut&ci^t infor-' 
mation will be furnish^ applicant to enable him to order from the Patent OlBiCe 
copies of such citations. 

The applicant is given 6 months in which to reply to an office action uul ciaR for some 
special reason the examiner specifies a shorter period. The applicant’s reply should 
be completely responsive. Whenever the applicant considers that an objectiem or 
rejection of the Examiner is not proper, an argument should be filed giving the reason 
why it is thought the position taken by the examiner is not proper. Otherwise, the 
applicant should amend the specification, claims, or drawings, as the case may be, to 
avoid the objection or rejection. 

Amendment to the specification is made by directing specifically that certain 
matter be canceled or changed or that certain matter be added. The claims may be 
amended in the same manner, or original claims may be canceled and others sub¬ 
stituted or other claims added to those originally filed. Amendments to the drawing 
usually take the form of a letter requesting the chief draftsman of the Patent OfiSce 
to make the changes desired, which letter is accompanied by a sketch showiag the 
changes to be made. The Patent Office makes a reasonable charge for such amend¬ 
ments and may demand a deposit to cover such charges. 

In applicant's response to an office action he should reply to every point raised by 
the examinpT. Correction of mere informalities will generally not be insisted upon 
until the application is deemed to contain allowable or patentable subject matter or 
the application is in condition for appeal. 

W'hen the applicant has replied to an office action, the office will again act on the 
application. Further ohjeetions may be raked and new references cited and new 
reasons for rejection given. The applicant always has a right to reply or amend as 
long as new references or new reasons are cited for refusing a patent. 

^'hen the examiner rejects on the same references and for the same reasons as have 
been previously i' ven, he can and generally does make the rejection final. At this 
stage of the case fne applicant presumably has presented his reasons for believing the 
claims patentable, the examiner still believes them unpatentable, and, an issue 
having been reached, if the applicant wishes to proceed further, he should appeal to 
the Board of Appeals. 

When such an appeal is taken, the examiner forwards to the Board of Appeals a 
fitatement giving the reasons for rejection and sends a copy to the applicant. The 
Board of Appeals then sets the case for hearing and appellant is required within 60 days 
from the date of appeal or within 6 months from the date of the action appealed from, 
to file a brief, which complies with provisions set forth in the “Rule of Practice,** at the 
s^ime time indicating if he desires an’ oral hearing. If so, the applicant may appear 
at the hearing and orally argue his case. 

From a decision of the Board of Appeals of the Patent Office affirming the rejec¬ 
tion of the examiner appeal may be taken to the United States Court of Customs and 
Patent Appeals; or, alternatively, a bill in equity may be brought against the Com- 
misbioner of Patents in the United States District Court for the District of Columbia. 

Abandonment of Application. Where no proper reply is mode to any office action 
within 6 months or such shorter time as may be fixed, the application k^held aban¬ 
doned. Unless such an abandoned application can he revived, it is to all intents and 
pur]K)sea dead. A new application can be filed for the some subject matter, but it 
cannot relate back to the filing date of the abandoned application for the purpose ai 
establishing a date of completion of the invention. 

In order to revive an abandoned appheation, it must be shown to the satisfaction 
of the Commissioner of Patents that the delay in prosecuting the same was unavoid- 
^ ble. A petition to the Commissioner to revive the application is filed aocompani^ 
by a verified statement of facts showing that the delay was unavoidable. Aigr 

1945 



PATENTS Am COPYBmHfS: 


for the cause of d^sky should oover th^ ^tira period of d^a3r up ify ,the 
tmie oi filing ^e petition to revive. , . ^ 

Belaud Ap^icatim^ Divisional applications ^ave previously hmx m^tloiied. 
Tlfi^ are applications wherein the subject matter or diaclosure has been carved uuib 
of an earlier filed copending application. 

Another type of application commonly met with is called a noniinuation in part. 
It often happens that an inventor, after having filed an application on a particular 
invention, conceives of some improvement or modification which includes more or 
less of the disclosure of the earlier filed copending application. The later application 
is called a continuation in part of the earlier application, such continuation in part 
bdng thus an application part of the disclosure of which is contained in an earli^ 
filed copending application and part of which disclosure is not contained, in the 
earlier ^ed application. This later application may contain claims to matter dis¬ 
closed in the earlier application. As to such claims, the applicant is entitled to the 
filing date of the earlier application, and as to claims directed to matter disclosed only 
in the later application, the applicant is entitled only to the filing date of such later 
application. 

/yitcr/crences. An irUerference is a proceeding instituted in the Patent Ofi^ce for 
the purpose of determining the question of priority of invention between two or more 
parties claiming substantially the same patentable invention. If two applicants 
claim the same invention in their respective applications, the Patent Office institutes 
an interference to determine which of the two made the invention first and grants 
the patent on the common invention only to him whom the Patent Office considei's 
to be the first inventor. 

An applicant may obtain an interference and contest priority of invention with a 
patentee. The appHcaiit must, however, unless he was claiming the patented inven¬ 
tion at the time the patent issued, copy in his application the claim or claims of the 
patent upon which he wishes to contest priority withiu 1 year of the grant of the 
patent. He must at the same time identify the patent and show how the disclosure 
in his application W'arrants the making of the patent claim. In case the applicant 
wins the interference, the Patent Office, although it cannot cancel the patent which it 
has already granted, will grant him a patent on the common subject matter. 

An interference proceeding is highly technical and at times very complicated, and 
anyone who finds himself involved in interference is advised to employ a competent 
attorney to represent him, 

AUowarice, When all claims in an application have been allowed and all formal 
requirements have been complied with, the application is said to be in condition for 
allowance, and a notice of allowance is sent to applicant in which he is given fi months 
in which to pay the final fee of |130 for 20 or less allowed claims and $1 lor each claim 
in excess of 20, except in design applications for which there is no final fee. 

A matter of several weeks elapses between the receipt of the final foe and the grant 
of the patent. The Patent Office acknowledges receipt of the final fee and informs 
applicant of the number of the patent and tlie date it will be issued, whereqpon the 
patentee, his assigns, or legal representatives making or selling any such patented 
article should mark the same with the word ‘ * Patent ” together with the number of the 
patent. 

Except during interference proceedings, where the rules permit one to inspect liis 
opponent's application, pending original applications arc preserved in secrecy in tbi^ 
Patent OfiSce. 


CLASSES OF PATSHTABLE INVENTIONS 

To be patentable the subject matter of an invention must fall within one of tthc 
following statutory dasses: ari, machine, manufacture, coniposJtion of matter, plant 
or design. Anything falling within these claBSfss to be palatable must also satis^ 
the test of novelty, utility, and invention. 

Art or X^ocess. An art, by which is meant a process or method, consists of an art 
or series of acts performed on some subject matter to reihme or transform it to a 
different state or thing. As a process it must be one which can employed indu- 
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)|(»idMi(ifito Mecbimiam for oa^rylng lor extiaplQy iyFhere4;iH0^ir 

or moro ^tOps of tlie propesa may be ^rformed by ha^. The wu3t pr^uood kf fi# 
process’3^uet be & physical result, aud while it often |)rodueee'ft pei^oao^t ehai^ hi 
the phyeae^ dtate of an article or composition of matter, it need not do eo aecedehrily^ 
Thus, E method of tmnsmitting epeech by causing the flow of electrical unduIatSon 
ootre^ioikdtng to the sound of the human voice was held patentable. 

Also, while most processes involve chemical or other elem^otal action tu* inytdye 
the ^Ipdoyment -of forces producing physical change such as boat, light, ^ectric^^ 
and the like, certain methods which involve only mechanical operations have -b ^f *** 
held patentable. 

In a greater part of the field of human endeavor, activities will arise which display 
ingeniuty and novMty and are productive of useful results but are not properly the 
subjects oi patent protection. For example, methods of doing business, systems of 
bookkeeping, plans of military strategy, and the great mass of activity dealing with 
human rdations are not such arts as are properly the subject of patents. 

Machine. A machine is a combinatiem of mechanical parts adapted to receive 
energy and apply it to the production of some energetic result. It includes any 
device having moving parts by which energy may be utilised or a useful operation 
can be performed. 

Manufacture. A manufacture or article of manufacture is anything made by the 
hand of man which is not a machine or composition of matter. This has been held to 
include building structures. 

Composition of Matter. A composition of matter covers all compositions or mix* 
tures of two or more substances, whether the result is chemical union or mechanical 
mixture or whether they be gases, liquids, powders, or solids. 8u(‘h a mixture or 
composition should have properties which are different from or in addition to those 
possessed by the several ingredients in common A new chemical compound is 
patentable, and a new mixture of old compounds may be patentable if it produces a 
new result. This class also includes composite articles. 

The distinctions between machines, manufactures, and compositions of matter are 
not always clear, but an inventor need not know to which of these classes his inven¬ 
tion belongs so long as it falls within the field covcreil by them all. 

Plant. The statute p^o^^dea that anyone who has discovered or invented and 
asexually reprodteed any distinct and new variety of plant other than a tuber- 
propagated plant may patent the same under conditions which obtain for mechanical 
patents. 

Design. A design is the characteristic of an article which by means of linos, 
images, configuration^ or the like taken as a whole makes a visual impression of 
uniquen^ or distinctive character, and such design, in order to be patentable, must 
be ornamental. 

The article to be the subject of a design patent must have a purpose wluch is 
primarily utditarian. If the purpose is primarily ornamental and not utilitarian, 
may, however, be entitled to copyright protection. 

NOVELTY AND UTILITY 

in order to entitle one to a patent, the invention "which he has produced must be 
new and useful (Revised Statutes, sec. 4886). 

Novelty. Kftowledge and Use, To be new an invention must not have been 
known or used by others in this country before his invention or discovery thcrodf, 
and it must not have Vieen in public use or on sale in this country for more than 1 yeat 
prior to his application for patent. 

Prior knowledge to defeat a patent must be knowledge of something substantiaBy 
idcnlfical with that for which a patent is sought. It must be more than a mere ctm'* 
t?cpt of the invention; it must be kno’Wledge of the thing ilrSelf in its concrete operative 
^t>rm, JCtoowledge ^by others” does not mean that sucii knowledge must be shared 
gener^y by the public. It is sue&cient if such knowledge was accea^le to the 
puMic. 
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Hne knawlefjgei use, and sale to constitute n bar must be in this country. But 
knowledge in this country of use or sale in a foreign oountry is no bar to the grant 
of a patent in ibis country. 

PiOmled and JDercr^ed. Also, to entitle fine to a patent the invention must not 
have been patented or described in any printed pubhration in this or any foreign 
country before his invention or discovery thereof or more than 1 year prior to his 
application. The printed description to constitute an anticipation must disclose a 
complete and operative invention in such full, clear, and exact terms as to enable one 
skilled in the art to which the invention relates or to which it is most nearly related to 
practice the invention. 

Utility. An invention to be patentable must be useful. The term is used in 
contradistinction to frivolous. In point of fact, any utility, however slight, is suffi¬ 
cient to satisfy this requirement. To be patentable the invention must not be 
mischievous or immoral. A new chemical compound aii^such may be presumed to be 
useful, but invention must be involved in its production. There is no statutory 
requirement of utility for a patent for a design invention. 

INVENTION 

In the great majority of cases the thing that an applicant describes in his patent 
application and claims as his invention will differ in some or many respects from 
anything which had previously been described in any printed publication or was 
before known or in public use or on sale. In other words, it will differ from anything 
comprised w'ithin that body of material which is known as prior art. This does not 
mean that because of these differences what is claimed is patentable. The differences 
must be such as to require the exercise of the inventive faculty on the part of one 
skilled in the art to which the invention pertains in order to reproduce, from the 
mass of information contained in the prior art, the thing that the applicant devised. 

Certain negative rules are applied as a test for invention. For example, a mere 
change in materials does not generally amount to invention. Thus, if one substitutes 
for the material of which a part was composed a material which was known to be 
stronger and more durable and thereby produces a part which is mPTely stronger and 
more durable, no invention is involved. On the other hand, sometimes a change in 
material produces a result which is unexpected and in certain cases brings into use an 
otherwise unrecognized property of the new material in which case the substitution 
may involve invention. 

Also, it has been held that a mere change in form or proportions or degree does not 
involve invention. This is because one skilled in the art could readily foresee what 
result would be produced by such a change. But here again, on unforeseen result 
may show invention. 

A common instance of change in proportions conferring patentability occurs in 
compositions of matter, as in metal alloys, many of which have been patented. The 
prior art may show a composition having substantially the some ingredients but in 
proportions different from those of applicant. It may also be found that, as the pv" 
portions are changed, when they depart from those of the prior art and approach the 
proportions disclosed by applicant, certain unexpected and useful proj -irtiefl are 
developed in the composition. This is an indication of invention, and the proportions 
in such case are termed critical, 

Similar rules of noninvention apply where the change is in location of parts, tner'' 
duplication or reversal of parts, making parts integral when formerly sep .rate and 
vice versa, and adding parts without producing a new and unexpected result. 

Also, when a part is omitted from a combination of elements and the sole change 
produced is the omission of function of that part, no invention is involved, althou^i 
the omissiDnof a part and rearrangement of the remaining parts so as to perform its 
function may be a patentable invention. 

Inventian in Designs. The test of invention for a design patent is the sam^ as for a 
mechanical patent, viz.j whether the design was beyond the poMPers of an ordmary 
designer. 
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PATBNTEZ) ON APPLICATION 

A ^fcatutory Tequirem^t for the erf ft patent is tkat it l^ ipt not^Lave 

heeti patented by the inv-entor or Ids legal tepresentatives w aasigna in any foii^^gn 
country on an, application filed more tiian 12 months (or 6 months in the case of 
designs) prior to the filing in this country. If the foreign application was filed witein 
12 months of the filing in this country (or 6 months in the case of deigns), the granting 
of the foreign patent does not constitute a bar to the grant of a patent in this country, 
Kven if the foreign application was filed more than 1 year prior to the filing in this 
country, the granting of a foreign patent to applicant after the granting of the United 
States patent does not affect the validity of the United States patent. 

ABANDONMENT OF INVENTION 

A further requirement for the grant of a patent is that the invention shall not have 
been abandoned. This occurs by an express declaration of abandonment or rehn- 
quishnient of a completed invention to the public or by acts or omissions from which 
an intention to abandon may be inferred. An abandonment of the invention aliould 
be distinguished from the abandonment of a patent application, which usually results 
from failure of an applicant to take timely action in the prosecution of the application 
as has heretofore been explained. 

Another matter should be mentioned here. One who makes an invention may, if 
he desires, practice it in secret, or he may patent it, in which case it is published to 
the world. lie may not, however, practice it in secret until knowledge of tlie inven¬ 
tion has been acquired by others and then patent it. If one practices an invention in 
secret until he discovers someone else has entered his field, any patent which he applies 
for subsequently will be invalid, 

DATE OF INVENTION-INTERFERENCES 

It frequently becomes necessary for an applicant or a patentee to establish by 
evidence the date w hen he made his invention or discoveiy\ 

For example, among the statutory requirements for the grant of a patent as above 
given is that the invention shall not have been described in a printed publication 
before his inverition or more than 1 year prior to his application for patent. If during 
the prosecution of the application the patent examiner discovers a publication desenb- 
ing the invention and such publication is dated more than 1 year prior to the applica¬ 
tion, the examiner will call the applicant’s attention to the publication and reject the 
claims of the application thereon, and such publication will constitute an anticipation 
of the invention. If, however, the publication antedates the application by less than 
1 year and does not antedate the completion of the invention, it is not a bar to a 
patent. The examiner rejects in such case because he has before him as evidence of 
the date of invention only the application, and in the absence of other evidence, the 
filing date of the application is deemed to be the date of invention. In reply to such 
rejection the applicant may submit proof that he made the invention before tlie date 
of the publication, and if he does this the examiner will withdraw the publication as 
a reference. 

Another instance where it is necessary to establish a date of invention is where two 
or more applicants file separate applications, all claiming the same invention. In this 
cjfic the Patent Office grants a patent covering the common subject matter only to the 
one who first made the invention, this being determined in an interference proceeding. 

Jjn the development of an inventive idea into a concrete embodiment there is often 
considerable work involved. If the invention is a machine or other device, sketches 
will often be made, and later a model may be constnici-ed. If the invention is of a 
chemical nature, exjieriinents may be conducted or samples made and tested to see if 
the desired results are produced. Kither during or after this preliminftry work the 
inventor may file an application for patent, and it becomes important to determine at 
what point in this activity the invention is considered legally to have been made, i.e., 
to have been completed in the sense of the patent law. 

The general rule is, subject to oue exception, that the invention is considered made 
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•sHrh^ lit is 8bo#n to be complete, 4ad, in |;eneral, that is not.tmtil it is reduced to 
practice. RedtteHm to prai^ce is qf two kinds— actvM and con^rucUve. 

Eodoetian to Ptactice. Actual reduction to practice consists in the produce 
tUm, constructing, or building of an embodiment of the inv^tion and the succesi^ul 
test^ or operating of sueh'embodiment under conditions actually met with in pi^c* 
tice. In certain cases of very simple inventions, where successful operation can be 
idetermined from mere inspection of the embodiment, it has been held that proof of 
test is imnecess^oy. 

Conptnxctive Itednctloa to Practice. Upon filing an application containing an 
adequate disclosure of an invention, the applicant is thereafter entitled to the benefit 
of the hling date of such application a constructive reduction to practice of whatever 
is disclosed. He is also entitled to the benefit of the filing date of a copending applica¬ 
tion containing a disclosure'of the invention or of any previously filed application not 
then p^ding, provided there was continuously, from the date relied upon, some appli¬ 
cation p^dlng which contained a disclosure of the invention. An inventor is also 
entitled to the benefit, for constructive reduction to practire, of the filing date of a 
foreign application filed by him or his legal repre.sentaiives or assigns and wliich dis¬ 
closes the invention, provided the same was filed less than 12 months (6 months in the 
case of designs) prior to the filing in this country. The benefit of a foreign filing date 
is given the applicant under a treaty or international convention (known as the 
International Convention for the Protection of Industrial Property), and a United 
States application filed within 1 year of the filing of a corresponding foreign applica¬ 
tion is said to he filed under the converUion. 

The exception to the general rule that to show prior invention one must show reduc¬ 
tion to practice, either actual or constructive, is the case frequently arising in ex parte 
and inter partes proceedings in the Patent Office and in the coui'ts where prior con¬ 
ception is shown by the applicant or paienti^e accompanied by diligence from the date 
of the anticipation or bar asserted against him continuing until his own reduction to 
practice or, in the case of an interforonee with another inventor, conoeptioii prior to 
that of the other’s invention accompanied by diligence continuing witliout interruption 
from the time the other inventor entered the field to the date of his own reduction to 
practice. 

From the above it will be seen that it is advisable that an inventor keep a current 
record of his activity in the development of an invention. He should write a descrip¬ 
tion of the invention as soon as possible, accompanied by drawings, if the invention 
can be illustrated by drawings, or by examples, both dated and witnesscMl by someone 
who understands the invention. A record should be made of the date of conception, 
the time and place of the first disclosure to others, the making and disclosure of the 
first sketch and description, the completion of a model or full-sise device, tests of the 
device and results of the tpjsta, extent of the invention’s use, and the dates of any appli¬ 
cations filed. 

OWKERSHIP AND ASSIGNMENT 

Ownership. A patent is personal property and may be owned by one or any 
number of persons. Each of several owners has an undivided interest in the patent, 
and while such ownership is called joint,'’ it is more nearly an ownership in comifion. 
On the death of such joint owner, his umlivided interest passes to his legal rep.'ssenta- 
tivea. When a patent is granted to two or more joint inventors each becomes a joint 
owner. To be an owner of a patent jointly with someone else has its disadvantages. 

One of two joint owners is to some extent at the mercy of the other. The other 
can practice the invention, can make, use, and sell a device covcriMi by thf patent 
without accounting to the fet owner and license others to make, use, and stdl without 
accounting to the first owner for any royalties received. And this is true no matter 
how small the other’s undivided interest may be, in the absence of an agreement 
between them providing otherwise. 

Afisigament. By statute any patent or patent application or any interest therein 
is made assignable by an instrument in writing, and by such an assignment the 
exclusive right under thei>atent may be granted to the whole or itny specified part of 
the United Statesj the latter being tenued A ^’territorial grant.^* The assignee in 
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eacii caae abouH have written akignment recor^e^ in tka Patent iOilee ia 
inK^oxLf a? the law provides that an assi^me&t abaH be void eubes^^ndfett 

purclttw for vahie without notiee unless HBcorded witk^ 3 xm>ntha ivam the (iatkpf 
the ae^nment or before the subsequent purchase. 

If ak assignment is acknowledged before a notary public or other olheer specahod 
by law, who affixes his official seal, such acknowledgement is prima facae evideEuee of 
the making and delivery of the assigrunent. 

One may as^gn all right, title, and interest in and to a patent, or he may ftjaajgr* 
one-half, one-third, or any other fractional undivided interest. Where a sharing of 
profits or royalties among coownera is desired, provision for such sharing should be 
made by contract. 


EXTENSION AND REISSUE OF PATENTS 

Extonsion^ The term of a patent can be extended only by act qf Congress^ A 
few patents were extended after the First World War, but it is not the policy of 
Congress to extend patents and has not been for many years. 

Reissue. A reissue patent may be granted for the unexpired term of a patmit 
already granted when such patent is inoperative or invalid by reason of a defective 
or insufficient specification or by reason of the patentee claiming as his own inventiosi 
more than he had a right to claim as new if the error arose by inadvertence, accident, 
or mistake and without any fraudulent or deceptive intention. 

The word “inoperative’* as here used, means inoperative to protect the patentee. 
ThuS) if the specification of the patent describes two inventions both of which might 
have been claimed but only one was claimed, the patent is inoperative to protect the 
inventor in respect to the other invention. 

The statute requires that the reissue patent shall be for the “same invention.*^ 
By this is meant whatever invention was desenbed in the original patent and appeara 
therein to have been intended to be securodl thereby. 

An application for reissue must bo made by the inventor if living and, if assigned, 
must be accompanied by the written assent of the assignee. It must be accompanied 
by the original patent with an ofirr to surrender the same on grant of the reissue, and 
the oath accompanying the reissue, in addition to the averments of the oath in the 
original appUce^ion, should point out the defects or insufficiency of tbe specification 
of the original patent or how the patentee claimed more than he had a right to claim 
and should specify the inadvertence, accident, or mistake from which the error arose. 

Where the claims sought in a reissue application are broader than those of the 
original patent, the reissue must be applied for promptly—except in most unusual 
circumstances within 2 years at the most of the grant of the original patent. Where, 
however, the claims of the reissue arc more specific than those of the original applica¬ 
tion, it is sufficient if the reissue is applied for promptly after the discovery of the 
inuperativenesB or invalidity of the anginal. 

INFRINGEMENT 

An infringement of a patent is the unauthorized making, using, or selling of an 
embodiment of the invention. In the case of a process, it is infringed by him who 
without ownership or license uses substantially the process of the patent. Actual 
kiiowledge of the patent by the infringer is not required provided the patentee kaa 
hits given the notice called for by the statute by marking his invention with the patmit 
number, in default of which damage for prior infringement cannot be collected. 

The measure of the monopoly of a patent is the claim or claims of the patent and 
to be an infringemmit there must be a claim of the patent which is infringed. If wkgt 
has been done or what has been made or used or sold is correctly described in the entire 
claim of a patent, if esfch element of the claim is present in the process performjsd qr 
the thing that is made, used, or sold and is present in the relationship set forth m the 
claim, ^ch claim is infringed. Jf for example, a claim contains three elements, those 
three elements or their equivalents must be present in the infringing structure- 
“equinralent of un (dement** in a claim is meant something which performs the 
function as the element and in substantially the same way. 
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COPYRIGHTS 

BY Sheldon H. Graves 
fflSTORICAL 

At common law before the invention of printing the works or writings of an author 
belonged to the author. After the adoption of printing, writings were reproduced in 
quantities and distributed to the public, the works became public property, and the 
author was without recourse until 1710 when an English statute gave to authors or 
their assigns the sole right of publicatiou for a limited period. 

The granting of copyright in the United States is under federal statute enacted 
under authority of the Constitution, The Ckjnstitution provides that Congress shall 
have power to secure for limited times to authors the exclusive right to their writings. 

WHAT MAY BE COPYRIGHTED 

'‘Writings*’ as used in the Constitution has been held to include all forms of writ- 
ing, engraving, printing, and (dching hy which ideas of the author are given visible 
expression. The ideas expressed need not display any high degree of artistic merit. 
It is not necessary that the materials be new but may include compilation of known 
facts or data. Music is included as well as pictorial illustrations, photographs, and 
advertisements. 

By act of Congress the author must specify to which of certain designated classes 
the works for which cop>Tight is sought belongs, but an error in assigning the work to 
some particular class is rot generally fatal. 

The statutory classes arc as follows: 

1. Books, indvding composite and cyclopedic works, directories, gazetteers, and 
other compilations. The book need not be a bound book but may be a single sheet, 
leaflet, or folder. It may consist merely of tables of figures. It, however, does not 
include slogans or mottos wliicli are not copyrightable. A compilation includes 
selected extracts from different authors. 

2. PmodicaU, including newspapers. Each number of a periodical should be 
separately copyrighted. 

3. Lectures, sermons, aiid addresses (prepared for broadcasting or oral delivery). 
This includes unpublished manuscripts; when published these should be registered as 
a book. 

4. Dramatic or dramatico-musical composiiio7is. This includes plays, operas, and 
oratorios. 

5. Musical compositions. This includes songs “with words and music written in 
any notation but does not include perforated music rolls or phonograph records. 
However, the owner of a copyright on the composition can control the production of 
such rolls and records. 

6. Maps, WTieii accompanied by text map.s should be copyrighted as a book. 

7. Works of art, models or designs for works of art Includes paintings, mosaics, 
carvings, statuary, plaques, and brie-a-brac. Where the artistic appearance is 
applied io articles of manufacture which have primarily a utilitarian purpose such as 
clocks, furniture, rugs, etc., the article is patentable as a design but cBimot be 
copyrighted. 

8. Reprodvdien of works of art. Includes sketches, photographs, or etchings of 
original works of art such as paintings or sculptures. 

9. Drawings or plastic works of a scientific character. Includes anatomical 
figures and also stock-market charts. 
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10. Photography, Ineiudes pho^graphs which embody artistic coi^eeptioiui 'ftad 
slso thc^ nieeluiiiical reproduction of the appearance of any object. 

11. PrintfS and ptiioriol illiiairoHons. Includes iilustrationa of anythii^ and mero 
decorative featui^ such as an artistic border for a stock certiheato. 'Xhis class also 
included commercial prints and labels for articles of merchandise. 

12. Motion piciuroSf photoplays. Includes photoplays whether accompanied by 
sound or not. Also so-eaUed shorts. 

13. Motion pictureSi other than photoplays. Includes educa^onal film*!* and hcwsh 
reels. 

Commercial prints and pictorial illustrations were until recently registered in the 
Patent Ofilce but are now re^tered with the liegister of Copyrights in the Library of 
Congress. A commercial print is an artistic w ork with or without text published in a 
periodical or separately in connection with the sale or advertisement of an article or 
articles of merchandise. A label is an artistic or literary work attached to an article 
of merchandise or to containers therefor to indicate the nature of the goods. 

Such a print or label to be copyrighted must first be published by the proprietor 
or under his authority ■with notice of copyright claim on the copies. Publishing means 
placing on sale, selling, or publicly distributing. The notice must be on each copy 
published or offered for sale in the United States. The notice of copyright may oon- 
sist of the word Copyright ” or ‘^Copr.” on every label or print followed by the name 
of the proprietor or may consist of © in accordance with requirements hereafter 
noted for this tyjie of notice. Two copies of the label or print must be deposited with 
the Oopyright Office and the statutory fee of $6 paid. The application for copyright 
should be made on the form furnished by the Copyright Office. 

MATTER NOT COPYRIGHTABLE 

The following are not cop.yrightable: checks, vouchers, business forms, the original 
text of any work in the public domain, except roinpilatioiis thereof, and government 
publications, mere ideas or plans, and seditious, libelous, fraudulent, immoral, and 
indecent works. The title of a work is not copyrightable, but where the copying of a 
title results in unfair competition, relief may be had on this ground aside from any 
copyright protection. In some cases titles may be registered as trade-marks, 

WHO MAY SECURE COPYRIGHT 

Copyright may be obtained by the author, his executors, administrators, or 
assigns. When the copyriglit or the right to obtain a copyright is assigned, the 
assignee becomes the "proprietor** and is entitled to the copyright. In the case of 
ghost writers, the ghost is generally the one entitled. \^Tierc one writes for hire, the 
employer is the proprietor and entitled to the copyright. 

The person entitled to the copyright must be a citizen of the United States or, if a 
foreigner, must be domiciled within the United States or a citizen of a so-called "pro¬ 
claimed** country designated as such by proclamation of the President, A "man with- 
jut a country*' is entitled to a copyright. 

STATUTORY REQUIREMENTS FOR OBTAINING COPYRIGHTS 

A copyright is secured by publication with notice of copyright. 

A work is published when the> first authorized edition is "placed on sale, sold, or 
puidicly distributed by the proprietor of the copyright or under his authority.’* 
Prom this quotation it would appear that the mere showing of a picture or motion 
picture is not a publication as required by law. A motion picture therefore would not 
he published until it is difitributed. It is important to note that the publishing with 
notice of copyright precedes the application for copyright registration and that publi¬ 
cation without such notice constitutes an abandonment of the claim of copyright. 

The notice required consists of the word "Copyright** or "Copr.** ^eompanied 
by the name of the proprietor; in the case of a literary, musical, or dramatic workcom- 
prijsed in classes 1 to 5, inclusive, and the notice must be accom{»anied by the 
However, in case of copies of works specified in classes 6 to 11, inclusive, the noUee 
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propmtor/' proykkid on some aocesable portion of the copiea or of the^marginj 
perman^t base, or pedestalor of the substance on whieh such copies shall be mmmted, 
kb ni^G shall appear. 

Hib notice must be applied (1) in the case of a book or other printed publication 
upon the title page or the page immediately following; (2) if a i>eriodical, either upon 
the title page or upon the first page of text of each separate number or under the title 
heading; or (3} if a musical work, either upon the title page or the first page of music. 
For a contribution to a periodical, it may be placed under the title or, if all on one page, 
at the end of the article, 

Promptly after publication, two copies of the best edition of the work must be 
deposited in the Copyright Of^e together with the application for copyright which 
may be made out on a form furnbhed by the Copyright Office. Except in the case of 
the original text of a book of foreign origin or authorship and in a foreign language, the 
typesetting, printing, and binding of copies deposited of I book or periodic^ mu^ be 
within the limits of the United States, and the application must be accompanied by an 
affidavit to that effect, a form for which affidaidt is funiished by the Copyright Office. 

The application for registration should be accompanied by the statutory fee of $2 
except for a prmt or label published in connection with the sale or advertisement of an 
article of merchandise, where the fee b $6, and of unpublished work and a photograph 
where no certificate is demanded, where the foe b |1. 

INTERIM REGISTRATION 

Provision is made for interim registration of foreign books pending printing in 
thb country. 

TERM 

The term of a copyright b 28 years. The law provides for a renewal by certain 
specified persons for a renewed term of 28 years. 

RIGHTS SECURED BY COPYRIGHT—INFRINGEMENT 

As provided in the Copyright Act of as amended, the copyright owner has 
the exclusive right 

Sec. 1 a: to print, reprint, publish copy, and vend the copyriirhled work. ... A 
copy, is that which comes so near the original as to give to aii> person ^seeing it the ide.i 
created by the original. 

It need not be a word-for-word copy. It may be copied in a different medium as 
showing a photograph on a screen. The copying of a substantial pait of the original 
b an infringement. However, one may make a fair use of a copyrighted work. The 
copyright owner alone has the right 

Sec. 1 hi to translate the copyrighted work into other languages or dialects or to make 
any other version thereof if it be a literary work. 

Versions include abridgments or telling the story in other words, but a mere skctchv 
outline would be a 'Tair use" and not an infringement. 

See. 1 h (2): to dramatize it if it be a noadramatic work. 

Sec. 1 b (3): to convert into a novel or other ncndramatic work If it be a drair a. 

See. lb (4); to arrange or adapt it if it be a musical work as an arrangement for an 
orcheBtTE or to change the key or pedaling. 

See. 1 b (S): to complete, execute, and finish it if it be a model or design for a |irork of 

art. 

These are works of the fine arts rather than industrial arts which are covered by thr 
latent law. 

See. 1 c: to deliver or authorize the delivery of tl^e copyrighted work in pubUc for 
profit if it be a lecture, sermon, address, or similar production. 

By simiUur proditcHon b meant a production intended in the first instance for oral 
cominuiucation. 
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{TiiiB - 9 I 00 InoludM dramatico-musieal worksl if it be a draoiatie work attij| 

teprodiiood feojdas for soIb, to vend any manni^ript or any reooiti wJxatevar ^^bereof. . t ■* 

(The perfotnaanca Or represontation thereof need not be for profit] 

This provision ineludos exhibition of motion-picture plays but doos not include poems^ 
as these may be recited in public without infringement. 

gSfec* 1 SI to peFform the copyrighted work publicly for profit if it be a nuasioal eom*' 
position* . < . 

For profit does not mean that there must be paid admission to hear the music* 
The unauthorised broadcasting of a song in a radio program under a sponsor is infringe¬ 
ment. The provision includes music with motion pictures. 

Thene are certain exceptions from liability for unauthorized performance of music: 
(1) reproduction of music by coin-operated machines and (2) certain religious and 
secular works, even though an admission is charged, if the fee is applied to charitable 
or educational purposes, 

See. 1 z (continued): and for the purpose of public performance for profit and for the 
purpose set forth in subsection a hereof, to make any arrangement or setting of it (the 
musical composition) or of the melody of it in any system of notation or any form ctf record 
in which the thought of the author may be recorded and from which it may be read or 
reproduced. 

In this sectinn the reproduction from a phonograph or other record is not an 
infringement; the record itself is not a copy of the original composition, but the 
propriet-or has the control of the mannfaeture of such records. The law, however, 
provides that, when the proprietor himself has used or sanctions the use in this way, 
anyone may make records on payment to the proprietor of 2 cents roysdty for each 
record. 
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Absolute pressure, defined, 331, 14,5B 
Absolute temperature, defined. 331, 1458 
Absorber pressures (bm Refrigeration systema. 

ammonia-absorption type) 

Absorption, light, defined, 916 
X-ray. 1631, 1632 

Absurprion dehumidiiying systemfl {see Dohumidl- 
fying syetoms, absorption type) 

Absorption i^'stems. defined, 659 
A-r motor drives—ani power source (sec Bpood 
control, electric) 

Accelerations of crosshoad and crank-pin, nomo- 
i^aphic chart for, 1757, 1758 
Accoierometer for vibration measurement, 1844 
Accumulatora for hydraulic transmissiuiis. 1300 
Acetylene gas in tanks, 215, 216 
Acid enneenttatoTB for sulfuric acid recovery, 
1593 

Arid neutralization in plant wastes, limefitona for, 
1595 

Arid waste, water eontaniinatinn by, 158Q 
Acidity and neutralization number of lubricating 
oil, rm, 1311 

Acids in plant wastes, neutralization of, D^Oo-laOB 
limestone beds fur, 1595, 1590 
Actions of automatic process oontrul («ec Process 
control, automatic) 

Arljiistable-fretiuency H-c drives, 1253-“1262 
induction-genor 1,nr sets. 1256-1262 
motor-Renerator fWts, 1254-1262 
Adjustable-voltage drives, d-c self-excited shunt 
for, 1240-1242 

d-c seimrately excited shunt for, 1242-1244 
d-c series, 1237-1239 

Adsorption dehumidifying systems ((fce Dehumidi- 
fying systems, adsoridion type) 

Adsorption syatcins, defined, 65!) 

Aeration for wat«r purification, 318, 319 
Aerators for water purification and treatment. 
317-325 

coke-tray aerators, 320 
spray aerators, 320, 321 
AfU'rooolers for air compressors, 525 
Aggnigates (wre Concrete, reiniuri^ed) 

Agitators, shaft packings fur, 1371 
Ail, ci>mpiN$itioti of, 14ii6 
comin^od, uses of, 519 
density of, 1457 

duats and dust control, 1486, 1487 
physioal properties of, 1457, 1458 
saturated, 1461 
properties of, table of, 1468 
apeoific volume of, 1457 
Air-acetylenc torch for sdlvcr-alloy brazinR, 823 
Air aspiration (sw Water-hammer protection, 
pump discharge lines) 

Air cleaning by Cottrell method, 1675, 1670 
Air-compressor lubrication (see Lubrication) 

Ahr coiiipreuor«| 519 -534 
air fseeiVers for* 625-627 
Bito of, oalsulation for, 526 


Air compreworBj approximate brake bomepotrar 
for compression of air, table of. 528 
cooling effocta on lubrication of, 1329 
cylinder lubrication of, 1323-1331 
rsQuirebisnte for oil for, 1328-1331 
efficifincice of, determining of, 629 
hazards of compressed sir, 527-529 
installation of, 533, 534 
operating efficiency of, 522, 524, 626 
operation oi, 533, 534 
rotary blowers, 632, 533 
safety precau lions for, 527-529 
selection factors for, 520-525 
capacity control, 521, 522 
automatic-start and -stop control, 521 
coiistaut-spced control, 521 
step control, 522 
pressure desired, 520, 521 
single-acting reciprocating, shaft packings for, 
1370 

radial seals for, 1371 

tlieoretical adiabatic discharge temperature of 
air compression, 529 

theoretical adiabatic horsepower for compres¬ 
sion of air, table of, 527 
turboblowers, 539-532 
apidication of, 529, 530 
oiwrating principles of. 530-632 
turbqcuropreBBors, 529-532 
types of, 519-522 
reciprocating, 522 
water removal from air, 525 
aftercoolors for, 525 
moisture separators for, 525 
Air conditioning, industrial process, 1456-15(% 
applicatinus for, 1506-1508 
central-station systems of, 1495-1503 
atmospheric control, degree of accuracy of, 
1506 

i-lassifiration of, 1495 
functional equipment for, 1500-1503 
air conditioners, central-plant type 
[Unitaire), 1505 

Aq unmiser, evaporati\'e condenser, 1603, 
1504 

compressors, refrigeration, 1503 
oottdenaers, water-cooled, 1.^03 
cooling [>oil8, 1505, 1506 
evaporative-cooling Byatem, gener^ Kt* 
rangement nf, 1502, 1503 
surface dehumidifier, 1505 
water-chillittg units, 1504, 1506 
refrigeration not required—evaporative 
cooling, 1495 ^ 

functional equipment for, 1500, 1501 
refrigerati on re quired—deb u mi difying- 
CDoling ej'-Btem, 1501-1503 
functional eq\iipment for, 1501-^1603 ■ 
direct-expansion or chilled-watw cool¬ 
ing coils, 1495, 1500 
spray-type debumidifier, 1406 
definition of, 1456 

design requirements, load survey aUd require* 
ment calculations for, 1476 
load requirement calculatioaa for, 1476-4494 
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Mr industrial proeess, load rsquin- 

nient loakmtatioiis for, dsatgn oon- 
iiQlioiia» inridsi 14S3, 14M 
outride, 1478-1483 
Ibid survey for, 1488-1400 
aupply duet derign, 1493, 1494 

air ducts equalized for constant pmseurc, 
table of, 1406-1409 
pressure losses, causes of, 1403, 1494 
procedure for, 1494 

tyinca] process air-conditioniiLg gystems, 
1488-1493 

cooling, dehumidifying, humidifyihg sys¬ 
tem with lefrigeiatian, 1490-1493 
evaporative cooling and humidifying 
wi^ no refrigeration, 1488-1490 
ventilation requirements, 1484-1488 
aii^change method, 1488 
air movement, 1487, 1488 
ait purity Oontrol, i486, 1487 
toxic fumes, maximum allowablB con¬ 
centration of, table of, 1485 
meaning of, 1471 

process materials, property chararteristice of, 
1471-1476 

chemical reactions control, 1471 
crystallixatian control, 1471 
metal-corrosiDn control, 1471 
moiature-content control of fibrouB or 
hygroBOopic materials, 1472, 1475 
physical combination of water with 
solids, 1471-1476 
psyehrometiy of, 1450-1470 
air, 1456-1458 

oompasition of, 1456 

physical properties of, 1457, 1458 

density, prenssure, and temperature, 

1457, 1468 

definition of, 1456 

drj'-bulb, wet-bulb, dew-point tempera¬ 
ture, and relative humidity trialiun, 
1466, 1467 

evaporating cooling, 1466 
saturation, application of fundamental 
law of, adiabatic condition of, 1406 
velocity, air. 1466, 1467 
gases, fundamental laws of, 1458, 1459 
law of, 1458-1464 
dew point, 1461 
evaporation, 1463 
heat, 1459-1401 
humidity, 1463, 1464 
phj'^sical state of matter, 1459 
saturated air, 1461 
vapor pressure, 1461, 1463 
pitot tube, velocity- and static-pressiin} 
measurement by, 1467 
psychrograph, 1467 

psychrometrio charts. Sturtevant and 
Westinghouse, 1466, 1467 
refrigeration eystein for, 1503 

(iSfee aZ«<7 Refrigeration systems) 
relative buiaidity, and dew-point tempera¬ 
ture, relation of, 1464-1471 
and dry-bulb temperature, relation of, 
1464-1471 

and wet-bulb temperature, relation of, 
1464-1471 

temperatures and relative hududitieH applica¬ 
ble to, table oft 1473-1475 
unitary system of, 1405 
(See also Debumidifylng systems, ab- 
sorprioB and adsorprion types) 


iUr-eOndif^onhig ealerilnrions lor typical, 

14S8-I4B8 

examples of, 1488-U93 

cooling, dehumidifying, humidifying with 
rsfrigeration, 1490-1493 
eAraporative cooling and humidifying with 
no refrigeration, 1488-1490 
Air conveyors, pneumatic (sse Fneumatie con¬ 
veying; Pneumatic conveyors, types of) 

Air coolers for steam-turbine gemeraton, 463 
Air ducts for air-oonditiouing Bystems, pressure 
luBSCB in, causes of, 1493, 1494 
Air filter, scrubber, for dust control, 1520 
Air-gas stack analyris, nomographic chart for, 
1753 

Air, gas torch for silveT-alloy brazing, 823 
Air heaters ieee 8team-generating units, equip¬ 
ment for tcpilers, heat-rtrt^Oveiy equipment for] 
Air injection, water hammer proteetlont pump 
discharge lines, 550 

Air-mixture otto cycle, temperature in, equation 
in determinant form for, 1775, 1776 
Air-motor packings and piston packinc^, 1367, 
1368 

Air picsHure, atmospheric and baTometrio, 1457 
Air-pressure pumps Pumps, types of) 

Air reoeivers for air compressors, 625-527 
Air-waslier-spray-type humidifier, 1500 
Aircraft, jet-proimUed, gas turbines for, 515-518 
Airflex clutches (««e Clutches, Airflex) 

Alarm svstems for fire protection, 259, 260 
Alarms for automatic sprinkler systems, 255, 257 
Alignment charle (see Graphical mathematies, 
nomographic or alignuieut charts) 

Alkali wastes, water contamination by, 1589 
Alkalis in plant wastes, neutralization of, by sul¬ 
furic acid, 1595 

Alkyd resins, maleic, phthalic, sebacic, 1924 
Alloy baths for silver-alloy brazing, 824, 825 
Alloy cost iron, alloying riements for, 1579 
pniperticB of, 1579 
Welding of, 1,579 

Alloy steel, oxygen cutting of, 847 

flame softening as heat-treatment in, 847 
AUoy-steri pipe, 730, 734 
Alloy steels for shafting, 990 
Alloys, silver-brazing (esc Brazing, silveTHalloy, 
alloys for) 

specific properties oE (see Metallurgy) 
Alternating-current measurement, 414, 415, 420 
polyphase, power measiu-ement, Blondri prin¬ 
ciple of, 415-417 

Alternating-current rectifination by riectzonics, 
1669, 1670 

Alternating-voltage measurenient, 420 
Amberiar, 1924 
Aml>erlite, 1924 
Amberol, 1924 

Amendment, patent application, 1944 
American motor bases, 1027, 1029, 1034, 1040, 
1041 

Amernid, 1930 

Ammonia-absondion refrigeraticin syatems (sef 
Refrigeration systems, ammonia-absorption 
type) 

Anipacet, 1034 
Amplitude, vibration, 1842 

Amplitudes of forced vibration vxth viscous 
damping, charts of, 1806 
Anaesthetic gases as cause of fire, 237 
Anchored braes cqitation, 1755, 3756 
Anemometer for air-mcrvnment meraunement, 
1470 • 

Anrie, bisecting of, 1089 
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Anglci. M ^ lS29t. 19S0 

AatfuJar^anW^ M bearusg&r 12D1 
AfiUiik««fiin9Euddeh3i^ 1823, 1224 
A&ti^«iiiqii heat^m ifive BeAiia^B, aaiifrictioit) 
ApproatuMB (t^ JwswitUve methoiU) 

Aproa ooaveyaxB, 1412, 1413 
Aquan^wtsr lor ait^ecmditkiiuttg Bysteaia, 1503« 
1304 

Aqueotii^vapor tamdon, natursl gaii, voliuae 
determiiuitioa ai, tabla ot, 304 
Arc of eoBt»et for belt driveoi 985 
Are voltage, length, and speed for deottio arc 
weldrng. 800-802 

Arc-w«ld^g sets, preventiidi of fire when using, 
229 

Arithmetio mean, nomographic chart for, 1754 
Armature-reBistanoo-eontrol speed adjustment, of 
d-G series-wound motons. 1218, 1219 
of d-e shunt-wound moion, 1210,1211 
Aroohem. 1924 
AroplBS, 1924 
Arresten, flame, 214 

Artificial light characteristics, taUe of, 952 
Artificisl Ughtiug, most ideals reciuireinimte for, 
943 

Asbestos packings, ohrysotile (white), 1354, 1355 
orocidolite (blue), 1356 
Asbestos-sheet gaskets, 1357, 1358 
Ash handling. 61fM)14 

comparison of hydraulic and pneumatic sys¬ 
tems of, 613, 614 
Selection of system of, 614 
systems of, types of, 610-614 
hydraulic, 610-614 
capacity of, 610 
hopper designs for, 610-613 
mechanical, screw type, 610 
capacity of, 610 
pneumatic, 610 
capacity of, 610 
Asphalt roof, 157 

Atmosphere indicti jtb for tanks, 215 
Atmospheric effect on leather and rubber bating, 
968. 969, 972 

Atmospheric pressure, defined, 1457 
Atoinio^iydrQgen arc welding (fee Welding, eleo- 
trio arc) 

Atomic power (see Radioactivity) 

Atomisation of oil for steam-cylinder lubrioation, 
1325-1328 

Auger packers for open-mouth and valve bags, 
1891-1993 

Austenitic alloys, 1581, 1586 
Automatic pro Bess control (eee Frocess control, 
automatic) 

Automatic sprinkler mrstcms (eee Fire protection 
and prevention) 

AutomofaUes and equipment, basic industrial costs 
of, 17 

Auxsliary variable, 1729, 1746 
AAial-pkston rotary-lounger pumps for hydraulic 
tramtanisdonsi 1292 

B 

Back-prensum turhineB. mecbanical-drive, 692, 
593 

Bagging equipment (see Packaging e4«lpuient| 
industrial) 

Bagpak machtne* 1890, 1881 
Hags (see Containbis, industrial) 

Bakelite polyester resins, 192S 
BsAriife raaorCinol-foinuBldefaydc resin, 1924 


Mandng riULelOntto V vGacatie* 

BeZata belting (sse Belting, pomsTt lypeaoj^' 

BsR- and roller-bearing Hl»icntiw tsss liaMpa- 
tine) 

Btdl-bearing nURi fsse Chindlng. .griniting mlBs. 
types erf) 

Ball bearings (see Bearings, mitifristitm) 
for electric motors, 1140, 1141* 1146 
Ball mills and ball tube mills (see Grinding, grind* 
ing miUe, types of) 

Barometric pressure, 1467 
Barrds (see Containers, industrial) 

Bara, vibration, longitudinal vibrations in, 1826, 
1827 

jbarti) earning curve, 65 

Basic-cost reduction (eee Cost reduction, bwrio 
industrial) 

Basic costs (eee CbstS, basic industrial) 

Baum earning curve, 65 

Beams, uoncrete (tee Concrete, reinforced) 

Bearing lubrication (eee Lubrication) 

Bearings, antifriction, 1152-1178 

arcessoriee for, care of, 1159* 1160 
cleaning of, 1156, 1157 
dimensions of, standard, tables of, 1160- 
1178 

housing fits for, 1165 
inspection of, 1156, 1157 
life of, 1152, 1153 
hmiting speeds for, 1153 
lubrication of, 1163, 1154 
(See alro Lubrication) 
remounting of, 1157, 1158 
removal of, 1155, 1156 
seals and closures for, 1154, 1155 
shaft fits for, 1155 
ball, types of, 1200-1202 
angular-contact, 1201 
deep-groove, 1200 
double-row radial, 1201 
self-aligning, 1201 
singlo-row mdial, 1200 
thrust, 1202 
belt-conveyor, 1430 
cylindrical roller, 1179-1184 
types of, 1179-1183 
double-row, 1182 
roller-journal, 1183 
sohd-roUer-nonsopaTabler 1180 
Bolid-roller-separable inner and outer races, 
1180 

solid-roller-Bcparable inner race, 1179 
Bolid-roUor-separator and ftill comidiinmit, 
1181 

wDund-roUer-separable outer race, 1179 
eleBtric-motoT, 1138-1150 
ball, 1140 
Ewsembly of, 1146 

mountings for, vertiosl and horisemtid, 
1141-1146 

speed limits for grease-lubiichlfiid, 1148 
nuuntensnoB of, 1146, 1150 
selection of, 1140-1149 
sleeve* 1138* 1189, 1147-1149 
lubrioation of^ 1317, 1318 
journal, as cause o! fire, 232, 236 
needle-roUeT, 1183,1184 
oil-grooving of, 1313-1315 
radial seals for, 1372 
■elf-aligning-Toller, 1198* 1199 
concavex, 1199 
spheurngtilar, 119S 

spherical, 1199 > . 

thrust, spberical^rollec, 1199 . .v 
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iltpefed Il8&-lt97 

AMipembly iiUcfHupt U92^ 1193 
isltmuTOB for, 1193 

c^ae^and eup^fittin£ practice for, 1193 
principles of, 1183 
liouBiii£ dcsiipi of, 1192 
mounting of, 1100, 1101 
rotary^haft appUcatione of, 1106, 1197 
abaft deeden for, 1101, 1192 
Btationary-sliaft applications of, 1193, HOC 
types of, 11S5-1190 
flanged-cup, 1187 
heavy-duty, 1160, 1190 
multiple-row, 1187, 1188 
ringle-row, 1186 
special, 1190 
steep-angle, 1186, 1187 
thrust, 1190 
two-row, 1186. 1189 
Beats, vibration, 1S42 
Benkasite, 1924 
Beckosol, 1924 
Bedaux earning curve, 04 
Bellows element for instruments, 681 
Bellows expansion joint, 1396 
Belt conveyors, 1415, 1420-1440 
bearings for, 1430 

belt horsepower requirements for, 1420, 1421 
belting for, 1420-1440 

brand comparison, table of, 1428 
capacities of, tables of, 1433, 1434 
cover thicknesses for, 1427-1429 
back-cover, 1429 
top-cuvor, table of, 1428 
fabric and cord ply eombmations for, table of, 
1427 

flexibility of, 1427 

maximum speeds for, tables of, 1432-1434 
plies for, typo and number of, 1426, 1427 
splicing or joining of, 1427 
standardization of, 1427 
troughed, plies for, maximum and minimum, 
table of, 1440 
weights of, table of, 1437 
calculations for, 1422-1426 

examples for simplification of, 1422-1420 
design information for, 1420 
drives for, 1420, 1430 
starting for, types of, 1429. 1430 
aoroBS-the-liue, 1429, 1430 
Butotransformer, 1430 
fluid, 1430 
resistance, 1430 
types of, dual-motor, 1429 
plaiB, 1429 
snubbed, 1429 
two-pulley, 1429 

horsepower calculations fer, 1436-1439 
horsepower eonversioii into belt stress, 1421, 
1422 

hcmsepower-loss oomimnsation for gear reduc¬ 
tion unit drives, 1436 
idlers for, 1430, 1431, 1438 

moving parts of, weights of, table of, 1438 
spacing of. 1430, 1431 
incUne anglos of, maximum, table of, 1436 
pulleys for, 1430, 1431, 1438 

diameters of, recommended, 1431 
weights of, table of, 1438 
slope angle of, 1434, 1436 
take-ups for, 1431, 1432 
weil^t calculation of, 1432 
trippers for, horsepower of, 1480 
vertical curves of, 1432 


Belt conveyors, wei^ta of materials handled by, 
table of, 1435 

Belt packers for valvo bags, 1892 
Belting, power, 960-988 

arc of eontaot for, 984, 965 
center distances for, minimum, 980 
coofficient of friction of, 085 
crossed driving with, OM, 987 
drive alignment of, 987 
driving ratios for, 986 
endless belt uses of, 981 
fastening of, 980-983 
endless method of, 980 
fundamentals of, 980 
laced method of, 981 
metallic fasteners for, types of, 981-983 
fire hasards of, 232 
maintenaniDB of, 976, 979 
quarter-turn driving with, 987 
selection of, based on atmospheric conditions, 
table of, 978 

service essentials, efficient, 979. 980 
shifting of, 967 
slippage of. 987 
tension of, 984-086 
centrifugal, 985, 086 
effective, 984 
initial. 984 

Ti and Ts for, computation of, 964 
types of, 963-981 
balata, 975, 976 

charact eristics of, 976 
construction of, 975, 976 
dreseingB for, 976 

horsepower ratings of, table of, 077 
camel’s hair belt, 974, 075 
characteristics of, 974 
construction of, 974 
dressings for, 974 
olastlc qualities of, 974 
honicpow'cr formula and tabular ratings 
for. 974, 975 

tension for, allowable effective, 974 
leather, 963—^9 

atmospheric effects on, 068, 969 
construction of, 963, 964 
dressings for, 669 
endlcas, 961 

endless fastening of, 980, 981 
horsepower formulas and ratings for, 
965-968 

prices for, standard, 960 
pulley diameters for, minimum, 964 
quality of, 964 
typm of, ^5-968 
rubber, 970-972 

atmoNpliurie effects on, 972 
characteristics of, 971 
ootton duck for, 970 
dressings for, 972 
friction of, 970 
horsepower formulas for, 971 
manufacture of, 970, 972 
solid woven cotton, 075, 976 

allowable effective tension for, 975 
characteristics of, 975 
cotistruation of, 975 
dressings for, 975 

horsepower formulas and tabular ratings 
for. 975, 976 

stitched cotton duck, 972-974 
ebaracterisrios tif, 973 
ccavitructlon and types of, 972 
dressings for, 974 
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Mtiac, power, t^pee of, etitched coitoit duck. 
liDUMpowar mtiogs of, table of, 97d 
teem, 

o^utreotorietioB of. 977 
’COQBtroction of. 975 
4reBemBB fpr. 977 

borsepowemtin^ for, table of. 97B 
vertical driving with, 986 
Benaon focua for X-rar tubea, 1627, 1628 
Benzyl o<^aloee, 1935 
Bib waehera, 1360, 1351 
Bigeilow earning curve, 67 
Bindera for cold-molded oompounda (bitumen, 
cement, resin), 1937 
fiina for filling containere, 1888, 1889 
Biofiltera for induatrial-plant waste treatment, 
1601-1503 

Biquadratic equationa, 1712, 1713 
Blake cruaber, 1530, 1531 

Blaat-preaaurB furnace, equation in deienninant 
form for, 1772 

Bleach tanks, rubber-lined, 783 
Bleeder-type nwchanical-dhve turbines, 693-595 
Blondol principle of electric power measurement, 
415^17 

Bluw-through conveying ayatem, pneuznatir, 
1511, 1512 

Blowera, ^otar>^ 532, 533 
Blowpipes, oxyacetyiene welding. 833, 834 
oxygen cutting, 840, 841 

Boat unloadcra (aee Materials handling, bulk 
materials) 

BOD (biochendcal oxygen demand), measure¬ 
ment of, 1589, 1590 
Bolir's modd, of hydrogen atom, 1539 
of sodium atom, 1640 
Boiler comi^Minds, 311 

Boiler feed-water purification and treatment (see 
Water purification and treatment, softening) 
Boiler horsepower, equation in determinant form 
for, 1771 

Boilers, tyjieH of, 381--392 
firo-tube, 384, 

“HRT" (horixontal-retum-tubular) type, 
384, 385 

capacity range of, 384 
design pressure of, 384 
evaporation rate of, 384 
water-tube, 385-392 
bent-tube design of, 387-392 
capacity range of, 387 
design pressure of, 387 
four-drum, 387, 388 
high-head type, iliroe-drum, 391 
low-head type, 388-390 
two-dnira, 391, 392 
capacitiea of, 385 
lireBaurea of, 385 
straight-tube design ol, 3S5-3B7 
box-header, 385-387 
BOotiunal-header, 387 
Bond (equation, 1755 

Boiusilimite glaaa, Pyrex brand of, 1915, 1916 
sizes and uses of, 1015, 1916 
BntUea, carboy, 1887 
shipping containers for, 1887 
Bourdon tube element for inairuments, 681 
Bowl milla, 1545 
Boxcar dumpers, 1406 
Boxes (oBa C>ontainera, industrial) 

Boyle'a law, 1458 
graphical solution for, 1736, 1738 
Brake koiwpowa, equation in determinant form 
for, 1772 


Brakes, chattering of, 1829 
magnetic, 1659, 1660 
eddy-ounnnt loading,. 1660 
Bfaas, dezincification of. 1578 
leadad, 1578 
season cracking of, 1578 
types of, properties of, 1578 
cartridge, 1578 
gilding metal, 1578 
high, 1578 
low. 1578 

Muntz metal, 1578 
red, 1^78 

B'ass pipe dimensions and weights, 736, 737 
Brazing, silver-all oy. 818-829 
alloys f er, 818, 819, 825^27 
chemical composition of, stable of, 826 
coiTosion resistance of, 828 
flow points of, Hquidua, table of, 826 
melting point of, solidus, table 826 
properties of, 825-827 
shapes and sizes of, 818, 819 
applications of, 819 
assembling and jigging for, 822, 823 
final cleaning in, 825 
pickling, 825 

residual flux removal, 825 
fluxes for, 822 
fundamentals of, 819-825 
heating methods used in, 823 - 1&25 
alloy batbs, 824, 825 
electrical resistance, 825 

dissiuiilar-materiala-bmzlng, 825 
furnace, 824 
induction, 824 

clearances required in, 824 
salt-bath, 824 
torch, 823. 824 
joints used in, 820, 821 
clearances for, 821 
design of, 820 
strength of, 827 

surface preparation of, 821, 822 
types of, 820, 821 
procedure for. 821-825 
teinperatUTCs required in, 827, 828 
etTecl of, on joined metals, 827, 828 

Brick floors, 148 

Brick walls, 158-lBO 

Brine coolers for centrifugal refrigeratiota zng- 
cbincs, 643 

"Brittle point" of natural and synthetiu rubber, 
170 

Bronze, bearing, properties of, 1578 
leaded, 1578 
coinage, 1578 
government, 1678 

Bronze duet, fire and exploHion hazards cif, 224 

Brouze-rtid welding, oxyoectylene, 833 

Bubble pii>e, 683 

Bucket dovatOTS (sss Materials handling, bulk 
materials) 

Budget chart, maintenance, 292 

Buhrstone mill, 1542 

Buildiiig conitntction, diy-rot prevention in, 200, 
201 

fire-TEisistive, 183, 184 
standards for, 197-204 
walls, exterior, 201, 202 

(8s 6 aZso Construction, materials of; 
protection and. prevontion, Kndnstxial* 
plant) 
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BuSdblg ntiiAt^oiaicB uul (mb Ctnutrut)- 

lioi^ TO fft^a c iUte o{> 

BuilfiSiaff ^uirwBe^ for &<o4ii9ura&De ratM, 
ire, 177 

erodStciT for bettor than Btondiird, 179 
ICHT instoXlAlloii of proteotive featurea. 179, 

m 

peaattioB fcnr i&fraotlon of« 178 
BiifldiiaiBE^ poiee in, 1860-18^ 
aiir-bome, 1861, 1862 
amount of, table pf, 1660 
liiaphrBgni-tfaiiBmittod, 1862, 1863 
etmctural-bome, 1862 

BuUc landlinK ol zoateriale C«ee Materiale hand¬ 
ing, bulk materials) 

BuUdoaen for matenals handling, 1416 
Buna N and Buna 5 (GRS) synthetio rubbers, 
165, 166 

Bumen, fu^ (ms Fuels, burning equipTnant) 
Butaoite, 1B32 

Butt joiiitB In silver-alloy brazing, 820 
Butvar. 1B32 
Butyl rubber, 167 

By-pniduot dectrie power generation. 805-009 
C 

C-g, 1934 

Cables, underground, for electric power diatriba- 
tien, 875, 876 
Caissens, 103 

CameLVhair belting, 974, 975 

Canopy hoods for fume exhaust, 1521, 1522 

Capa^tanoe, defined, 696 

of two paralldi cylinders, 1772 

equation in determinant form for, 1772 
Capacitor unite for power-factor improveniBat. 
913 

Gar dumpers, rotaiy, railroad, 1404, 1405 
Carbie, 1924 

Carbon, activated, for water ^ters, 308 
Carbm are as ultraviolet-light source, 1640-1642 
Carbon-are welding, 796 
Carbon dioxide in inert gas cyetems, 220 
Carbon dioxide system of fire extinguishment, 
269 

Carbon packings, 1349 

Carbon leridue in lubricating-oil, 1309 

Caibon-etoel pipe, 728-730 

Carboy bottles [gee Contamere, industrial} 

Csinot ejfficiency eyrie, 476, 477 
Cascade mills, 1655-1557 
Casoophen, 1924 

Case packers for canned and bottled goods, 1896- 
1898 

Casein, 1921, 1922. 1936 
Caamgs for chain drives, 1067, 1068 
Cast iron, oxygen cutting of, manual, 846, 847 
powder-cutting prorees, 846 
properties of, 1578, 1579 
white, properties of. 1579 
Caihode-raj' focusiiig, 1627 
Catdtetion, defined, of hydraulic tiirbineSp 684 
Cellulose acetate butyrate, 1934 
CeUuiose acetates, molded, 1932-1934 
Cellulose nitrate, 1935, 

Cellulose propionate, 1935 
CeUulotaoe, 1921, 1922 
Cemenhi, floor finish, 144-146 
leather belting. 981 

(Sae alM Concrete, reinforced) 
Centrsd^ation systema of air conditioning (see 
Air omuiitionBng} 

CmstrifugaS-discharge bucket elevators, 1408 


Centrifugal governor, speed adManent tjAd 
trol by, for uirivenal motors, 1286,1^6 
Centrifugal pumps (sse Pumpa^ 

Centrifugal purifiero, circtdnt^mUngsgrstem for, 
1316,1317 

Centrifugal refrigeration maehinea <«»« Refrigera¬ 
tion machines, eentriiugal) 

Centrifugal separation {tte fieparation, centrif¬ 
ugal) 

Centrifugal temsion of briting, 085, 986 
Chain conveyors, 1417 
Chain driving, 1049-1068 
chains for, 1049-1068 
centers and lengths for, 1059-1065 
coupling of, 1067 

idiom for, manual and automatia, 1Q65,1066 
tension on, 1067 

tension-ndjusting devioee for, 1065 
type ealeotion of, 1058, 1059, 1062 
types of, 1049-1068 

oorTfisi on-resisting, 1067, 1068 
finished-eteel roller, 1050-1066 
hocsepower ratings for, 1052, 1056 
industrial standards for, 1061 
lubrication and care of, 1065 
manufacture of. 1060 
ratios for, 1054 
service factors for, 1053 
speeds for, 1051 
sprockets for, 1051, 1054 
working load capacities of, 1051 
heat-resisting, 1068 
malleable iron, closed-type, 1050 
open-type, Ewart, 1049, 1050 
Stlcnt, 1055-1063 

duplex typo of, 1057, 1058 
guiding on sprockets for, 1056 
horsepower ratings for, tables of, 1058- 
1061 

manufacture of, 1055, 1056 
maximum speeds for, 1056 
ratios for, 1057 
size selection of, 1056 
sprockets for, 1056, 1057 
working load capauities for, 1056 
drives for, 10G5-106B 
aligniiient of, 1065, 1006 
casings lor, 1067, 1068 
installation of, 1065-1067 
sprockets for, relative position of, 1006 
Chaser mills, 1542 
"Chattering" of brakes, 1829 
Check valves, 745 
Chemaro, 1931 
Chemical reactions, 193, 1471 
control of, by air oon^tioning, 1471 
fire hazards of, 193 

Chemicals' and allied products, baeie industrial 
costa of, 11-13 

Chemico drum-type Bicid concentraium, 1503 
Chezy formula for velocity of flow of water, 1720 
Chimneys and flues, defective, fire Ward of, 2133, 
234 

Chip traps, pneumatic convoyma. 1518 
Chordal height and length. 1733, 1773 
equation for, solution of, 1733 
equation in determinant form for, 1773 
Chrysotile, white, asbestos packings, 1354 
Chucks, magnetic, 1656-1656 
ChuteSr fire protection lor, 203 
Circle ooAstfuction, 1069, 1690 

circlc,^of radius R, tangent to eirclK cl radius ffi 
with center at O and tangent to fixed 
stiltight line, cimstruirtiDn of, 1690 
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Ctrciv T^roki of dfth^a» R itaagent to 

apfiih at two locod oirclew radii fit and 

taei^ to oaeh of two lix^Ri linos, oonstruc- 

taoj^t to two w»iik‘ Dirclos of radii J2i anU 
fts« ooustnioiUia of, 

drdofth ttvo oonatrucition of eomniou tan> 
gtant to, iBiid 

coaatruetioa ui taneent to, givon IrKWiioa of 
e^ntarof, IflRd 

tamRoat to each throe lines no two oif which 
are parallel, dxawiniR of, 1689 
through two fined pointB and tangent to i^ven 
1^, paasing of, 1689 

Circuit grinding, oj^ and closed (««« Gnuding) 
Circular nomogramii. 1770-1781 
banc dotea'minaat for, general form of, 1770 
caastnuotioiial determinant form of. 1779 
Circulating oiling aystems (see Lubrication) 
Claims, patent application, 1943 
Classifieia, grinding, 1550-1564 
Olay products, basic industrial oosts of, 15, 16 
Clufcfaoa, Airflex, 1108^1119 

GharacterUtica of, 1108, 1112, 1113, 1115 
qutek-^release valve for, 1118 
Kotoreeal for, 1115-1119 
service factors for, table of, 1112 
Bsrvioe ratings of. 1114 
tnrquB ratings of, 1115-1117 
types of, 1108 
ma^etic, 1658, 1659 

Coagulants for sedimentation and coagulation 
(see 'Water purification and treatment, sedi¬ 
mentation) 

Coal (see Fuels) 

Coal-dust explosion pressures, 223 
Coal mining, basic industrial costs of, 19 
Coal products, bade industrial costs uf, 14 
Coal pulveriaers, unit, 1564 

(dee alto Fuels, proparation of) 
Coal-pidverising hn/ar^, 225 
Coal waste, 751 
Cuals, caking, 368 
free-bunung, 368 
Cofferdams, 103 
Goinsumnee, 180-182 
Coke breeze, 368 
Cold-finished steel shafting. 939 
Cold-molded eomiKiunds (see Flastics materials) 
Color conversion chart of lubricating oil, 1311 
Color removal, water, 301, 302 
coagulants for, 301, 302 
Culumns, concrete (ne Concrete, reinforced) 
gas or liouid, longitudinal vibration in, 1827 
Comburology (jtee Fire protection and prevention, 
industrial-plant) 

Cmcnbuetion, ignition pmnt and heat of, 187 
slow, 188 

stoichiometry of, 1759 

uoiQographio chart for, 1759 

(8se also Fire protection and prevention) 
CombuBti^ gas turbines (se« Turbines, gas) 
Compar^nnni milts, 1564 
Comploc, 1937 
Complex alloys, 1581, 1586 
Compressed air, hasaida of and safety precautions 
fbr, 527-5139 
uses of, 810 
water in, 625 
water removal from, 525 
sfteSpooleTB for, 525 
moieihire ssparaiora for, 625 
Comgii'emed-Air sound generators, 1678 


Compression systemsi reoiprobndng 

frigeraiUtn syatfima, raQiptpotfpng-BOiSi^^ 
sion toe) 

Coinprassor) axial (vpe TurhineSj gka) 
CiMDittsstors, air, 519-824 
lubncaimn of, 131^1331 
centrifugal, for refrigBration, 640rfi42, fi44-fi4t 
for gas turbines, 467, 468 
as heat pumiw, 651 

reciprocating, packings for, 1866, 1367 
rafrigerants used with various types of, 624- 
626 

refrigerating, centrifugal type^ 640-642, 644- 
647 

raeiprocating tsrpe, 650, 663, 654 
vapor dispiacement of, 625 
refrigeration, 1503 

refrigerator, lubrication of, I^fil-ISST 
rotary gas, shaft jAckings for, 1371 
Concavex roller bearings, 1199 
CoBcrstei reinforced^ 114-141 
beams and slabs of, 121-132 
beams reinforced for tension and compres¬ 
sion, 131, 132 

design equations for, 122, 123 
rectangular beams with tension reinCoroe- 
ment, 123-125 
reinforcement, 121, 122 
placing cf, 122 
types of, 121, 122 

slabs, supported on four sides, 126, 127 
supported on two sirit’-n 125, 126 
stroascs, bond. 127, 128 
diagonal tenihin, 128 
shear, 127, 128 
unit, allowable. 123 
T-beams, 129-131 
web reinforcement, 128, 129 
vertical stirrups, 128, 129 
columns of, 132-134 
lateral ties, 132 ^ 

spuals, 133, 134 

concrete, manufacture and properties of. 114- 
121 

bonding, 119 
contraction, 119 
curing, 118, 119 
elasticity, modulus of, 119 
expansion, 119 
fire-resistance, 119 
ingredients of, 114-120 
admixtures, 119, 120 
aggregates, 114, 115 
oemeoits, 114 
water, 115 
mixing of, 117 
placing of, 117, IIB 

ccdd-wB»ther preeautiona, 118 
underwater, 118 
proportioning nf, 115, 116 
water-cement raUo, 116 
suifaoe treatments, 120, 121 
watefTProofing of, 120 
weight of, 119 
workability of, 116, U7 
sLuinp test for, ll6i 117 
floor systems of, for ecmcrete bojldinge, 134 t 
138 

beam and idrder floors, 184 
beam and. slab floors, 184.135 . 

flat^ab floors^ ^rainfoRieBieiit nl» 16^ 
floor and roof loads, 184 > 
precost-coaerete-ioist flooiSi 138 
xibbAd floonit 181^187 "' ’ 
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Coner^btei feinfotetrd, floor oy^temH of, for oofibreto 
Wililinga^ Btek-joiat floors, 137, IBS 
{Ootings of («ee Foundations) 
retaining waUs of, I3£b-141 
Gonstructicnt details for, 141 
crushing of soil at toe of, prevention of, 13tt 
earth thrust, formulas for, 139 
losding, ounditions of, 138, 139 
ovortuming, prevention of, 139 
sliding of, prevention of, 139, 140 
tjrpes of, 138-141 

cantilever design, 138, 140 
counterfort design, 138, 140, 141 
s gravity design, 138, 140 
slabs of (ser Concrete, reinforced. l>eains and 
slabs of) 

walls, reining (sec Ooncrutp, reinforceil, 
retaining walla of) 

Condensers, for centrifugal refrigeration ma¬ 
chines, 643 

optimum velocity in, nomographic chart for, 
1762 

for refrigeration syatems, 653 
steam, 1613 

{See also Water-cooling systpins) 
synchronous, power factor improvement by, 
014 

water-cooled, for air-conditioning systems, 1503 
Condensing and noiicoudensing turbines (see 
Turbines, steam) 

Condensing turbines {see Turbiuca, mcKshanical- 
drive) 

Condenring vapors, 1613 
Conduction, definition of, 190, 1606 
(iSss also H«mt transfer) 

Cone-pulley tyije variable-speed unit, 1082, 1083 
Constant'filllng^Hmiiatant-speed fluid drives, 1264, 
1275-1283 

Constaat-horsepower electric drives, 1205 
Constant-speed manhines, vibration of {see Vibra¬ 
tion control, industrial) 

Constant-torque electric drives, 1205 
Constant-torque, lever-controlled, variable-speed 
fluid drives, 1267 

ConstnittiDn, materials of, 144r-162 
for floors, 144-155 
finishes for, 144-146 
cement, 144-146 
ehara4;teriBtiBs of, 154, 155 
mastic topping for, 146 
types of, 146-165 

Foamglas as insulating material, 1913, 1914 
glass building blocks, 1913 
roofing, 155-158 

basic application re<iuireinents. 165, 150 
insulation, 156 

material si^ecifications, 157, 158 
types of, 156. 157 

sdsphalt versus pitch, 157 
felt, 156, 157 
walls, 158-162 

economic comparisons of, 160-162 
structural requirements for, 158 
' types of, 158-160 
Comstructipns, gEsometrical, 1688-1603 
Conta'mer bag xjaeker {see Packaging equipment, 
induatrisd) 

Contamersi industrial, 1870-1867, 1901 
bags. 1S70-1875 
paper, multi'wall, 1870-1876 
construction details of, 1870, 1871, 1875 
staea of, method of detemnning, table of, 
1872-1874 

tagiile, conetructinn details of, 1875 


Cont^nera, industrial, banels, 1878-1880 
dlack, 1878. 1870 

classification and oonstruotion details of, 
1878, 1879 

dimensions and oapaeitiBs of, table of, 
1879 

tight, 1879, 1880 

construction details of, 1879, 1880 
diroensiona and capaei^es of, table of, 
1879 

nomenclature for, 1870 
boxes, 1881-1887 

cleated plywood and fiberboard, 1886 
styles and construction details of, 1886 
fiber, 1881-1883 

corrugated fiberboard, 1881, 1882 
fiber strength speoificaticin, Mullen test, 
1882 

nomenclature of parts of, 1883 
solid fiberboard, 1882 
styles of, 1882, 1863 
wood, 1883-1886 

construction details of, 1884, 1885 
lumber for, 1884 

steel strapping for reinforcement of, 
number and sizes of, table of, 1885 
styles of, 1883, 1884 
thickness of parts for various loads and 
sizes of nails used, table of, 1885 
wirebound, 1SB5, 1886 
carboy bottles, 1887 
shipping containers for, 1867 
sizes of, 18B7 
crates, 1886, 1887 
construction details of, 1886, 1887 
demijohns, glass, 1887 

shipping ooutainers for, 1887 
sizes of, 1887 

drums, 1875-1878 * 

fiber, 1877, 1878 

construction details of, 1877, 1878 
metal. 1875-1877 

open-head type of, construction details 
□f, 1877 

tight-head type of, construction details 
of, 1875-1877 
plyw’ood, 1878 

construction details of, 1878 
steel, rubber-lined, 1877 
liners for, 1880, 1881 

insertion of, devitses for, 1880 
types of, 1880, 1881 
specifications for. Federal, 1001 
Contracts, union {see Incentive wage methods) 
Control, auto iiiatLc process {see Frooess contri ’, 
automatic) 

maintenance, 276-284, 291-296 
cost, 291-296 

labor requirements, 270, 278 
repair-order, 276 
Control agent, defined, 695 
Control devices fur hydraulic transmissimia {»/•£ 
Traoemissions, hydraulic, control devices) 
Control element, final, defined, 699 
Control instrumentatian (see Instrumentation and 
control) 

Control point, automatic process ccntrnl, 701 
Control systems, automatic) {see Process controU 
:>utonrmtic) 

Controllers (see Process control, automatie) 
Controls for grinding, )558, 1559 
Convection, definltum of; 190, 1606 
natural. 1615 
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Convectioa^ and radialiim AombiiiAd, 161^’, 1617 
(See <aJ«o Heat transfer} 

Coavoiliioiiat work itiiaplificatioa, 63-55 
Conv-i^oa ekartB, gtaphiaal COatbematlca, 1745, 
174» 

ConverHlim equipme&i for and d-c power 

driv5», 123G-1262 

Conveying* pneumatia (see Pneumatic onn^-eyin^5) 
Convayetgf belt, 141 &« 1416 
btdk materials hanging by, 1403, 1411-1410 
fire protection for, 203 
grounding fofi 235 

{See aleo Belt conveyors) 

Coolidge X-ray tube, 1627 
Cooling, evaporating, 1466 

Coaling ooila for air««onditionlng ovetemH, 1505, 
1600 

chilled-water type of, 1500 
direct-expansion type of, 1506 
Cooling systBinB, water (se« WatBr-cooling 
systems) 

Cooling towers, water (see Water>couling nystems) 
Cooling water, purification and treatment of, 310 
Cooling-water rates for alworber pressures, 058 
Cooling-water suppliee, 324 
corrosiveness of, 324 
scale-forming of, 324 
Coordinate paper, 1698^-l703 
logarithmic, 1700 
reciprocal, 1701, 1702 
rectangular, 1698 
semisine, 1703 

Copper, brasing, soldering, and welding of, l.'iTO 
properitea of, 1579 

Copper-bearing steel pipe (Toucan Iron), 730 
Copper pipe, 736, 737 

dimeimions and weights of, 736 
Copyri«2ttg| 1952-1955 
copyrightable works, 1952, 1053 
noncopyrightiihle matter, 1953 
foreign ^oks, intoKm registration nf, 1954 
liiatorical data on. M)52 
infringement of, 1 ‘/j 4, 1955 
persons entitled to obtain, 1953 
rights secured by, 1954, 1955 
statutory requirements for obtaining, 1953, 
1954 

term of, 1954 
Cork floors. 153, 154 
Cork parkings, 1356 
Corrective maintenance, 289- 291 
CorrotiQn» 1574-1577 

of metals, control of, by air conditioning. 1471 
fatting of metals, 1574 
preoautinns in corrosion testing, 1577 
testing eqwpinent for, 1575 
testing methods of, 1574-1577 
elteraate-iminersion test, 1577 
partlat-immersiofx tests, 1577 
plant and field testing, 1577 
:.ait-Bpray test (A8TM Bn7-44T), 1577 
total-immersion tost, 1575, 1570 
corroding-Bolution temperature, 1576 
GDircadan-ratc calculation, 1576 
desiaiption of, 1576 
duration of, 1576 
equipment required for, 1576 
sample cleaning after test. 1576 
size and finish of samples for, 1676 
special. 1576, 1577 
starting test for, 1576 
volume of test solution for, 1575 
Conoaioa prevention, in ecemomiaer tubing. 397 
water purification and treatment, 321-326 


Corroaioii prevention, water pur^eanon and trOitt- 
meat, chemic^ treatment for, 334, 
deaerators for, 332-<624 
cold water, 32^. ^3 
hot water, 323, 334 
atomising type of, 324 
pan or tray type of, 324 

Corrosion resiatanco of ailver-hrasing alloys, 826 
Corrosion-r^iiMing cliains, 1967, 1068 
Corrosive liquids, rubber-lined transportation 
equipment for, 785, 786 
CorroaivrnesS of refrigerants, 818, 619 
Corrugated fi^f»erboard for boxes, 1881, 1882 
CtiSt Bccountins, fire protection an** prevention 
as factor in, 174-184 
(>300 also Instrumentation and oontn»l) 

Cost classification, maintenanre, 292-296 
Cost control methods, 40. 41, 73 
Cost controls, mamtenanco, 291-296 
Cost reductiem. basic industrial, 22-24 
bottlenecks, elimination oF^ 24 
by-product utilisation, 22 
equipment utilization, 24 
industrial engineering applied to, 22, 23 
integration, 24 
inventory control. 24 
output, i>cr man-hour, 24 
quantity of, 22 
per unit of equipment, 24 
specialization and standardization, 22 
stock turnover, 24 
waste eUmination. 22 
Coats, basic industrial, 3-21 

automobiles and automobile equipment, 17 
chemicals and allied products, 11-13 
coal mining. 19 

food and kindred products, 7-9 
iron and steel and their procluets, except 
macliiiiery, 16 

leather and leather products, 15 
machinery, except electrical, 17 
meaning of, 2 

paper and allied products, 10, 11 

petroleum and coal products, 14 

rubber produi‘ta, 14 

stone, clay, and glass products, 15, 16 

textile mill products, 10 

tobacco manufacturers, 9 

transportation, 19 

transportation crpiipmeut, except autonio- 
bill'*!, 18 
utilities, 20, 21 
misceUaneone, drying, 1572 
electric power distribution, industrial-plant, 
854-856 

overhead versus underground line installa¬ 
tions, 874 

sarings possible in, 856-858 
instrumentation, 723-725 
Cottrell method of precipitation, 1075, 1076 
Conplings, flexible, 1069-1076 
applications of, 1075, 1076 
maintenance of, 1076 
selection of, 1074, 1075 
shaft misalignment of, 1069, 1070 
causf^ of, 1069 
types of, 1070 
types of, 1070-1074 
hydraulic (aw Fluid drives) 

Craft and craftsman clasaifieatian, 374, 275 
Crank-pin acceleration, kuunjographie ehart lor, 
1758 

Crank- and piston-type pumps for hydxWulle 
transmiraions, 1390.1^1 
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CxitMW speed, 1^49 
^ Uteisal vibn^tion, ld29 
CMeaidkdite, blue, uebMitoe pu&king, 1956 
Grues phasing ^ectrio power measurement. 417 
Crossflow oooUng towers, 570, 571 
Croashesd usoderstlott, aomograpbio chart for, 
1757 

Crode-petroleum fire hasards, 377, 379 
Crushers, types of (ate Crushing, crushers for) 
Cnigfainc, 152S-']540 
angle M nip for, 1529, 1530 
'uruflheia for, types of, 1530-1540 
Blake double^toggle jaw, 1530, 1531 
Dodge jaw, 1532, 1533 
gyratory, 1535 
hammer mill, 1539, 1540 
jaw, single-toggle, 1533, 1634 
reduction gyratory, 1635, 1636 
rolls, 1536-1539 

roll crushers, single- and double-rail tyiies 
of, 153S, 1539 
Symons cone, 153G, 1537 
material size limits for, 1526 
pnnoiples of, fundamental, 1526 
'*ratio of reduction” in, 1529 
Crushiag devices, typee of, 1530 
immaiy' breakers, 1530 
reduction crushers, 1530 

Crystallixation, control of, by air conditianing, 
1471 

CiystallizeTs, rubber-lined, 763, 764 
Crystallising tanks, rubbei^lined, 764 
Cubic fMiuations, 1710-1712 
determinant form of, 1773 
Curie unit of measurement of radioantivity, 1682 
Curve, area under, Simpson's rule for finding 
approximate, 1787, 1788 

Curves, for empiricsl equations (exponential, 
hyperbolic, logsiithniio or exponential, 
parabola, parabolic and/or hyperbolic), 17U0 
derivative and integral, 1789 
Cutting, flame, gas, oxyaeetylene, and oxygen 
(see Oxygen cutting) 

Cyanides waste disposal, 1603, 1604 
Cycle, bsoic and closed (see Turbines, gss) 

CTyole oomparison (see Turbines, gas) 

Cyde efficiency in power plants, 332 
Oydii^ (see Process control, automatic) 

Cyclone dust collectors, 1519, 1520 
Cylinder, circular, radius of gyration of, equation 
in djeterniinant form for, 1772 
moment of inertia of, equation in determinant 
fiHm for, 1772 

Cylinder-in-trough system (see Vibration) 
Cylinders, two parallel, capacitance of, equation 
in determinant form for, 1772 

D 

Damping, of oonstant-speed machines, 1647-1849 
effect of, on relative magnification factor for 
^ various frequency ratios, 1847 

on relative transmissibihty for various fro- , 
quency ratios, 1649 

iransmishibility for damped systems, 1B49 
undamped systems, 1847'^1849 

viscNJus damping, introduction of, 1844, 
1846 

instruments, inffieating, ISOl, 1802 
proportional to velocity, 1800, 1601 
critioal. 1801 
lesR-than-eritioal, 1801 


IHmpiipf, proportional to veLority, mofe^thati 
eritksa), 1600, 1801 

of variable-eiieed maehlneify, 1651» 1862 
dmnped and undamped syatenm, 1861,11652^ 
effect of, on abeolute magnification fabtox for 
various frequency ratif», 1651 
on abeolute transmiaribility for various 
frequency ratioe, 1652 
velocity-squared. 1790, 180o ' 

d'Arsonval galvanometer, 685 
D-c motor drivee-d-c power source (tee Speed 
control, electric) 

Deaeration methods for dry materials drum fill¬ 
ing, 1894, 1895 

Deaerators, cold- and hot-water, 322-324 
Decibel scale, sound measurement, 1813 
Deck rooling tower, 567, 568 
DegBsifiers fflr water purifi cation and treatment, 
317-326 

Degree-df-remnant hardness, 314 
Dohumidifier, surface, for air-oonditionlng sys¬ 
tems, 1505 

Dekumidifier aii^washer for air-oonditioiiing sys¬ 
tems, 1502 

Dehomidifying systems, 659-674 
absorption type of, 659-606 

appllDations and advantages of, 673, 674 
control of, B67, 668 

constant-Boliition-teinperature, 067, 068 
variable-solutiDn-temperature, 66S 
function of, 650 

hquid-absorbent equipment, 652-665 
abeorbents, 662 
contactors, 602, 663 
pumps, 664 
regenerators, 663, 664 
liquid-absorbent-equipment ratings, 664 
liquid-absorbent operating cycles, 660-^2 
summer, 660, 661 
winter, 661, 662 

lithium-chloride equipment selection for, 
665-667 

debumidifior, cfm. 665, 666 
design data for, 665 
heat, total, removal of, 666 
regenerator sdertion, 660 
summer and winter operation of, 667 
operation principles of, 659, 660 
adsOTption type of, 668-673 
applications of, 673, 674 
advantHges of, 674 
control equipment for, 672, 673 
function of, 659 
operation of, 609, 670 
operation principle of, 668, 6G9 
silica'Rel equipment for, 670-072 
defaumidificnf, cfm, 671 
dehumidifier after-cooling coil sdeotiuni 
671, 672 

design data for, 670, 671 
gas consumtition of, 672 
operating data for, 672 
vatingB of, 670 

DeUgiufication of woimI, 564, 565 
Demand charge, electric power, 412 
Demand faetora t»er Power distribution, .electrit 
Demijohns, idass, 1887 

slnnping containeis for, 1887 
Deiriaer^ixing process (set Water purification 
and treatment, softening) 

DemulsibiUty of lubriogring oil, 1310 
Design ifiVention, 1948 
Darigd patents, tmin d, 1943 
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e(}i^pinent tM 

u%iwUi i»f aomiieir^ i»te Qxai^oal 
m SiuJ^fom til, 17^ 

for ocular wma$^tana, aojutr vd Corm of. 

1779 

baaio fonn of^ 1779 
opiaflEum types of, 1769-J771 
correepondiAg, iTOS 
propertLee of, 1767, 1768 
and soedee, oonetructlonalf 1769 
Deviation, automatic process eontrol, 701 
Dew poiBt, 1461, 1464 
Dew-poiot recorder, elecimnie, 890, 691 
Diaphragm-paeked float valve, 1898 
Diapluragm pumps, 1394-1396 
Diaphragms, p4<^g, 1393-1306 
cLassifieataon taUe of, 1394 
Dielectnc heatiny, 1668, 1669 
Dielectrio strength, of tdass. 1007 
of refrigeration-machinery oils. 1337 
Diemer earning curve, 65 

Diesel engines, tonnonal vibration in, 1825, 182S 
methods fur oyetroming, 1825, 1826 
Lanchester damper, 1825, 1826 
Differential equations, graidiicalaolutionof, 1791, 
1706 

Differential gap, automatiD process control, 703 
Differential gear syst<enis, 1086-1088 
DiEIraetion, X-ray, 1636-1638 
Diffraction patterns, 1637, 1638 
Laue pattern, 1637 

Diffusers for centrifugal refrigerating macblnae, 
640 

Diffusion, of flammable gases and vapors, 217 
light, defined, 916 

Dip tanks, fire and explosion hazards, 212 
Direct current, mei»urement ol, 413 
telemetering, 420-422 
telemetering chamiels, 427 
Direet-euircnt-vi/ ^ .ge telemetering. 422 
Direct^uirent wattes, tneaeuremeni of, 413 
Direct maintenance, 292 
Di-visian, patent appliration, 1944 
Dodga crushcni, 1532, 1533 
Draft BOrrectiunB for salt- and fresh-water going 
vessels, 1720. 1723, 1736, 1739, 1741 
Drag-chain conveyors, 1412 
Drag-line scrapers for materials handlmg, 1416 
Draw-through conveying system, pneumatic, 
1511, 1512 

Droisini^ belt, halato. 970 
oamdf^s hair, 974 
leather, 969 
rubber, 972 

solid-wovi?n ootton, 975 
stHehed ootton duck, 974 
teoib 977 
V-b^, 996 
Dnere (sec Drying) 

Drive, eloctrunic, adjustable speed, 1070 
Dnvue, power Irnis Electronics, clGctrooio drivo; 

TransmiBsionfi, hydraulic and mecbanioal) 
Drup-fiu^girig hammerB, 1R11, 1812 
elastic mounting of. 1811, 1812 
vibration transmissiun control, 1811, 1812 
Dropping point of grraw, 1312 
Drums and filling eauipment (jibs Containers; 

Poakaging equipment) 

Dry4)«lb temperature, defined, 660 
Dry-cleaning fluid, exiitosionproof, 210 
^vy grilling, 1541 


l>y jggMiah, |»elt4glikg eaullRiheBt 

Dry rot, eSeot and preyeBtlcm Hff, 209, 281 
Dtyhigr 1565-1572 
ousts of, 1572 
driers, 1567-1572 
cayadties of, tabto Of, 1570 
dndgh and operation d, 1572 
fuel loqutmmenta for, tablot^f kSTti 
heat Toquiremen^ for, 1570-1572 
performance test data on, 1572 
tirpes of. 1567-1569 
continuous 1567-1569 
intermittent, 1567 
equipment seWetion for, 1569, 1570 
fundamOntals of, 1566, 1567 
conduction, 1566 
convection, 1566 
radiation, 1566 
vaporisation of water, 1566 
vacuum, 1569 

Ducts, air-conditioning, fire hasards of, 233 
Dulux, 1924 
Duralon, 1923 
Duraplex, 1924 
Dures, 1924 

Duriron, properties of. 1579 
Dunfce, 1924 

Dust, air oontaminatlon by, 1486, 1487 
claasifioation of dust partinles and stemdard 
sieve sixes, table of, 1486 
contamination, control of, 1486, 1487 
fire and explosion hazards of, 1487 
occupational hasard of. 1487 
Dust control and removoli 151&-1621 
air filter or scrubber for, 1620 
booths for, 1620 

cyclone dust collectors, 1519, 1620 
riunensions of, 1519 
location of, 1519, 1620 
exhaust fan for, planing-inill exhanster, 1519 
exhaust systems for sand-blast rooms, 1520 
explosive dusts, 1521 
hoods for, 1620 

adjustable type of, 1520 
downdraft type of, 1520 
inward-leakage principle of, 1520 
New York State Code Requirements, 1516, 
1517 

branch connections, for bufluEig whee1s,^ble 
of, 1517 

for grinding wheels, table of, 1516 
branch pipes, 1517 
static auction teat for, 1517 
piping for, 1617-1519 
specifications for, general, 1517-1519 
chip traps, 1518 
cleancut-door locations, 1518 
diameter increases, 1518 
fire and explorinn precautkms, 1510,18:19 
main suction pipe, 1617 
pipe joints, 1517 
pipe weights 1517 

net weight of pipe and ^bows, table of, 
1518 

poisonous- and health-hocard dusts, ISSHh 1051 
requirements for, 1516, 1617 
Dust expioskme, fire hasards of, }93 
Dust fire extinguishing, 220 
Dust, organiO) flammahnity, 220^ 221 
Dusts, explosive and flahimable, 220^225 
explosion prevention, 222, 
ignition preventiotl, 223, ^ 

Dyal, 193i 
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Dmua, 1^24 , 

Cynamio coaditiona, vibration control, 1842 
Dyn&injo unbalaneet vibration aa cause of, 180S 
Dynamic vibration abBorbert 1819, 1820 
dampesB, 1819,1820 

E 

Eandne etirve and expected earnings (aee Incen¬ 
tive wage) 

Eddy-cuirent loading brake, 1600 
Election of species, patent appjicatiim, 1944, 1945 
Electric arc welding, 795, 796 
eleotiio current for, types of, 800 
Electric-ear control unit, grinding, 1559 
Electrie motor bearings. slQeve4ypp, 11^8, 1139, 
1147-1149 

oil-sealing methods for, 1317, 1318 
also Bearings, electric motor) 

Electric motor drives (see Motor drives, electrif) 
Electric motors (sec'Motons, electric) 
Electric-pneumatic time-temperature control, 
713, 714 

power, by-product generation of, 905-909 
and light, basic industrial costs of, 20 

distribution of (see Power distribution, 
electric) 

purchased versus locally generated, 903-905 
Electric power generation (see Turbines, gas, 
hydraulic, mechanical-drive, and steam) 
Electric power lines, overhead and underground 
installation of, 870-B74 
Gomparisan of, 870-874 

Electric power measurement (sre Power measiire- 
ment, jpaphic) 

Electric welding (ssc Welding, electric) 

Electric wiring systems for industrial plants 
Power distribution, oloctrlc) 

Electrical control equipment, fire protection and 
prevention by maintenance of, 230 
overload devices for, 230 

Elcctrical-drivo motors, speed characteristics of. 
1207 

Electrical drives (see Speed control, electrical) 
Electrical equipment, explosionpruof, 207, 210 
lightning protection for, 891-890 
Electrical fires, causes and prevention of, 225- 
230 

ElBctrical-resistance heating for silver-alloy braz- 
^g, 825 

Electrical speed control (see Bpeed control, 
electrical) 

Electrical transmission of measureinente (see 
Control systems, automatic, applications of) 
Electrically actuated instruments (see Instru¬ 
ments, electrically actuated) 

Elcctrocoating (res Electronics) 

Electrodes, arc welding, 798-800 

(See also Instruments, electrically aotuated) 

Elertrodynamometer for electric isjwer measure¬ 
ment, 413 

Electromagnetic Br»ectruni, 917, 918 
diagram of, 1625 

wave lengths and frequency in. table of. 1624 
ElDctromagnetic waves, 1625, 1326 
Electron (use KadioantivJty, structure of matter) 
Electronic drive (see Electronics) 

Flectronicsp 1665-1676 

ftlternating-current rectification by, 1669, 1670 
applicatioiiB of, general industrial, 1605 
diclectnc hearing by, 1668, 1669 
eleetracDating by, 1670 
electronic drive, adjustable-si^eed, 1670 
electrostatics, 1675, 1676 
air cleaning by,« 1675, 1676 


Blectronleia deetroafeattos, precipitation bj/ Oot- 
trell method, 1675, 1676 
induction heating l^, 1665-1608 

high-frequency induction furnacs) eorelesa, 
1666, 1667 

equivalent circuit of. 1667 
laboratory size of, 1607 
penetration depth of, 1666 
low-irequpncy induction furnace, core-type, 
1605, 1666 

radio-frequency type of, 1667, 1668 
lighting control, photo electric, 1075 
photoelectric cell, 1672-1674 
pyrometer, 1674 
spectrophotometer, 1673, 1674 
positioning ountrol, photoelectric, 1674 
Tegister Contrnl, photoeloctric, 1674, 1675 
resistance-welding eoutrol, 1670, 1671 
speed regulation by, 1672 
temperature control by, 1671 
riming by, 1671 
voltage control by, 1672 

Electroscope, gold-leaf, statio-electricity detec- 
rion by, 238 

Electrostatic coating process, fire hazards of, 240 
fire prevention in, 240 
Electrostatics (see Hectronics) 

Element, primary, instrumentation, defined, 009 
ElevatorSp bucket type of, 1402, 1408-1411 
fire protection for, 203 
freight, 1441-1454 

applications of, 1446, 1447 
rapacities of, 1441 
elevator machines for, 1441-1444 
drum machine, 1441 
hoisting rope for, 1443 
location of, 1446 
traction machine, 1442—1444 
roping methods for, 1442 
loading malhods for, 1447-1450 
general freight, 1440, 1460 
industrial truck, 1447-1449 

palletizing and skids for, 1447—1449 
motor veliiele, 1449 
paasengen!, 1450 

manhine-ruDin requirements for, 1452 
maintenanrii uf, 1454 
mechanical equipment of, 1445, 1446 
car bufTers, 1^6 
hoistway or shaft, 1445, 1446 
pit, 1446 

safety features, 1446 
motors and rontrol for, 1444, 1445 
control operating systems for, 1445 
car switch, 1445 
collective, ^44.'5 

Bonstant-presRUTe push button, 1445 
push button, single party, 1415 
variable-voltage control for, 1445 
pit requirements of, 1453 
selection of, 1450-1454 
sizes of, standard, 1451 
speeds of, 1441 

time required per trip of, 1461, 1452 
accelerating time of, defined. 1451 
door time, defined, 1452 
loading time, defined. 1452 
running time, defined, 1451 
b>p clearance requirements for, 1453 
tyiies of, 1441 

rlectxin and hydraulic, 1441 
packaged-materials hsmdling by, 1416, 1417 
Ellipse, 1691, 1692 
tangent to an, consiruotion of, 1692 
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rodu^ttion «toel tfbaf ti^g, itao 

of ayntlsQ^ rubber, 1^ 

Hvaoeti 1981 
Hvunoli 1931 
Emernm eamiug ourve^ IS6 
Emwaivity (ffw Beut^truuifer propertSea of 
niat'C^riltln) 

l^iUipirJcal ixiuafftme, graphiral nolutiou of, 17!)o, 
I7im 

Einrilu> ee partidiuation in joli^valnation iilaua, 88 
Einiilaifidation of Itibricating oil^ 1809, 1310 
Endleaa inethorl of laatoning belting, 980 
Energy, liefinml, 381, 1288, 1286 
elasUR, of fluuU, 1288, 1286 
mechanical, defined, 1439 
pressure, 1283 

l^nergy cbargo. elcotric power, 412 
Kncrg.v content, rectangular channel, luiiform 
flow, 1784, 1774, 1775 
en nation in determinant form for, 1774, 
1773 

solution of equation for, 1734 
J.ni>rgv method for Bolving vibration problems, 
1828 

Energy variables (mr Instrumentation and 
control J 

Engine*^, intcmal-cainbuStion or dioscl and steam, 
torsional vibration m, 1823. 1826 
methods for oi'crcoining, 1825, 1826 
Lanchchtcr tlainper, 1825, 1826 
En inasse ronvevoru, 1412 
Enthalpy, defined. 332 
EnthalpV'Ontropv chart. Mollier, 339 
Entropy, defined, 382 
Eguatioog, cubic, 1710-1712 
determinant form for, 1773 

method of deri>ing, 1766, 1707 
in determinant form, 1771-1779 
blost'prossure furnace, 1772 
iMJiler haraepower, 1771 
brake horsepower, 1772 
capacitnnem of two parallel cylinders, 1772 
rliordal height ' id length, 1773 
cubic equation, J778 

energy content for rectangular channel v> ith 
uniform flow, 1774 
equity debt, 1778 
Francis weir formula, 1772 
lens formula, 1772 

mean teraficralure equation, 1776, 1777 
moment of inertia of cylinder, 1772 
radius of gyration of circular cylinder, 1772 
shear strength of rivets, 1771 
steam through pi]:ies, flow of, 1771 
temperature m air-mixture otto cj’cle, 1775 
iJifTerential, graphical Bohitiun of, 1794, J793 
cnipiriial, 1795, 1796 
exponential turves, 1706 
•ivperbolie curves, 1706 
Jogarltliniic or expunenttal Ourven, 1790 

paralmla, 1796 

parabolic and/or hyperlxiUc curves, 1790 
0 jadratie, 1700, 1710 
of scale, 1693, 1604 

with single variable, solution of, 1713-1715 
aolution of, by nomographic or alignment charts 
of. 17i6-1759 

acoeierations, crosshead and crank-pin. 
1767. 1758 

anchored baseC, 1755, 1766 
blcuod, diagram for flow oC. 1743 
bond equaiion, 1756 
Boyle's law, 1786, 1738 
Cl^ay formula, velocity cd flow of water, 
1720 


Eqiintioii%;aQhitioii of. Ity nomj^^idilq 

meat charts of, o^tiSNial height and 
length. 1733 t 

eombustton. etoiehi^meti^ of. 1T59 
cubic oqtiatioin,, g* + ajfl d- 6y + c •• 0, 
1736 

draft correction for salt- and freslirwaiter- 
going vessels. 1720, 1723. 1766, 1739, 
1741 

energy content for reotangular channel 
with Uniform flow, 1734 
equity debt, 1750 

Fanning equation, pressure drop in pipe, 
1746 

Francis formula for contracted weir, 1785, 
1736 

gas analysis, excess air from stack, 1753 

light radiation, net, 1716^ 1717 

meansi arithmetic, geompiric, harmonic. 

and logarithmic, 1754 
mol per cent-weight per cent, 1720, 1721 
uiument of inertia of rectangular plate, 
1727 

Kebbovk formula, roctangular-suppressed 
weir, 1750, 1761 

stability number for infinite elope in homo- 
genoons eoil, 1732 

triangles, solution of, by law of tangm^, 
1720, 1722 

velority of flow of water (Cheay formula), 
1720 

weir, contracted (Francis formula), 1735, 
1736 

rcrtangular-RUppressi'd fRehbopk for- 
nuila), 3750, 1731 

Equilibriums (nfe Fire protection and prevention, 
industrial-plant) 

Equitv-debt etination, 17.30 
deferininant form of, 1778 
Esterol, 1924 
Eth>l I’clluloso, 1035 
El aiMiratiug cooling, 1466 
examples of, 1'188-1490 

Evaparatiun rate, air conditioning, factors Meet¬ 
ing. 1463 

Evapuratixe-cooling svetenis of air conditioning, 
general arrangemenl of, 1592, 1503 
Evaporators, eentnfugsl refrigeration machines, 
643 

rdrignration systems, 652, 653 
rubber-lined, 783, 784 
Ewart dntacbablB chain, 1049, 1050 
Exciters foi steam-turbine generatoirs, 448, 449 
maintenanc e of, 464 
Exhaust hoods for fume exhaust, 1522 
Exits, fire, 200 

Expansion, linear, of pipe, table of, 737 
Expansion-joint packing, 1373 
Explosibility of refrigerants, 619 
Ex^osion, definition of, 100 
dust hazards, 1467 
flammable liquids and vapors, 210 
pressures of, coal dust. 223 
venting lor, 210 
dust, 221 

Explosive di^pte, 1521 

Explosive limits of flammable gaaeg and vapors, 
217-219 

Explosive ranges of flammable vapors and dimU, 
221-223 

Exponential curves, graphical mathematics, 1.796 

ExpoBUTP, firs, 240, ^1 

Bxtractiem turbines (ssb Turbines, ataam) 

Extrema-iireMiire tahSe of 
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{Me tigbtiag, indtreferiftl-ptiuit)' 

Abuse of, 947^50^ 

Eyesttfdn, canws pf, 1121 

F 

FaJkyd. 1924 

FaHing'^filiii acid ponceittraion, du Font, 1593 
Fanning equation for preaeure drop in pipe, 
1746 

Fansi in air’eonditionins systems, 1500 
fume exhaust, requirementn for, 1524, 1525 
Fastening of power belting, 06U-OB3 
Fault Durreute {ice Power distribution, elcetiu) 
Feed water for economizers, 397-399 
Feed W'ater heating (see Turtuuea, steam) 
Feed-Water softening, boiler, 310-316 
Felt Tpofing, 159, 157 
Fenitio aIio^^, 15S1, 1586 

Fiber boxes and dninis (see Coutainers, boxes, 
drums) 

Filierboard boxes (mp Contairn'ra, boxes) 
Fiberglas, proitertios and uses of basie forius of, 
1916, 1917 
Fibestoe, 1934, 

Fjeld-exritation control, speed adjustment of d-c 
shunt wound motors by, 1211-1213 
FiUing equipment [sec Packaging equipment, 
industrid) 

Film, heat transfer defined, 1609 
Film CO efficients [aee Hoal transfer) 
Filter-wasber-type humidifier, 1500, 1501 
Filtera for water purification and treatment, 307. 
308 

backwashing of, 306, 307 
Filtration (tee Water purlficatinn and treatment, 
industrlabplant) 

Fire, causes of fsc« Fire protection and prevention, 
industri al-plan t) 
confining of, 197 
Fire brigade, 260, 261 
Fire doors, 202 
Fife extinguisherB, 244 247 
antifreezing solutions for, 245 
location of, 244, 245 
use of, on electrical equipment, 24,1 
weights of, 24,5 

Fire-insunnee ratee, 171-184 

building roipiirpinents fur, 176, 177 
credits, for better-than-standard, 17'J 

for installation oj proteitive foetures, 179, 
180 

penalties fur infraction of, 178 
deductions in, 181, 1B2 
Fire-insurance schiMlules, 174, 175 
Fire point of lubricating oil, 1309 
Fire protection and prevention, industrial-plant, 
173-266 

automatic sprinkler jJTotPclion cost ac¬ 
counting, below) 

automatic sprinkler systeiuH (ace lire protei,- 
tion, below) 

cost atTputiting, 174--J84 
automatic sprinkler protectiun, 184, 185 
lectors considcreil in, 175, 176 
fire-insurance raU^s, 174-184 ^ 
coiiisurancis 181, 182 
deductions. 18 J, 182 
factors afTcfting, 175, 176 
overhead charge. 175 
primary basis for, 171 
standard building requirements for, 176, 

177 

fire4asurapc« schedules, 174, 173 


Fire protection Agd ^eventii0|i« iAdustriaHskmt, 
cost accounting, fireHneurantioeehedules, 
eonditions for, 176 
fire-l%sistlve construction, 183, 134 
standard I'equiremeote Cer, ISg, lfi4 
dusts, explosive and flamifiable, 220-225 
bronze dust, 224 
coal dust, 223 
dust-fire extinguishing, 220 
explosion pressures, 221 
explosion prevention, 222, 223 
ignition of, 222 
metal powder, 221-225 
organic-dust flanimabilHyj 220, 221 
plastics industry, powders used in, 225 
sulfur dust, 224 
equilibriums, 195 
equipment for, 177 
fire. 18.y-190 
attacking of. 261 
essentials for, 261 
causes of. 225-243 

air-runditioning ducts, 23.3 
anan,thetic gaHcs, 237 
bearingB, journal, 232, 236 
belts, power transinission. 232 
chpinical reactions, 193 
chimneys and flues, 233, 2.34 
cutting op^rationM, oxygen- and acety¬ 
lene- 235, 236 
dust cxplosiDns, 193 
electric sparks, 193 

electrical fires and their prevention, 22.5- 
230 

electrostatic ruating pToeesfl, 240 
exposure, 240, 24! 

flaineH, lights, and sparks, open, 232 
focused rays IIH 

fruui glass bubbles, 233 
friction, 236 

gtifl, natural and artificial, 243 
beating furnaces, 233 
hut ashes and cools, 242 
lightning, 193 
oily waste, storage of, 2.31 
ovena, and driers, 234, 235 
overheated materials. 233 
pBM'king materials, storage bias for, 23J 
pipes for heating, stoaiu, hot water, and 
oil, 241, 242 

rubbish and litter, 236, 237 
sinoking, cigarettes, matches, 231 
sparks on roof, fireproof ruofiug. 2.3.3 
spontaneous ignition, 102, 2.30. 231 
Static sloctricity, 194, 195, 237, 238 
welding operations, 235, 236 
combustion of. 185-190 
beat of, 187 
oxidizing, 185 
slow, 188 
definition of, 185 
fire prevention, 190-266 
in building construotion, 197-204 
dry rot, effect and prevention'of. 200,201 
exits. 200 
fire ratings, 197 
fire-resist^co point, 197 
floor area luiiita, 198 
tdaae blocks, 199 
height limits, 198 
burricaneB, effeot of, 200 
openings, vertical, 203, 204 ' 
piers and wbiArvea« 203>- 
floofs. 199 
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Fir« pra$#6Ctoii ^ indUQtnvl^ijIiiat, 

firo pt^Veotacw. iA.buUdiug wnatTuo- 
tion, tisttQitea. eff«ot and prevnAtlou 
of^5Ql 

vertical gepawtUum, J203 
wiJU. m-90^ 

water seepage and diaiitage, sctipptsrtj 
lor, 3M 

wired glii8s> 1&8, 199 
eon&ung ol fire, 197 
driers, lampt infrared, 230 
electrical fires (Nee fire, caitsca of, above) 
electroBtatic coating process, 240 
operations and pruceases, diagram of plant, 
261 

fKtKSeSB of, 191 
soience of, 191 

Sfltf-inMixX'tion blank, 262-205 
static electricity. 237, 238 
stock-flow method, 201 
fire protect! rm, 243-266 
alarm systems for, 259» 260 
automatic sprinkler sysiems, 252-258 
cost of installation of. 257, 258 
dry-pipe system, 257 
outside sprinklers, 256 
wet system, 251-256 
fire brigade, plant, 260, 261 
fire extinRuish.era, 244-247 
antifreering sobitionH for, 245 
classification of, 244 

hazards when used on electrical equip¬ 
ment, 245 

lucation of. 244, 245 
weights of) 245 

fire-extinguishing systems, flammable lii?- 
uids. 258, 259 
types of, 258, 259 
fire pumjis, 2«’I0, 251 
hose heusea and equipment, 248 
hydrants, yard, 248 
plant organization for, 243, 244 
standjiipeM '*47, 248 
watchman » duties in, 261 
water supplies, public and private, 249 
flammable liquids and gases. 204-220 

atmospheres, oxplosion- and fireproof (spc 
inert gas systems, belov^) 

In tanks, 215, 216 
calorific value of, 206 
classification for, fianimable liquids, 207 
commerrial gases, raloiific value of. 2)5 
degree Baum^i of liquids, 2O0 
dip tanks, 212 

explosionproof slectrioal equipment. 207, 
210 

()5eti al«o MoioTR) 
axploaions, 210 

pr^ures for gasnlino vapor and air mix¬ 
ture, 210 
venting, 210 
flame arresters, 214 
flammable gasiw mirl varwrs, 217-219 
i|Bnsit5', 217. 242 
diffusion, 217 

axplosibllity cd, efieota of inert gases and 
low-oxygen content on, 221 
Oxplosiva limits, 217-219 
gas maaks, 219, 22Q 

hazardous locations, clossificfttiou of, 207 
inert gas systems, rarboh dioxide in, 220 
fi^uid petroleum gassH, 216 
Cxl burners, 210 
pliysies of, 204-206 


Fire prot»rti«& 

flammable hquids gawB, tmammee 
mleases |or flammable 
refrigerenta. 21fl, 237, 61», 
sowar and manhole gases, ^5 
mlvent recovery, 2H, 212 
equipment for, 211, 212 
methods of. 211 
solvents, 210 

.simeifie gravity of Uquidg, 206 
spray booths, 212 

standards, KBFIT, for flammable luiutds, 
214 

storsigB, above-ground, for flammable 
Itquifis, 213, 214 

iindergruund, for flamxuable liquids, 213 
thermal expansion of flanunable liquids, 
206 

transportation trf, 212, iil3 

vapor pressure specifications, Beid's, 213 

ventilating for. 207 

heat, properties of, (conduction, convection, 
explosion, oxidation, radiation), 190 
inert gas in, 220 

plastics, flammability of, 224, 225 
reports, reference books, educational pamph¬ 
lets, 196. 197 

sprinkler systems, automatic (sp? automatin 
sprinkler sYstema, above) 

Fire-resistive building Donstructioii, 183, 184 
Fire tower, 203, 204 
Fire walls, 201-303 
Fires, rlossifiratiun of, 244 
clectriral, 220-230 
rausos of, 226-230 
Flame arre<!teni, 214 
Flame luiuiuosity, 188 
Flammability, limits of, 168 
Flammable dusts, gases, liquids, and vapora 
(free Fire pmloction and prevention, indus¬ 
trial-plant) 

Flash point lubricating oil, 1308, 1.309 

(i8ce aho Firo protection and pn*veiitJoTi| 
comhuntion) 

Flaw detection by ultrasonic vihrationa, 1679 
Flax packings, 1353, 1354 
Flexible couplings, 1069-1076 
Flight conveyors, 1411 
Float valve, diaphragm-packed, 1390 
*'Floating^' bases for machines, mechameab 
vibration controL by, 1866 
"Floating’* floors, noise control by, 1866 
Floating rate, instrumentation and control, 707, 
709 

Floating shafts, 1073, 1074 

Floating speed, instrumentation and oontrol, 703 
"Floating” walls, noise control by, 1864 
Floating wastes, water contamination by, 1589 
Floor-area limits for fire protection and preven¬ 
tion. 198 

Floor systems, concrete (jtop Concrete, reinforccMl) 
Floors ((tre Construction, materinU of) 

Flow' control, instrumentation and control, 670 
Flow noxzles, 683 

Flowinetprs, pressure4abrlcated, ailicone Inbrir 
cant for, 1345 
Fluid drives, 1264-1283 
and brakss, shaft packings for. 1371 
constantofilUng type of, 1264, 1275-1283 
applications of, 1264, 1275-1083 
commonly using, 1276, 1277 
electric motor, 1264 

iniemal-eombuBtion engines. 1264, i277- 
1283 
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fillip conaataBt^fiUixiff types ^pplieatioaa 

«i, mtetnalHJombualJoB eim^es, liy- 
dmulie ratioge based oa engine 
toiK|ue. 1277, IM, 1281 
mountiaic arrangements and figure, 1282, 
1283 

rated tdrque at miaimum engine rpm, 
table nf, 1283 
selection of drive for, 1283 
airangements of, commonly used, 1277 
ctimeusiona, ratings, and -weights tables of, 
1278, 1279 

,hydraulic ratings of, 127.7 
operating principle of, 1276, 1275 
heavy-duty (PE) type of, duty dassificationfi 
for, 1271 

medium-duty (VB) type of, duty clasuficationa 
for, 1271 

variable-filling type of, 1264-1275 
variable-speed design of, 1254-1274 
enclosed, with speed controller, 1274, 1275 
design features of, 1274 
operating principles of, 1274, 1275 
speed-controller principle of, 1275 
lever-controlled type of, 1264-1269 
applications of, 1265-1267 
dimensions of, 1268, 1209 
hydraulic ratings for, 1265, 1266 
mounting arrangements fur, 1266 
oil cooler for, 1269 

speed-control principle of, 1264, 1265 
torque ratings, variable and constant, 
tables of, 1265, 1266 
pump-controlled type of, 1269-1271 
arrangements of, 1271, 1272 
dimensions of, tables of, 1273, 1274 
hydraulic ratings for, 1260, 1270 
meehanical ratings for, tables of, 1273, 
1274 

speed-control principle of, 1269 
(See also Tranamissions. hydraulic) 
Fluid friction (see Hydrodynamics) 

Fluorescent lamps, 026 
Slimline and CircUne types of, !)28, 929 
" Fluttering” of airplane wings and tails, 1830 
Flux cutting by oxygen, 840 
Flux removal, residual, in silver-alloy brassing, 825 
Fluxes, in oxyaoetylene welding, 832 
ill silver-alloy braamg, 822 
Foam system of fire extinguishment, 25S 
flammable liquids, 258 

Foamglas (see Construction, mutprialH of; Glass 
specialties) 

Food inspection by X rays, 1636 
Food and kindred products, basic industrial costs 
of, 7-9 

Fooi-candle and foot-larabert, defined, 916 
Foorings (see Foundations) 

Force-feed oilers for refrigeration c.omprcssars, 
1333, 1334 

Forced vibration, 1842 
(Sse also Vibration) 

Foreign patents (see Fatmls) 

Foroman-mechanic ratios, 271 
Fork trucks, 1419 
Formex magnet wire, 1932 
Formvar, 1932 
Fortieri, 1935 
Foondatioos, 94-113 
bases and surfaces, 112 
flexible. 112 
flight ruuw'ays, 112 
storage arena, 112 
design problems of, 94 


FoitlidAtioiia, fli^t runw'aya, 112 
bases and surfaces fox, 112 
footings, 106-111 

ooimblned footing cotupuiatiaua of. 100-111 
spread, 101, 1€8, 100 

design computations of, 108, 199 
wall, 107, 108 

design cnnipii tat ions of, 107 
plain concrete, 107 
reinforced concrete, 107« 108 
foundation preasuies, 103-106 
bulb of pressure, 103 
distribution of, 104 

l)eariiig pressures, 104, 105 
bearing values, permissive, table of, 105 
pressure on planes at various drptbs, 
105 

settlement due to, 104 
for ineohalfical-drive turbines, 604 
pUes, 101, 102 

pile-driving formulas, 111, 312 
plaring, method of, 102, 103 

caisson, open and pueumatic, 10.3 
cofferdam, 103 
uolunui footings, 102, 103 
soil and rock, 94-99 
definitions of. 94 
Tork, 94 

geologicsl definition of, 94 
types of, 94 

liedrock, geological definition of, 94 
mantle rock, geological definition of, 94 
soil, 94-99 

elassificatioii of, 94, 95 

by Public Roads AdmiuistratLon, 09 
properties of, 95-97 
Bubgrade, textural clasHification of, 95 
soil tests, 97-90 

centrifuge-Tnuisture equivalent, 08 
field-moisture eejuivalent, 98, 99 
liquid limit, 98 
plastic limit, 98 
shrinkage limit, 98 

for steam-turVaiiB genDratnrs, 453-4,'16 
storage areas, btises and surfaces for, 112 
atrurturtps, 94 

substructure, defined, 94 
superstructure, defined, 04 
types of, 99-102 
piles. 102 

spread footings, 101 
vibration of, 1803 
control of, 1854, 1855 
spring mounting of reciprocating engjrms 
and machines, 1854, 1855 
Frahms tachometer, 1843 
Francis formula, contracted weir, 1735, 1736 
equation in determinant form for, 1772 
Francis hydraulic turbine, 579 
Free vibration, 1798, 1799, 1842 
Freedom, degrees of, in vibration, 1812 
Freight elevators (see ElovatoiTS, freight) 

Freon rcfrigerBiits (»ee Refrigerants) 

Frequenciet, vibratiem, 1804, IgOG, 1807. 189<J- 
1835 

beat frequency, 1817 
disturbing. 1842 
elastic bodies, 1831-1835 
forced, 1842 
natuml. 1842 
sound, 1858, 1859 
Frefjuenc'y ratio, 1842 
Frequency tetenieterinjB(, 426, 427 
Friction, as cause of fire, 236 

1972 



INBMX 


rriDtil9a,tlry. 1790 

lorcdi (aw VibraUoH) 

Fud, dctor requimmenti uf. iahl«! of, 1670 
FveiB, 351-383 

biimiBg equipiumt, 368^-373, 375-377, 383 
cod, 3«8-:i73 
pulvemed, 875-377 

boriBoatAl-^turbulent-firiniE bunvers, 376 
tansotttiai-iirinB burners, 376, 377 
verticel-^fiiins buniere, 875, 37(i 
etokers for, 868r-373 

ehain-Krate (ape traveling sNikets, b<‘low) 
multiple-retort, underfeed, 366. 370 
eingle-Fetoirt, undeTfeed, 868, 860 
spreader, 371-373 
traveling (chain-grate), 371 
fuel oU, 379-381 

aii^atontising burners, 380 
meekani[}al-atoinizing burners, 380, 381 
capacity range for, 381 
elements of, 880, 381 
fumace-Uberatiun rates of, 381 
steam’atomising, 380 
inside-mix type of, 380 
outside-mix type of, 380 
gas, natural, 882, 383 

heat-liberation rates of, 382. 383 
types of burners for, 382 
supplementary fuels, 383 
combination furnaces, 383 
distribution uf, 351-850 

cual-cansumiug areas, 352-856 

rharacteristics of available coal in, 352-355 
transportation costs afTccting, 351, 352 
heat coat per iniUion Btu at various thermal 
eflfunenciea. 750 
preparation of, 856, 364-377 

i-oal, olassifioation of, by ranks, 350 
pulverized, 373-375 
pulverizers for, 373 375 
sampling of, 364, 365 
anthracite «v'ize test, 305 
gross BE 111 V 364, 365 

'Mncreiuenc** in, 364 
fuel oil, 365, 366 

sampling of, 865, 366 
methods of, 365, 306 
production of, total inarkpted, ,351 
coal, anthracite, 851 

bituminous, jirnduction areas of, .151 
fuel oil, residual, peLrolciun refining areas 
of, 351 

gas, natural, product ion areas of. 351 
propertios of, 3.57-304 
coal, 357-301 

anthracite, Industri.'il sizes of, .101 
ash composition of, 358 
ash content of, 358 

ash-softening temueraturc of, 3.50, 300 
raioiifie value of, 361 
roktttg ability of, 300, 361 
coking proiicrties of, 360, 301 
6xBd-oariion content of, 357, 358 
grindability index of, 360 
moisture content of, 857 
proximate analyses of, 357 
pulverization resistance uf, 300 
rank and grade of, 357 
sulfur in, 359 

volatile ooDtent of. 357, 358 
fuel oU, 361-364. 370 
colorific value of, 363 
dmisity i>f, 379 
flaelt {mint of. 368 


^elo, propertios gf, fuel oU, gj’ades of, 
lor different, 861 

gravity of, A1?I or »pecifie^ 861^63 
higher heating value of, ^ 
requirements for, 362 
sediment content of, 368 
viscosity of, 868 
water ctmtent of. 363 
gas, natural. 363, 364 
analysis of, 363 
characteristics of. 363, 364 
volume determination of. 363, 364 
savings by use of heat-recovcry equiimient. 399 
air heaters, .199 
types of, 367 383 
fuel oil, ,'377 381 
analysis of, 37.9 
basic induNtrial costs of,'14 
Bunker C, analysis of, 379 
crude iietroleiiin, fire hazards of, 377. 
379 

definition of, 377 

grades of, markets for different, 301 
requirements for, 362, 378, 379 

by National Bureau of iStandards, 378 
pressure requirements for industrial 
uses, 37 D 

temperature requirements for inrlustrial 
uses, 379 

residual, refining areas nf, 351 
gaseous fupls, 381-38.1 
natural gas, 381, 382 
typical analyses of, 381 
solid fuels. 367-377 
coal, antliracite, 367 
bituminous, 367 
pulverized, 373-377 
roaSs, caking, 368 
free-burning, 368 
coke, basic industrial costs of, 14 
coke breeze, uses of, 368 
Fudl-pressure lubrication, 1316 
oil-pressure control, 1.110 
Fuller-Tvinyon pumps, pneumatic enr unloading 
by, 1406 

Fume exhaust, 1.521-1.520 
exha list hoods, 1521-1524 

average air veloeiries for, table of, l.’>2.1 
location of, 1522 
types of. 1.521, 1.522, 1.524 
fan rprjuirement.s, 1.524, 152.5 
air voltimB, 1524, 1525 

through average collecting hoofls, table of, 
1524 

fan pressures, 152.5 
general room exhaust, 1521 
piping for, 1526, 1526 

friction in, cslculations for, 152,5 
pmsaiire droi>s in, velocity change causing. 
1.530 

side-wall exhaust above tanks, 1521 
vapors heavier than air, downdraft exhaust 
for, 1.522, 1523 

FunctioiiM, graphical representations of. 1693- 
1710 

Furan re-sins, 1924 
Furetonc, 1923 

Furnace heating (or silver-alloy bnuting, 824 
Furnaces, heating, fire hazards of, 233 
induction. 1665-1668 

fur steam-'generating units (««e Bteam generat¬ 
ing units, equipment for) 
for stokers, 406, 407 

Rumbination arch, 406, 407 
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VittiUkesB, itft frOiOit lurch, M 

mar orohi 407 

coDUdiruction 400, 410 
Film, maiAtanaiMB of, for fire proieofiim and 
l^veatiOn, 220 

G 

Galom, 1936 

OalvOAOmoter («e Inetrumenta, ekctrlcally 
actuated) 

Gaviiaa rays fc»r X-ray therapy, 1036 
Qavtt eaxninfe curve, 04 
Ou, oatunl. 3S1-383 
analyais of, 363 
typical analyaea of, 381 
and artificial, fire hasarda of, 248 
burners for, heat liberation of, 382, 388 
types of, S82 

ehamctcTiatica of, 363, 364 
production areas of, 351 
properties of, 363, 364 
Gashcpnipressor piston packing, 1368 
Gas-^red infrared generators. 164G 
Gas fiow throuidi spring-loaded valves, 1830 
Gas or liquid columns, longitudinal ^ib^atioaH in, 
1827 

Gas znaska, 219, 220 

Gas supply, oxyacetylene welding, 834, 836 
manifolds and pipe line, 835, 8.^6 
safety prerautions for, 836 
Gas turbines (see Turbines, gas) 

Qaaea, commercial, calorific value of, 215 
fundamental laws of, rharles’a and Boyle’s, 
1458 

manufactured, basic industrial costs of, 21 
E>ewerand manhole. 215 
Guketa, 1356-1360, 1374-1370 
flange, classification of, table of, 1374, 1375 
flanged ioints, 1356-1359 

recommendations lor, chemical services, taldo 
of, 1377-1379 

utilities and general serviips, table of, 1376 
Gasoline and air-mixture expioHion pressure, 210 
Gate valves, 742-745 
Gauge preaBure, defined, 331, 1458 
Gear cases, radial seals for, 3372 
Gear lubrication intf Lubriention) 

Gear pumps, for hydraulic transmissions, 1291 
reliigeratIng-compresBor pressure lubrication 
by, 1334 

Getf-feduction units, 1089-1107 
advantages of, 1089, 1090 
design features of, 1089 
eflUciencies of, 1090 
input apeeda of, 1091 
load classifications for, 1091 
lubrication of, 1092-1094 
{See aim Lubrication) 
maintenance of, 1092 
ovexhung loads, 1092 
soleotion of, 1089 
service factors for, 1000, 1()91 
' thermal capacity of, 1094 
trouble remedies for, 1106, 1107 
trouhde chart for, 1107 
types of, 1095-1105 
gearmptors. 1099, 1100 
applications of, table cl. llOl. 1102 
briical-gear, 1006 
herringbone-gear, 1095, 1096 
liypoid-gear, 1096, 1009 
plnnetfurqiie reducers, 1100, 1102 


Oear-tednclioii nnitsi types spiraUbevet-geaT,, 
1096, 1097 

notation ^rectiDn and shaft amngentent 
of, 1097, 1098 
worm-gear, 1102-1105 
fan cooling of, 1105 
thermal rating of, 1104, 1105 
valve operation by, 1103, 1106 
venting of, 1092 

Gearmotors, 1099, 1100 

Geiger counter X-ray diffraction spectrometer, 
692 

Geiger-MusllBr counter, 1682 

Geigor-Miieller counter tube, 692 

Gelva, 1931 

Generating units. Steam (see Steam-^geAerating 
units) 

Generatori^ d-c, for X'-ray practice, 1631 
fire haxards of, 228 

high-pressure-Bteam (see Rteain-generating 
units) 

infrared, gas-fired, 1640 
pulse, 1679 

sound (see Sonics and ultrasonics) 

Hteam (see 8team-generatiug units) 
Kteani-turhine, 432-465 
accessories of, 440-453 
air (‘Dolers, 453 
gcmeral, 453 
maintenance of, 465 
dimensions of, 453 
exciters for, 448, 449 
accessories for, 452, 453 
maintenance of, 464, 465 
foimdaiions for, types of, 453-466 

clearances, proper, provision for, 453 
concrete mixture for, 4.56 
loads and deflections, 455, 456 
subbase fur, 456 
vibration affecting, 456 

{Set also Vibration* Vibration ooutrol) 
kilowatt ratings for, standard. 436 
maintenance of, 4.59-4G5 
accessories, 465 
air pasHages, 463, 464 
brurii rigging, 464 
collector rings, 4&4 
exciter brualios, 464, 465 
exciter rommutator, 464 
exciter insulation, 464 
exciter windings and connociions, 464 
insulation, 463 

overhaul, preliminary planning for, 4.59 
ports inspection records, 459 
rotor fiarta, 464 
operation of, 456-469 
routine inspection, 468, 460 
sizes of, 445 
standards for, 447, 448 
tyfies of, 44.5, 446 
voltag«» of, standard, 446, 447 
wmghts of, 453 

Geometric mean, nomograplue chart for, 1754 
Geometrical ronstruotiona (see Graphical luatlu'- 
matics) 

Geon, 1931, 1932 
Glass, 1904-1914 

annealcil articles of, tensile stress limit pi, 
colmHl, manufacturing fundsincntabi of, JH05 
defined, 1904 

heat-alworbing type of, 1914 
heat resistoa^ of, 1914 
light transmlsBEon of, 1914 
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<»t^)r i9at«tfb|6» ontAtinmitl; eliArftBtetiatiBB 

|irp]>«#tiB0 oft tlJ05-10O9 
otocttioBlt 1907 

1007 

rpWBtivityi 1007 

phyittcal apd cliejiiieal (mtkMxig point, 
bteakB only by tensile siressesi elieinical 
durabiUty, eorroalon teaiatancet olaatir- 
no cold fipiA-, bardnossi moduli of elas¬ 
ticity for fdass, nonvtyatallme, oonduc- 
tilc, softomng point* strain point, 
strength apparent «ir cffoctlvn com¬ 
pressive), lilU-VlflOSf 
of some typical glamOp, table of, 1908 
thermal (condurUvity, endnranne, Iveat ea- 
change usage, linear ikermal-expaiision 
eocfhticnt, reference teiupcratures), 1900, 
1907 

silicate, 1004 

dassiheation of, 1004 

coiTipusition of, couiinQrcial ranges in, table 
of, 1904 

tempered artides of, tensile stress limit of, 1005 
ty^HiS of, 1904, 1905 

uses of (acoustical, chemical, electricsj, oler- 
tronies, light Uters, lighting, mechanical, 
optical, signal'a are-colored, structural, 
tliennal), 1010, 1911 
^'al^e of, as engineering material, 1905 
nired, fire inrotoction advantages of, 198, 199 
working chararteristics of (“ croek-off” cutting, 
electric welding, grinding, hule drilling, 
lapping, shaping), 1909 

Glass building blocks, fire iirotection characteris¬ 
tics of, 199 

(<Sep also Gloss ajK‘cialtics) 

Glass deuujohns Containers, industrial) 

Glau equipment, care and maintenance of, 1911- 
1913 

handling and installation reconimcndations 
for, 1911 012 

p\unt loading, 1912 
fHilariscoi)e inspection, 1912 
operating recommendations fur, 1912, 3913 
cleaning, 1912, 1913 
glass pipingi pressuTPS in, 1912 
temperature, maximum uperating, 1912 
repairs and altearation^, 1913 
Pyrox-brand piping, 1913 
temperatures fur, inaximuni operating, 1912 
Glass-hbor packings, 1350 
Glass-fiber products {«e« Glass specioltiFife) 

Glass piping, pressures in, 3 912 
Glass products, basic industrial costs of. 13, 10 
Glass Bpedalties and their cheu-HcteribticB, 1933- 
1937 

building blocks, 1013 

beat-taransfer coefficient of, 1913 
strength of, crushing and lateral, 1913 
'itiubte-fi^ed windows, 1914 
rpaiuglim, 1913. 1914 
pJiysical propertiee of. table of, 1914 
inBUla^iing properties, 1910 
sues of< 1914 

glasB-fibcT produeijs, 1910, 1917 

Fiberglas, baric fnrnus, prajKsrtiee, and uses 
of, tflffi, 1917 
Itfeat-g^^rMng glaSs^ 1914 
hiea;t teristanco of, 1914 
light trofiamisBiem dfi 1914 
Pyreg‘«|n'Sind boroa^ioate id<un'«v«Te, 1915, 1916 
sigeenfr table of, 1915 


Apttbdties and diieip charimterieiiofti 
braM boroeilkwte glafiBwei»i tmee <4 (m* 
trifugal pump pgi<tB, Godet WbeelB, end 
cytiadef^ plateigtass, sisdri giaBBes, 

19ie 

Pyrex-farand piping, 1916 
acid and alki^ rmietemoe of, 1915 
tempered plate glase, Btrengih and fiexibiUty 
of, 1914 
Gliufiez, 1932 
Globe A-alvcB, 739-742 
Glyptal, 1924 

Gold-leaf dectroscope, statio-electricity detection 
by, 288 

floufting of incta] by tmygen, 847 
Governors for steam turbines, 439, 443 
Gimphic meter recorclft, automatic integration, 
428-430 

Graphic meters (tee Power measurement, graphic) 
Graiihic power lueasuroment Pow'^er moneuro- 
Rient, graphic) 

Graphic power totalising (see Power nieasute- 
ment, graphic) 

Graphical integration (eeo Graphics] mathe¬ 
matics) 

Graphical mathemadca, 1687-1790 
alignment charts (ate Nomogcaphic charts) 
determinant, as basis of nomogram, 1705-1781 
check cm final form of. 1768 
circular nonifigrams, 1779-1781 
liasie determinant for, general form of. 
1779 

constructional determinant form of, 1779 
common types of, 1769-1771 
construi'tional determinant and scales, 1769 
control of distuncos between scries, 1768 
corresponding determinant, 1768 
determinant form of equation, method of 
deriving, 1766, 1767 

equations in determinant form, 1771-1779 
blast-pressure fumuoe, 1772 
boiler horsepower, 1771 
brake horsepower, 1772 
capacitance of two parallel cylinders, 1772 
chordal height and length, 1773 
cubic equation, 1773 

energy content for roi-tangriar channel 
with uniform fiow, 1774, 1775 
equity debt equation, 1778 
flow of steam through piiiea, 1771 
Francis weir formula, 1772 
lens formula, 1772 

mean temperature equation, 1776. 1777 
moment of inertia of c^dindsr. 1772 
radius of gyration of circular cylinder. 1772 
shear strength of rivets, 1771 
temperature in air-mixtum otto cycle, 
1775, 1776 

nomogram constnictiun, 1765 
parametric representation of ourvci 1795. 
1766 

properties of determinants, 1767, 175$ ^ 
scale factors, introduction of, 1768 
dificrential «)uationa, graphtcrii solution of. 
1794. 1795 

ficst-ordcr equatians. two simuttaneouB, 1793 
lughsr order ^uaticnsi 1795 
emiarical cquatiuna 1795, 1796 
exponential curves, 1796 
hyperbdic curves. 1796 
logarithmie or exponentud ourvea, 179$. 
panbdbi. 1796 

paroboUc and/or l^pstrbdlla Oiorysa. 1,79$, 
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ftitglc, bi^tjiiia \>i, 1669 
nrclc!. cooAtruc'tiDii of tanpont to^ 1669 
location of center of siven, IGC^ 
circle of radius S tangent to circle of radina Jfi 
with center at 0 and tangent to 6xcd line, 
eonstiuetion of» l(i80. lOlN) 
oirclc of ra<UuB Jl tangent tn osrh of t^'o fixed 
circles of radii JZi and i2.i coiistructiuu uf, 
IfifW 

circle of radius ff tangent to each of two fixed 
lines* construction of, 1689 
ctrelo of radius A tangent to two injsklc cin Ics 
of radii At and As, consti'uction of, 1690 
circle tangent to each of three lines no two of 
which are parallel, drawing of, 1689 
circle through two fixed points and tangent to 
given line, passing of. 1689 
dlipse, 1691, 1602 

tangent to, constnictiou of. 1602 
Jixperbula, 1602, 1603 

tangent at point 7^ on, consiruction uf, 1603 
line, bisection of, 1688 

division of. into equal parts, 1688 
mean proportional to two lengths, construe- 
tioii of, 1688 
parabola, 1090, 1691 

tangent to, at point P on, i aiivtructioii of, 
1691 

from any external point cijnstrudion 
of, IGVl 

lierpendicular, roriHtruction uf, 1088 
ratio, extreme and iiioun, djvisi(oi of line in, 
1688 

tangent, to circle, construction of, 1689 
to circle of radius Ai with renter at 0 Hint 
tangent to fixed straight line, conslrur- 
Uon of circle of radius A, 1089, 1090 
to each of three lines no two of which are 
parallel, drawing of circle, 1689 
to each of two fixed circlBs of radii Ai and 
Ai, construction of circle of radius A, 
16B0 

to each of two fijced lines, construction uf 
circle of radius A, 1689 
to given line, passing of circle through two 
fixed points, 1689 

to two given circles, cuirimon, construe lion 
of, 1689 

to two inside Lirelua of radii Aj an<I A,, 
construction ol circle of radius A, 1690 
two given circles, construction of coiuinoii 
tangent to, 1089 
graphical integratiaii, 1739-3794 

evaluation of definite integrals bj’ nouiu- 
grains, 1792-1704 
charts for integral, 1792-1794 
evaluation of integrals by arcus, 1789 I7!)l 
derivative curve, 1789, 1791 
integral curve, 1789, 1791 
mean ordinate determinatiun. 1789, 1701 
graphical representation of functions, 16911- 
1710 

coordinate paper, tiqiea of, 1698-1703 
logarithmic, 1700-1703 
reciprocal, 1701. 17Q2 
rectangular, 1608, 1699 
seniiaiiie, iTt)^ 
graphical scales, 1693 
JiOBuniform, 1693 
upiform, 1693 
hexagonal chart, 1708, 1709 
per|>endioular axes, 1700 


Gttphicjil mathemadca, grapldeal rs^ii^iieniation 
of functions, perpendtsular seidoe. 1698 
representation of function by acsle. 1093, 
1694 

equation of scale, 1693 
logarithmic Scale, 1694 
nonunifoTui bcilIq, 1694 
scale modulus, 1693 
uniform scale, J094 
stationary scales, 1694-1698 
adjat'BDt, 1605 
logaiithmir, J69o 
natural, 1695 

\ariablcs, relation brtwoon thrre, 170.3 JT|>S 
logarithmic sculcs. 1705 
uniform scales, 1704, 37lU> 
hatchet plan i meter, 1788 
noiuogrHpliic or aliKiiincnt charts, 1715-171)4 
combiniftions of, 1748' 1759 

acceleration, crusMlicud and cranh-jun, 
1757, 1758 

aucluircd basrs iH)iiiili»ii, 1755, 1756 

build C(|nation, 1755 

combustion., !<toiiliioii«‘tri of, ir"i9 

equity debt equation. 1750 

excess air from goa-stack ftiiiil.'i sis, 1,753 

means, various tyiies of, 1754 

aritlinmltr*, geometric, liariuoiiir, lugn- 
ritiinuc, 1754 
network of scaLcs, 1748 
rectangular suppresMid wvii, 1750, IT.'iJ 
stoiebiuiaetry of eoinbnstion, 1759 
construe lion of, 1715-1748 
nuxiliurv variaVde, 1729, 1746 
Bomb’s law, graphical solutiuii fur, 17.U», 
1738 

('hcz^ formula for velocity of flow uf 
water, 1720 

clionial height and length, 1733 
conversion chart, 1745, 1749 
cubic ciiiiution, T/* -|- ay- 4- hy 4' <* * 6. 
suUiiiun of, 173.> 

draft corrcctiims for salt- and frcsh-wati'i 
going vewjcls, 1720, 1723 
energy content for rer-taugular cliiiniu I 
with uiiifonn flow, 1734 
I'raneis formula for contracted wuir, 174.'), 
1736 

index lines, 1724 

moJ per rent-weight i>cr cent, 1720,1721 
moment uf iuertia uf rectangular jdalc, 
1727 

nomograms for ec|nationa, 1716 I7l^l 
1724. 1725, 1744, 1748, 1752. 1774 
solution <if triangles by law of tangent* 
1720, 1722 

}>e1^ of charts, 1759-1705 
brake horsepow'cr, 1701 
condensers and best exebangf-s, opUmuru 
velocity in, 1762 

solution of Miuations by, I7l0- 17 >9 

acceleratiniis, crosahend and crank-piU’ 
1757, 1758 

anchored basea, 1755, 1756 
blood, diagram for flow of, 1743 
bond equation, 1755 
Boyle’s law, 1736, 1738 
chordal height and length, 1733 
cumbustion, atoichiomotry of, 1759 
Wwhic equation, w® 4 * ay* + 5j/ + c ^ 9. 
1735 

draft correction for salt- and 
gqing veaaehr, 1790, 1723. 3730, 

1741 
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Astlumeikui ^ii0m<^K;r»pliic or aliga- 
Mfint cliiurta, aolutktei of ^aquMitiDiis by, 
•onorgy fcv i<eetttiiBulftr ehoanol 

Kvii^ uniform flow, 

liquify 17SD 

Ifi^ing equatitm, {UneaBuru drofi in piim, 
1746 

Fmnclfl foramla for contracted weir. 
1735, 17^ 

gas analyek, excees air from stack, 1753 
light radiaticHii net, 1716, 1717 
means, various typoe of (arithmetic, 
geometric^ harmonic, logarithmic), 1754 
mol per eeni-'Weight per cent, 1720, 1721 
moment ol inertia of rectangular plate, 
1727 

stabUlty number for infinite slope in 
homogeneous soil, 1732 
irianglea, solution of, by law of tangents, 
1720, 1722 

velocity of fiow of water, Cheay formula, 
1720 

weir, contracted, Francis formula, 1735. 
1738 

rectangular auppresaed, Relibock for> 
mula, 1750, 1751 

quadratic, cubic, and biquadratic equations, 
1709-1713 

biquadratic equations, 1712, 1713 
resultant cubic, 1713 
cubic equation, 1710-1712 
complex roots, 1710, 1712 
quadratic equation, 1709, 1710 
complex roots, 1710 
fiiraiison'a rule, 17B7, 178B 
area under curve, 1787, 1788 
definite integral, approximate value of, 1787 
single variable, solution of equations containing, 
1713-1715 

approximate solution of, 1713-1715 
variahlea, graphical method for charting rcla- 
tionalup ^^tween, basic form of, 1781- 
1787 

tietwoTk, addition of, 1787 
Graphical represontationa of functions (see 
Graphical mathematics) 

Graphiral scale, uniform and nonuiiiform, 16D3 
Graphite for packings, 1353 
Grarity, of lubricating oil, 1306 
Grarity-discharge bucket elevators, 1410, 1411 
Gravity packer for valve bags, 1693, 1894 
Gravity roller conveyors, 1417 
Gravity separatiDn, 1679, 1680 
Oreaaas (see Lubrication) 

Giindlng, olasBifiers for, types of, 1540-1564 
countercurrent, 1560, 1561 
loop air, 1564 

apeoifications for, Hardings table of, 
1564 

mechanical air, 1561, 1562 
rake, 1560 

Raymond mechanical separator capacities, 
table off 1562 
cloaed-cirpujt, 1541 
coal pulverUcra, unit, 1504 
controls for, types ol, 165S, 1550 

Automatic-density controllsr for wet 
grinding (Maasco-Adams). 1558 
BOund-contrul unit (electric ear) for ball, 
pebble, tube, and rod mills, 1559 
dry, 1641 

feeder^ for grinding mills, 1557, 1558 
miU feeder type of, 1657, 1558 
regt^Ating foodor type of, 1557,1558 


Gtfndtttt niHa. 1540-1557 

ratio of reduction lor, 1540t 1541 
types of, 1542-1B57 
halLbearing^millii. 1545,1546 
had mills. 1547-1552 
ocfniosl (Hardinge), 165Q-1652 
cylindrloAl, IMS, 1549 
grate-disohargo, 1545-^1550 
Krupp, 1547, 1548 
ball-tube mili,, 1553 
compartment mfil, 1554 
bowl miUs, 1545 
buh;rston6 mill, 1542 
caacaip mills (Hardinge), 1555-1557 
chaser mills, 1542 
impact hammer nulls, 1543, 1544 
pebble milU, 1551-1553 
ring roll mills, 1542, 1M3 
rod nulls, 1554-1556 
roller mills, 1544, 1545 
rolls, fine-grinding, 1542 
tumbling mills, 1546, 1547 

ball-mill, pebble-mill, rod-ndU types oL 
1547 

material aise limits for, 1540 
mill and classifier arrangemcAt for, 1559- 
1564 

mill type applications, 1550 

open-circuit, 1541 

pulp or slurry for, 1541 

“ratio of reduction' in, 1540, 1641 

screens, vibrating, 1660, 15G1 

reversed-current air-ronveying system of, 
1551 
wet, 1541 

GnndiDg operations, dust control in, 1515, 1517 
Grounding of electrical systems (see Power dis- 
tnhution, electrie) 

Croup drive, power transmission, shafting for, 
991-993 

Gyration of circular cylinder, radius of, eq\iation 
in determinant form for, 1772 
Gyratory crushers, 1533-1535 

H 

Halsey earning cur\’‘e, 64 

Hammer mUls (wee Crushing; Grinding) 

Harmonic mean, nomographic chart for, 1754 
Hatchet planimeter, 178B 
Heat, “heat of the liquid," 1460 

heat loads (lighting, misoellaneouB, motors, 
ocDUpante), 1483, 1484 
heat losses (see Insulation) 
measurement of, 331, 1459 
Btu and caloric, 1459 
mechanical-energy equivalent of, 1459 
properties of, 19Q 
sensible, defined, 1459 
specific, defined, 332, 1459 
total, 1460 
steam, 1460 

Heat-absorbing glass (ee« Glass, beat abaorinng 
tyi>e) 

Heat excliangsTB, optimum velocity in, 1762 
(See nUo Heat transfer) 

Heat-recovery equipment («s« BteAm-generiMikig 
umte, equipment for, boil^) 

Hegt-TBsisting chains, 1068 
Hegt traiufer, 1605-1617 
into cold pipes, 770, 772 
conductian, IG07 1608 
and cnnVBCtion, 1609, 1610 
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SB«t vtd eonvootloa* «ur- 

Hte i!e^pumkva» aft 
4dSiutkm fkt 

MVwn^ IMr 1609 

d^bifion of, 16106 

fiLm, 1600 

Iftmimu: Iftyer, 1606 
kanmtkHi foaef 1606 
and r&difttkm, 1612 
film ooeffi<nettta, 1613-1616 
boilmg liquid^ 1615, 1610 
combined convection add ndiatioa, 1616, 

ctmdenmttE v^Rpora, 1516 
natvrel oonveoticn, 1615 
scale deposits, 1617 
Btienmlino Oow, 1615 
turbulcoit flow, 1614r 1615 
beatt exchangetB;, 1612, 1613 
ateun condenaeiBt 1613 
nomenclature uaed in, 1606, 1607 
radiation, 1606, 1610-1612 
aai^e factor of, 1610-1612 
definition of. 1606 

Heat-tranaler properties at nutexiala, 161B-1B22 
emiaaivit;^, 1621, 1622 

total, of miscellaneaua materials, table of, 1621 
variation of, 1622 
surface, nature of, 1622 
surface treatment, 1622 
temperature, 1622 
thermal conductivity, 1618-1622 

of misceUaneouB materiala, table of, 1619, 
1620 

variation of, 1618-1622 
density, 1618 
mean temperature, 1618 
mixture of materials, 1622 
moisture, 1620 
pore aiae, 1620, 1622 

Hest^i^ansfer rate of metal surface to air, 753 
Heat transmission, ooeJiicienta of building mate¬ 
rials, table of, 1470-14S2 
solar. 1483 

through structures, 1478 
Heating, dielectric and induction, 1665-1669 
Helical gear reducers, (see Gear-reduction units) 
Helix element, inatrumente, 681 
Hercules benayl oellulase, 1935 
Herringbone gear reducers (see Gear-reductian 
units) 

Haagonal chart, graphical mathematics, 1708, 
1709 

H^h-aoetyl acetate, 1934 
Hiidi-carbon steel, oxygen cutting of, 847 
fiame softening as heat-treatment in, 847 
HoiatB and grabs, 1418 
Hcdetrarth turldne, 466 
Horco X, 1932 
Horsepower, defined, 1459 
Hose houses and equipment for fire protection, 
248 

Hot-rolled steel shafting, 989, 990 
Houdry pruceas. gas turbin^ for uae in, 468, 
460, 489. 490, 499, 500 
turbine installation, 408 
Hour, actual and standard (aae Incentive wage) 
Hufett boat unloader, 1406 
Hnnddifiers lor wlf-eOnditioning oystepis. 1600, 
IfiOl 

g^r-SnaherHsprny type of, 1500 
filter-washer type of. 1600, 1501 
^tS^. absoltile, 1463 
control of, 721 


Bnaddhy, deetiic measutOment of (ow'^lhitrtN 
rnenta, ^etrlssfigr actuated) 
percentage of. 1404 
latiD d. aperifib. 1403 
relative. 560, 1463, 1464 
“Huntixkg*' of automatic oonibiinl systetiks, 
Hydrants for fire protection, 248 
I^drauHc-aeoumuhitor pacing, 1367,13358 
Hydraulic ash-handling system fate Ash hand- 
Ung) 

Hydratilic-oirDuit demgn and evstuation check 
list, ISOl. 1303 

Hydianke couplings (ses Fluid drives) 
Hydraulic-cyUndmr packing, 1294 
packing for oil hydraulic or oildmulto cylindcTH, 
1368 

Hydraulic-in^nsifier packing, 1368 
Hydraulic motom. power equipment, and trans¬ 
missions (sec Transmissions, hydratdie) 
Hydraulic-ram packing. 1367 
Hydraulic-transmission pumps (see Trausiiu's- 
aions, hydraulic pumps) 

Hydraulics, applications of, 1302 
Hydroobloric acid recovery from plant wastes, 1591 
Hydrodynamics. 1286-1290 
fluid friction, 1287 
hydraulic piping, 1287 
pipe-line vriocities, 1287 
head loss in pipe lines, 1287 
pressure drop throufb orifice, calcula¬ 
tion for. 1287 
Reynolds number, 1287 
kinetie energy of mass in motion formtfla, 1286 
velocity head, formula, 1286 
venturi efiect, 1286, 1287 
Hydrofluoric acid in plant wastes, neutralisaiicm 
of. 1596 

Hydrogen atom, Bohr's model of, 1639 
Hydrogen gae in tanka in fire protection and pre¬ 
vention, 216 

Hydrogen siiectrum, 1639 
Hydrostatica, 1284-1286 
energy, 1285, 1280 

elastic, of fluids, 1285, 1286 
in fluids at rest. 1285 
pressure, 1285 

multiplication of forces, Pascars theorem of, 
1235 

equality of pressure of liquids, 1285 
pressure, defined (absolute, atmospheric, 
gauge), 1284 

pressure measuring methods, 1284 
prerisure head, defined, 1284 
pressure head-pressure relaiion formula, 1284, 
1285 

suction head, riefined, 1285 
importanre of. 1285 
Hygrosoopic materials, defined. IdTl 
Hyperbola, 1692, 1693 
tangent at point B on. oonstructk n d, 1693 
Hyperbolic curves, 1796 

Ilypoid gear reducem (see Qeftr-iwiiuction units) 

1 

Iceland-apar polariser, Nicol prism, 1651 
Idlers, for belt conveyors <sse Belt conreyom) 
for chain drives (see Chain drives) 

Ignition point, 188 . 

niuminstion levelb, yarimis, Hg^iting for, 927, 9-o 
Immerskoi tests (sec Cflrroninn) 

Impact machinery^ vibration bontred fpr, 

1858 

Bprittg^isolated hammer toundation, 1856 
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l^ower nMiurBiBfiiit, 

iROiMBiC^VSlftiiMlttlk 925,92lf 

ioME^ w«f <f e&-7S 

ftppro&tiof*, 99 
dtific*! vorfteapt, 69, 70 
dirnfil 68-70 

carvM, 61-68 

«,iia]yaiB 66-68 

bteia f(H* itreimum rMe, 66 
ctftsslBo&tion bsr. 61-68 
eemtmt jiAt»HAg, stmght^hne, 62 
insee-nU« 62 
curyed<-0n«« ^ranablo-JBliarLne, 62 

definition of» 61 
differential time-mte pian. 62 
mBnaured^day work, 62 
expeetad enmini^, range of, 64 
fnetora infiuendng eeieetion, 67. 68 
formulae used in, 61 
grapbe ueed in, 61 
gueraniaed period, length of, 66 
of union oontracte, 65 

ilLu&trationa of (Barth, Baum, Bcdaux, 
Bigelow, Diemer, Bmeraon, Oantt, HaU 
tmy, Knoeppel, Manchester, Rouan, 
Wennerlund), 63-67 

piece-rate plan. Bonetant-aharing or straight* 
line, 62, 68 
purpose of, 61 

atraight-Une* constant-ahanng. 62 
piece-rate plan, 62 
time-rate plan. 62 

variable-sharing, curved-line, 62, 63 
eamingB expected. 63-65 

iS«e afflD pay performance, below) 
group plan, 68 
guaranteed rate, defined, 61 
horn*, actual, defined, 61 
atandard, nefined, 61 
indirect wort r«, 68-70 

ohjeetions oo wage incentives far, 69 
individual plan, 68 

labor partiripariDn in problems of, 76, 77 
development and installation of, 77 
trial period in, recent trend in, 77 
general labor attitude, 76 
improvement of. 7t 

negotiation and grievance procedure, 76, 77 
union contracts. 76, 77 
objeotiveB of, 60, 61 
recent trend in, 60 

oeeupational or evaluated rate, defined, 61 
opentiivg performance, defined, 61 
expected, defined, 61 
operation characteristics affecting, 70-72 
ddaye, avoidable and Unavoidable, 70 
man vs. equipment performance, 71 
defective work, 71 
nonstandard time, 71-72 

equipment or method change, 73 
pay p^ormance, defined. 61 
expected, defined, 61, 63, 65 
productiva efficiency, defined, 61 
ealesmett, 70 
Btapdarda lor, 72-75 
^vnk^iment of. 73-75 
baalc reqnirentmita for, 78 
delay allowaooea in, 74, 75 
ptfaer reqiiitemtiiita for, 73 
^ time-aliuiy teGfanique and ratings, inicro«<( 

^ moridn in, 73. 74 


Kacentbn wage mithoda, etandarda 
fermance meaeuremeat in. 

1iinaBtud;y m, fi6k 78 ^ 

p^e^tarion of (mosietary vahMa, variaMe 
Wemenl^, 75 
temporary, 76 

terms Used in, definitions of. 61 
timsatody in^ SO, 73 
technique of, 73| 74 
operatinn^^ementa study, 73, 74 ^ 
union contnote, 65 
guaranteed performance and rates, 65 
use of, 60 

opcHrntions b^efiting from. fiO 
Incumbent, present (ses Job^evaluatitm ptaasj, 
administration of) 

Index lines, graphical mathematics. 1724 
Indirect maintenance, 292 i. 

Induction furnaces, 1665-1668 
Induction-generator sets, adjiutable-frcqueney 
a-c driveefor, 1256-1262 
Induction heating for silvezHdloy braiUtg, $34 
(iSee also Electronics) 

Industrial cost reduction, basic (see Cost reduc* 
tion, basic industrial) 

Industrial costs, baste (»e» Costs, basic industrim) 
Inert gaa, arc welding by, 795 

carbon dioxide in inert gas system. 220 
dust fire extinguishing liy, 2^ 
metal-pos'dcr produrtiDn use of, 222 
Infrared rays, 1644-1650 

apphoationa of. industiial, 1649 
suTface finishing by, 1649 
therapeutic use of, 1649, 1660 
equipment for luie ofi industrial, 1646-1649 
infraretl reflector, 1646* 1647 
coefficients of reflection for materials for, 
1647 

infrared generators, gas-fired. 1646 
application i>l, 1646 

infrared installation planning, 1647, 1648 
infrared lamp spacing, 1648, 1649 
infrared lamps, types of, 1645, 1646 
nature of, 1644, 1045 
Bourre of, industrial, 1645 
Infringement, of copyright, 1954, 1955 
of patent, 1951 

Ingot iron (Toncan iron), properties of, 1379 
Injector conve 3 dnK system, pMumatio, 1512 
Instrumentation and control. 675-726 
cost accounting aided by, 677 
instrumentation. 676, 72^725 
costs of, 723-725 
scope of, 676 

meoBurementH, baric criteria of, 681 
plant safety aided by, 678 
process variables, 678-H581 
energy variables (preasure, temperature)^ 
678, 679 

measurement of, 681 

quantity aud rats variables liquid 
level, ^med. thickness, wei(Mr679 
substance property variables (Caiorifis 
value, chenpoal comporitioia^ ctripr, 
density and specific gravity, ^eotrical 
conductivity, expUubliity and Ham* 
inability, humidity, moisture 
pH or hydrugendon eonofltitfation, J 
themal oimdiKtlvi%y, visQUi#y anti^ 
consistency), 679>^1 
product quhltty affeefeed by, 67^ > ^ 
product teethiq; by, fiTfi ‘ / 

savings effected by, Imdbni fiTf . 

and meteri^, 4U, 881 "f V 
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hmUtam^rn-^ 

iiitMeHOy motttM&A, 684-^4 
d^Betrifi chaoCMi ^Icmenla ior ecentioii of, 

dropping meroory ri:ectrod«j polaio- 
gmpb.^8, 690 

eloctrie Immidity memsvnmeni, 090 
Bteotronie dew-point recorder^ 690, 601 
infrared apectrometer, 693, 604 
moia&QTe-efintont nLeamirement by eleo- 
trieal conductivity, 691 
onidaticm-'ioduction potent!^, 688, 689 
pH m^urement, electrode aascinldiefl 
for. 088 

■renatanoe thermometeTS, 687 
thermocouple, 686, 6^ 
thenuopiie, 667 

ultraviolet apectroineter, 602, 693 
X-ray diffraction epectrometer, Guger- 
Mueller counter tube, 692 
huhruments for measurement of, 665, 686 
deflectional-type inilUvoltmeter, 685 
null-halanee potentiometer, 665 
Braphie (see Power measurement, graphic) 
indicating, damping of, 1601, 1802 
preesure-actu&t^, 681-684 

pressure changes, elements for creation of 
(bubble pipe, flow noszle, nianometer. 
orifice, thermometer bullia, vontun), 
661-684 

elements for measurement of (bciHows and 
compensate d-be11oa‘s, bounlon tuV>e, 
helix, monometcr-electriral and merhan- 
ical, spiral), 681 

recording (se« Power measurement, graphir, 
graphic met«m) 

sound anal^i'zers and sound-levpl meters, 1813 
spring mounting of, vibration control by, 1808, 
1809 

vibration problems solved by, 1842-1844 
accelnation-mcasuring, 1843, 1844 
Bcoelerometera, 1844 
frequency-meaauring, 1843 
Btrobomope, 1843 
tachomrter, Frahms type, 1843 
vibration-meBBuring, 1805, 1843 
“seismic” vibrometer, 1843 
vibrograph, 1843 
InanUtiott, 748-760 
apptiearion of, 766, 769 
oonductivit)’’ of, defined, 7«'i4 
85 % magnesia block, 759-761 
FoamgUs, 1913, 1914 
heat loeees, due to lack of, 748-753 
CDsI waste, 751 

BTjrface temperature as unreliable measure 
of, 761 

theory of, 751, 752 
from heated surfaces, 748 
heat-teransfec rate, metal surtace to air, 753 
heat-transmission rates through sectional, table 
of, 77^ 

maintenance df, 768, 769 
monetary value of, 748-751 
pipe, 746-775 
application of, 766, 769 
blanket type of, 770, 771 
hang^ details, 773‘775 
pipe and hanger spacing for insulation 
application, 773, 774 
losses due to lack of, 754-759 
air velocity effect on bare surfaces, 754 
^. heat loss from bare surfaces, tables of, 755- 
759 


ZnauUtioli, pipe, losees due to lack of. heat low 
from bare surfacee, heat loeses and eav- 
ings, 85 % magnesia Uock, 769 
tost data on, and theory of, agreement of, 
752, 753 

low-temperature inpe-insnlation advantages, 
769-775 

maintenance of, 768, 760 
sesling of, 771, 774, 775 
sectional type of, 771 
selection of, 765, 767 
shield (saddle) details, 774 
sweating and frosting prevention by, 770 
thickneases of, economical. 766-768 
chart for determining, 766 
typical economical thicknesses, 767, 768 
typos of, availatdo, 761-763 

thermal conductivity of, talde of, 762 
roof, 156 

savings with, 753-761 
selBction factors of, 763, 704 
thickneeses of, 704-768 

economical, chart for determining, 760 
selection of, for heat saving, 764-707 
typical economic, 767, 768 
IntegrslB, definite, evaluation by nomograms of. 
1792-1794 

charts f«r integrals, ]792'-17D4 
Simpson B rule for finding approximate value 
of, 1787, 1788 

evaluation by areas of, 1789-1791 
derivative curve, 1789, 1791 
integral curve, 1789, 1791 
iHBan ordinate deferminatiem, 1789, 1791 
Integration, graphical (ser Graphical mathe¬ 
matics) 

Intensifiers, impeller, for hydraulic transmisaimus 
(see Transmissions, hydraulic) 

Interferencea, patent application, 1946 
Intemal-coinbustion engines, fluid drives for, 
1277-1283 

piston packing for, 1368 
shaft packing for, 1371 

radial and split-radial seals for, 1371 
tarsiunul vibration in, 1825, 1826 
methods Cor overoommg, 1825, 1826 
Lanc'heater damfier, 1826, 1826 
Inventiona. 1949 

abandunment of, 1949 
date of, 1949. 1950 ' 

interferences in, 1949, 1950 
development record value of, 1050 
patentable, 1946-1948 
prionty of, 1946 
Secret practice of, 1949 
Inventors' control of material, 285-287 
Iodine absorption, spontaneous ignition, table oi, 
232 

Ion-interchange tanks, rubber-lined, 7fc t 
Ionization produced by X rays, 1632 
Iron pi-oducts, basic industrial costs of, i6 
Iron removal from water, 302 
Isolarion efficiency, vibration, 1842, 1844-1847 
Isotopes (see Badioactivity; X-ray therapy) 


Jaw crushers (see Crushing) 

Jet-propulsion units, aircraft, gas turhinea for, 

S1M*8 

Job analysis, maintensnoe, 279-284 
Job-eTsluatiDii planf. admUdstratinn 79-ffl 
*'abovff-tbei-curve’*it)l>s, 84, $5 
methods for loworing rates 4^f. 85 
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ttdmhOatntjioiR oF« 

iha^evm^ ktoumbent/’ 

itefliied, 

>iMi!iiiieipl«fl for bAndtinif ratm of, B4 
ti^rIumqas on, 90, 91 
morkot ratoa, 90»B4 

eh&itist) in, wage rates varying vvith, 81-83 
internal stondardfl t>», 80 
Itey-job eliafting ol, 80, 81 
market ettnrey in iletennming, 88 
data and souroes of data on, 83 
wage-^rate eurveys, 88, 84 
wage latoe atfeeting, 84 
effeot of changes in key jobs, 84 
ebjeettves in, 79, 80 
iob deBerit>tiDns, importance of, 70, 80 
job-fiValuHtion pl^, M, 84-^ 
idan most popular in, 80 
**rftd circle" rates («a^ *'abovo-the-curve^” 
jobs, above) 

result checking of, 89, 90 
technolagicat changes affecting, 86-88 
job reevaluation, 87, 88 
job simplification, 86 

wage-rate decrease due to, 86, 87 
union participation in, 88, 89 

baais for eniplnyee participation, 88, B9 
degree of, 88, 89 

diBCusEiion by union and management, 89 
Job reevaluation and job simplification (see Job- 
evaluation plans, administration of) 

Job Moheduling, mainienance, 279-284 
Job atundardiaaiion, maintenance, 284, 285 
Joints, silvcr-allpy brazing, 820-822 
clearances fur, 821 
preparation of, 821, 822 
strength of, 827 
welded, tyr>«!a of, 797, 798 

K 

Kaplan hydra' br turbine, 579, 583 
Knoeppel carni.'g curve, 67 
ICoppera, 1934 
Kriston, 1925 

Knipp ball mills, 1547. 1548 


J^bor participation and attitude (zss Incentive 
wage methods) 

Ijabor-requirenients control, maintenance, 276, 
278 

Lalmratorj’^ eauipment, vibration rontrol in, 1858 
Lab 3 '’rintti seals fur shafting, 1369, 1370 
Ijaminac, 1924 

Laminar layer, heat transfer, 1608 
Laiichester balancer or damper. 1810, 1825 
Lafi or sliear joints in silvor-'aHoy brazing, 821 
Latent beat of fusion and vaporization, 1459, 
1460 

1 ouo X-ray diffraction pattern, 1637 
l<auxiie, 1924 

Lead, properties of, 1579, 1580 
Leaded brass, 1580 

Leather and leather products, baalc industrial 
costs of, 15 

lather belting (me Belting, power, typM of) 
l«iatber gaskets. 1358, 1359 
lather packings, 1366 

Lens formula, equation in determinant form for, 
1772 

Lever-oontiolled variable-speed fiutd drives (««« 
fluid drives) 


Ihewisol, 1924 V . ’ ^ 

Lichl^ stenm tables, 834*338 
tight, ohsraoteristies df, 917-920 
light*eolor relationship, 950-956 
light-heat relationship, 952,954 
Hghtipsycboloipeal-rBaction rriatiopsliiPi 956 -f 
959 

lightnviaioB rclationslup, 919 
qu^ty of, 619 

BOUToe ooznparison of, 922-926 
wave lengths oL 917-919 
riectromagnetio spectrum, 017, 918 
eye,Sensitivity, 917. 918 
Ughting, industrial-plant, 015-959 

amount of licbt for ui>timuin sering, 938-948 
determination of, 939-943 
artificial, 943, 944 

most ideal, requirenienta for. 943 
artificial tight charactmietics, table of, 932 
baeio cDnsidciations for, 045, 046 
factors affecting lighting oonditions, table 
of, 045, 046 

control of, photoelectric, 1675 
exterior, 938 
equipment for, 938 
prot^tivB lighting installaiionB, 028 
eye, action of, 929-922 

eye examination and defect cormetton, 
921, 922 

eyesight conservation, 922 
eyestrain, causes of, 921 
vision, facts concerning, 922 
eyes, abuse of, 947-950 

factors affecting Ughting and seeing, 049, 
950 

glossy finishes, 947 
headaches, 948, 949 
motion pictures, 947 
office arrangBrnent, 948 
poor building design, 940 
reading habits, 948 
sunglasses, 947 
sunlight, ^7 

future developments in, 985-9S8 
illumination terms, defined. 016, 917 
illumination yardstick, 943'' 947 
inadequacy of, 944 

causes and relation to idiysical reactions 
ot, 944 

light-psychological reaction rriatimuhip, 956- 
059 

harmonized lighting key, 958 
ligfat-source comparison, 922-926 
efficiency of varicnis lights, 925, 926 
fluorescent lamps, 926 
Blimline type of, 926 
incandescentifilament lamp, 925, 926 
mercury-vapor lamp 926 
lighting fixtures, brightness of various types 
of, Uble of. 932 
comparison of, 929-932 
present types of, table of, 930, 931 
clsssifioation and description of, 930, 031 
selection of. 932^934 
types of, table of. 93(h 931 
lighting sources, 926-929 
newest developments ht, 928, 929 ^ 

Ciroline flnoceroent lamii, ^9 
Hlimtine fluorescent kfuxip, 928| 999 
selection oL 926-928 v 

factiiin governing, 926 
lighting systems. 934, 935 ^ ^ 

selection laoiors. 934. 9i^ ^ - 

chemioa)*piticeBB plants, 934 
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Hehtins jvyo^im, W«e- 

tioxn fAHton^'lkttJmrdiHm loc»ti»iiB» $34. 

m 

ii 0 Iq«, 9^ 

typw 934 

dimet. indbctci. MemidircMSit, 034 
tiekttii«4yiws. 033. 954 

effiwt of, DU huncmil Bkin, taBe of, 96S 
oa meats, fruits, and vagetablea. tahla 
of, 954 

on wall ooloiB, 953 

natund liebt ehaiaDteristiefl, table of. 059 
natural lighting, 919, 920 
objectives of, desirahle, 050 
rsmediea lor poor eonditiona of. 945, 940 
voltage variation affecting lighting lampH, 020 
lighting ayatcma («e« Lighting, industrial-plaiit) 
Ligiitning, as oause of fire, 103 
Lightning arreaten, inspection of, 229 
specifioati<ma for, 229 

laghtning protection lor electrical equipment, 
901-895 

Idgnin-baae compounds (aw Plastira materials) 
LitOaetone beds, neutral^atian ai acid in plant 
wastes by, 1505, 1596 
llmoetoneB for acid neutraliaatiDn, 1595 
IftBiit-torque coupling (sw Torque control) 
liine, bisection of, 1668 

division of, into equal parts, 1688 
linear^prmg oonstanm, 1B35, 1836 
Liners for indiistri^ containers (sw Containers, 
industrial) 

Linings, natural and synthetic rubber, 776, 777 
Lin<deum floors, 1S2 
Liquid-piston-motor packing, 1369 
liquids, boiling, heat transfer, 1615, 1616 
flow of, through spring-loaded valves, 1830 
lithium chloride equipment for air conditioning. 
665-667 

Locomotives, gas tiurbines for, 509-511, 515 
Logarithmic or esponential curves, 1796 
Logarithmic mean, nuiiiagraphiD chart for, 1754 
Logarithmic scale, 1694 

Lonjutudinal vibrations, 1821, 1822, 1826-1829 
LttbricantSi extreme-pressure trpe of, 1323 
greases, 1312 
bases for, 1312 

characteristics of, tosts for determining, 1312 
dropping-point method, 1312 
penetration method, 1312 
oil and soap requirements for, 1319 
types of (aluminum soap base, barium soap 
base, calcium soap base, lead soap Imse. 
lithium soap base, mixed base, sodium 
soap base), 1319, 1320 
oils, 1306-1312 

eharacteristica of, tests for determining 
(acidity and neutralization, carbon residue, 
color-value of, color converaian chart, 
demulsibility, emulsification, &« point, 
flash point) gravity, pour test, saponifica¬ 
tion number, sulfur content, viscosity), 
1306-1312 

cylinder-oil characteristics, 1329. 1330 
refrigeration-maBhinery-oU charactoristies, 
1335-1337 

• steani^yUndciv^L characteristics, 1325 
petroleum crude oil, 1304, 1305 
basic types of. 1304 

hydrocarbon classification of (argmaiiRB, 
aaphaltebes, naphthmies, paraiusB), 1304 
pehml^m refining, basic industrial costs of, 
14 

ctriltdng iwoecdure for, 1305, 1306 


IS. I3ai^l34fi 
prcimrties of, 1338, .1^9 

phystca!, avaitable types of, cl, 1339 
silitmne characteristics of^ L839-1348 

silicone greases, 1343-1346 
characteristiBB of, 1343-1345 
propertica of, tables of, 1343 
speciid-purpoee ailicoziB greases, lfi45 
special-purpose ailicoue lubricant^ 1345 
pressuredubricafeion of valves and flow- 
meters by, 1345 

water-insoluble charaeterUtlcs of, 1345 
LubricatlDn. 1303-1346 
air oompressors, 1328-1331 

cooling methods affecting lubrication of, 
1329 

aftercooling, reduction of explosion dan¬ 
gers by, 13^9 

intercooUng, protection of lubricants by, 
1320 

oylinder oil. 1328-1331 

characteristios of, 1320, 1330 
requirements for. 1328-1331 
oil application, 1330, 1331 
control, 1331 

delivery point, 1331, 1332 
antifriction bearings, 1153, 1154 
ball and roller bearings, 1318-1322 
cleaning and flushing of, 1321 
function of lubrioation for, 1318, 1319 
lubriesnt requirements for, 1320 
lubricants for, 1319-1321 

grease and oil, desirable properties of, 1319 
protection of, 1320 
seals for. importance of, 1320, 1321 
pressure-greaso gun for iubriration of, 1322 
overiubricatiou dangers, 1322 
bearing design and oonsiruction, 1312—1316 
aligninenl, 1312, 1313 
oil grooving, 1313-1315 
cJiains, finished-stDcl-rolIer, 1055 

lubrication methods for various speeds 
(fpm), tabic of, 1055 

silent, lubrication methods for, 1067, 1068 
oil viscositiiiia, table of, 1056 
circulating oiling systems, 1315-1318 
equipment for, 1316, 1317 
full-pressure lubrication, 1316 
oil protection, sealing methods, 1317. 1318 
pressure control, 1316 
pressure oiling by gravity, 1316 
gear-reduction units, 1092-1094 
of gears, 1322-1325 
cautions for, 1324, 1325 
alignment oheck, 1324 
oil-level check, 1325 
BonditioDB pertinent to, 1324 
extreme-pressure lubricants for, 1323 
definite fields for, table of, 1323 
lubricant requirements for, 1322 
lubrication methods for (bath, forcB-feed, 
hand), 1323. 1324 

operating eonditionSj encased or mtpoaed 
gears, 1323 

spur, helical, bevel, 1322 
treuble chatt, table of, 1323 
worm gears, 1322 

reoiprocatmg engines, exteriial lubricgrion fo^ 
table of, 1328 

refrijiperating sykems, 623*^ 624 
reirigeraikta nmehineiy, rafiigeratmr compres¬ 
sors. 1831-1337 
cylinder wear/1334 y 

methods of lubrication, 19$2-.1>334 
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<ix«ibodfl of 

kbti«iati<»«k> flew imiafy. 1334 

itfsott-fved iiremura oil- 

ij^; ^ 

Mrlinder end tod pwjldng lubrieWton by, 
1333 

vniical oompresaom with andoeed 
<eMBkees». 433S, 1334 
oil Iwitera, 1333 
^ imsop, 1334 

ayAfeems, 1333 

rertkoal or hoiizantB] ttBchlnes, large 
^yj», 1333 


qyHi»4era^ oil 

1327 

quantitjr ^ labiiia«>at jwqtmtHi ipor lQ4tf 
table of, 1323 

turbiaee, hydr&iiUe, 338‘'330 
meohajucAl-drive, 307 
lAieite, 1928 
Lumarith, 1934 
Lumen, defiaed, 91fl 

M 


Bpiaeh oiltog,^ ifBctloaal tonnage unite and 

vertical maohinea, 1332. 1333 X 

IpiietoU'Ting fit importance, 1333 w * 

oU fprlubiieatioB ol, 13afi>m7 
ph^oal ehantdieriattea of, I83!!kl337 U 

requircmente lor, 1332 ^ ' 

viacodty, importance cd, 1332 ^ 

water contamination of, 1336, 1337 1^ 

cal lantern for, funetiona of, 1335 ^ 

oU aeparator for, location and inctallation of, 

1334, 1335 » 

Btuffing>^box Bcala for, 1335 , 

Bilioone fluida, 1339-1343 
type A applicationa, 1339, 1341 
hi|^-teinperature mecbanical devicea, 1341 
type B applioadone, 1341 

medium to Uld^t bearing loads, 1341 
type C appliratione, 1341-1343 

bydrauilc fluid, 1341 ^ 

nonferroua metal l>eaTmg aurfacas 1341, 

1342 

tonnonal-vibratton damping devicea, 1342, < 

1343 ; 

Edlicone greaacB, 1343-1345 ^ 

apeciftLpurpoee, 1345 

luflb'Vacuum greaes, 1345 ' 

atopcock grease, 1345 
type 1 epplicationa, 1343 
antifriction Itearings up to 4,000 rpm, 

.... ' 

liigh-tcmporature and corrosive condiUone, 

1343 

type n applications, 1343-1345 ' 

antifriction boannga up to 20,000 rpm, 

1343 

baU-beartug j^ermanent lubrication, 1344 
electric motor bearings, 1344, 1345 
type III ttppbcations, 1345 

low-tenii»erature lubrication, 1345 
eikeone lubricant for pressure-lubricated valv^i M 
and flowmeters, 1345 “ 

steam cylindors, 1325-1328 ^ 

atomisation of oil lor, 1325-1328 
effective lubrication tests, 1320 
eslmust Bteaip as guide, 1326 
imperfeet lubrieation, indluations of. 1320 
lubricant distribution by ateam etomiaaUon. 
1335-1328 

iftclora edfeotlng* 1326 
oa-introductiop point, 1526 

dU for, 1325 
claaaifleation oft 1325 
viaeoaity of, 1325 
"wnttablHty” of. 1325 
oil aelaetioji faetoxa, 3327, 1328 
atomiaation toproved by i?eiocityt 182T 
moktum soqMtm 

1 eompounding, dBtnmefttal, 1327, 1338 
atmlgbt mineral oik for applw 

an , 


Machine oxyaoetylene welding, 834 
Machine took, vibration control of^ 1868 
Machinery, basic mduatrial ccata of, 17 
Machining of metal by oxygen, 847 
Magnesia-block insulation, 759-781 
Magnesite floota, 154,155 
Magnetio brakes, chucks, clutches (se« Magnetism) 
Magnetic separation (see Magnetism) 

Magnetic templet for oxygenHsutting m&chines. 
843 

Magnetiun, 1655-1605 
brakes, magnetic, 1659, 1660 
band-typo of, 1659, 1800 
drum-type of, 1659 

eddy-current loading brake for electric 
motors, 188U 

multiple-disk type of, 1859 
chucks, magnelic, lOOO-lBSS 

electromagnetic type of, 1657, 18,58 
pernuinent-magnet type of, 1656, 1657 
clutches, magnetic, 1058, 1659 
deinagnctiaation, 1G57, 185B 
lifting magnet. 1055, 1656 
magnetisation and deuiagnetizatiion, 1864,1685 
permanent magnets, 1661, 1662 
external energy curve for, 1662 
hysteresis curve for, 1601 
permanont magnetic properties of, 1681,1862 
separation, magnetic, 1663, 1063 
magnetic pulley for, 1662, 1663 
magnetic separator drum for, 1663 
solenoids and inagneta, 1660, 1661 ^ 
tostiny, naiulestnictive, by magnetic inetbods, 
1664 

flux deviation, detection of, 1664 
surface cracki, fluorescent metliod of detec¬ 
tion of, 1065 

valves, roagnetieally operated, I860 
Magnefoetnewon sound generator, 1678 
Magnets («w Magnetism) 

Magnification factors, ^db^otlon, 1804. 180& 
relative, datupmg effect on, 1847 
Maintenance, automatic sprinkler aystems, 255 
beaniigs, electric motor, 1149 
l>elting, of power, 978> 979 
Centrifugal rofrigcration machmea, 047, 
electric arc welding m, 8J6, 817 
flenble oouidmgs, 1076 
freight elevatora, 1454 
gear-reduction units, 1092 
generators, steam-turbinfi. 463, 484 
glass equipment, 1911-1913 
iuaulatiuiif 768, 789 
and repairs, of bmldinga, 144 
oxyacetylene wddtng in, 837 
tubber-Iined equipment, 791 ^ 

turbmea, gas, 487-490 
steam, 459-483 . ^ 

Water-coolittg SS'Htema, 572-574 
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iundueimtalB, 267-206 
coTvte^vQ msiiiteftanoBt 260-891 
eqtii]Mnent-eo»t oarda. 289, 291 
requultes for piHKErani al« 269 
ooat (so^troUt. 291-296 
coat clftBailBcHti^, juainteuance, 292-296 
budffBt chart, 8^ 
bu^geta for uac in, 295 
idiarta for uoe in, 2Q5, 206 
direct maintenance, 292 
general maintenance, 292 
indirect mamtenancB, .292 
maintenanee Dtmtrol, plan for, 269 
major oontrola^ 269 

maintenance department, obligationa of, 268 
baaic recorda and control, 268 
maintenance measurement, 296 
actual time values, 29B 
monthly report, 205. 296 
orgBnisation, 209-276 

penonnel, 269, 271, 274r-276 
change-hauBB facilities, 276 
training program, 276 
supervisory, 269-271 

foreman-mechanic ratios. 271 
personnel, requirementa for, 269 
work aegregation, 271 
wage roU, 271-276 
craft claaBifieation, 274, 275 
craftsman clasalfication, 274, 275 
preventive inaintenancc, 2B7-289 
inspection (or, 287, 2B8 
inapection sche^dulea for, 288, 289 

eqtupment-coxidition record, 288, 289 
recent induatriid changes afTeoting, 208 
time-measurement standards, 296 
training plant personnel in, 284-287 
inventory control of materials, 285-287 
stores department responsibility in, 285 
job standardisation, 284, 285 
planning and scheduling engineer, 285 
repair-ordcr-control and scheduling clerk, 
285 

work- and labor-control, 276—284 
job analysis, 2S0, 261 
job scheduling, 281-284 
emergency jobs, 282 
forecasting or longer term arhnduling, 
282, 284 

Bohediiling rack, 279, 260 
labor (peraonnel)-requirements control, 
276, 278 

repair-order control, 276 
Maleic alkyd resins, 1924 
Malleable iron, properties of, 1579 
MaUeable-iron chain, closed and open types <«cr 
Chain driving, types of chains for) 
Mallet-baU-joint spherical packing, 1873 
Man-analysis process chart, 49 
Man and machine charts, 49 
Management, Taylor functional (see Supervision, 
elements of) 

Management engineering, 25-91 
basic Dpst reduction in, 22 
Manchester earning curve, 63 
Manometers, 681, 684 

Manrius (Simonson-Mantius) arid ooncmtrators, 
1593 

Marine-service gas turbinea, 502-506 
Mnrket-mte nurveys. 83 
Marvined. 1031 

Mlun<>o*Adam6 controller, grinding, 1558 
M^Hic-block and -tile floors, 153 


Maatic topping for floors, 146 
Materials of construction. 143-171 , 
in building maintomanee and lepaU. 144 
deterioration of, 1674, 1575 

i(5e« also Construction, materiola of) 
Materlali handling, 1401-1464 
bulk materials, 1402-1416 
boat unloadcra, types of, 1406, 14Q7 
bucket elevators, types idt 1406-1411 
bulldosers for, 1416 
carryalls for, 1418 
oonveyors for, 1411-1416 
reciprocating plate feeders for, 1413 
type oomparisDn, table of, 1403 
typ^ of, 1411-1416 
drag-line scrapers for, 1416 
pneumatic oonveying of, 1514, 1515 
railroad-car unloadera. types of. 1404-1406 
skip hoists for. 1407, 1408 
capacities of, table of, 1408 
straddle trucks for, 1419 
freight elevators for, 1441-1454 
packaged materials, 1416-1418 
oonveyors for, types of. 1417, 1418 
elevators for, types of, 1416, 1417 
hoista and grabs for, 1418 
skids and pallets for, 1418, 1419 
fork trucks for, 1419 
skids, types of, 1419. 1419 
spiral chutes for, 1417 

Mathematics, graphical («er Graphical niaihe- 
tnatics) 

Matter, stnicture of, 1681 
Mean ordinate ih^toriuination, 1780, 1791 
Mean proportional to two lengths, ronatruction 
of. 1G88 

Mean temperaturo equation in determinant form, 
1776, 1777 

Means, types of, 1754 

arithmetic, geometric, harmonic, logarithmic, 
1754 

nomographic charts for, 1754 
Measuring means, relay- and self-operated, 700 
Mechanical-dmft cooling tower, 569, 575 
Mechanical power transiTiisflinn (set* Belting, 
power; Chain driving: Gear-reduction units; 
Pivoted motor-base drives; Rpriug-autoinatic 
motor-base drives; Y-belt drives; Yariable- 
apeed mechanisms) 

Medium, controlled, automatic proceoa control, 
695 

Melamlne-base compounds, molded (^tie Plastics 
materials) 

Mercury switches for fire protection and preven¬ 
tion. 229 

Mercurj'-vapor arc as uUraviolet-llgh* source, 
1642 

Mercury-vapor lamps, 926 
Metal-lNsllows diaphragms, 1394 
precautions in use of, 1304, 1395 
Metal gaskets, 1350 
Metal packings, 1340 
Metal-powder duet, expansion of, 222 
expltisive and flammabie, 221-225 
Hall production procoEe, 222 
Hametag production process, 223 
ignition of, 222 

Metal surfacing, elortrie arc welding In, $07-610 
finish r-^itemimts for, 809 
cnxyaer'ylnge welding in, 837 
Metallie are welding, 795, 796 
Metallic belt fasteners, 981'*?^ 

Metnfltirgy. 1577-1586 
i:netBlB and afloys, 1577-15IK 
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apedfio pmpHrtie« 

«jloy imt ifoa, |1570 

hmm, 

btronaeii tin, !l5t8 
e^iron, 1578 
eomiAr, liS79 
iron, 1579 
Umdf 1579. 1560 
nafleable iron, 1570 
monel, 1560 
Til^el, 1560 
ailioon iron, 1570 
eUver, 1560 

silver Holder^ 1560, 1561 
Bolder, 1561 

ntfUnlesB alloya, 1581, 1586 
tantalum, 1561 

fltamlma irona and afceela, 1562-1585 
analyaea. properties, and characteriatica of, 
table of, 1562-1585 
radioactive tracers for, value of, 1582 
Metal a, oxy acetylene ardding of, base-metal prep¬ 
aration for, 632, 833 

Dxygen cutting, metal preparation for, 843 
specific properties of, 1577-1586 
weldability of. factors affectinj;, 806, B07 
Meiala-plaatica compariaon, 1937-1040 

compressive atrength-weight values, table of, 
1940 

moduli of elasticity in tension, table of, 1940 
specific gravities of plastics and metals, table 
of, 1940 

atrencdb-weigbt propcrtiee, ta)>le of, 1939 
weight, table of, 1938 

Metering devices for liquid-materials packaging, 
1895, 1690 

Meters, graphic (sae Graphic metera) 

Methocel, 1930 

Method reoord-time study, 50, 51 
Methyl oeUulose, 1935, 1936 
Methyl-methacr,, vtc resins {see Plastics niatcriala) 
Micromotion Btu<ty, 49, 50, 74 
MilUvoltmeter, 685 
Mirasot, 1924 

Mixed-pressure (mechaniral-drive) turbines, 593- 
595 

Mixing tanka, rubber-lined, 784 
Modulus, scale, 1693 
Moh teat for hardness of glass, 1906 
Moisture, thermal conductivity affected by, 1620 
Moisture content, control of, by air conditioning, 
1472 

measurement of, by electrical ronductivity, 691 
Mol per oent-veight per cent, 1721 
MoUier chart, 339, 342 

Moment of inertia, cylinder, equation in determi¬ 
nant form for, 1772 
rectangular plate, 1727 
Monel metal, properties cf, 1580 
K-mon«l, 1580 

Welding and silver bcaaing of, 1580 
Monsanto pcdyvinyl but.rral, 1932 
Mortars, aeidpropf, 148-152 
Motion, periodic, vibration, 1841 
Motion study («se Work shnplifleation) 
Motor-lmee drives, pivoted (sec Pivoted motor- 
baah drives) 

8pring-*8utomatte (are Spring-auiomatLC lootor- 
vbaae drives) 

Motor bearings, electric, oil-fteallng methoda for 
aleeve-type, 131?, 1318 
(files olao Bearings, electric motor) 


Motor dtlvoa, eleotrlt, alternating h-e, 

power souroa convemion eqnipnWt; 

1253-1262 ' ^ 

adjuatable^ne^piency typo, 1254^121^ 
direct euirent, a-e power tO^Moe oonvendon 
equipment, 1236-1253 
electronic adj'ustablB-voltagB type (ll^dt- 
o-trol), 1249-1253 

aelf^xclbed 4hunt adfuatabta^ypltage 

type, 1240-1242 

separately egeited shuht adjustable- 
voltage type, 1242-1244 
eeriee adjustable-voltage type, 1237- 
1239 

Motor-generator sets, adjustable-frequency (a-o) 
drives, 1254-1256 

Motora, electric, aitomating-curreiit, 1221-1234 
basic speed and torque formulas, 1221-1223 
squirrel-cage induetion type, 1223-1230 
primary-voltage-eontrol speed adjust¬ 
ment, 1224-1230 
starters for, 1229 
synohronDua, 1234 

wound-rotor induction type, 1230-1234 
secondary^Bsistance control speed ad¬ 
justment, 1232-1234 

direct current, compound-wound type, 1215, 
3216 

series-wound type, 1216-1219 

armature-resistance speed control, 1218, 
1219 

shunt-wound type, 1207'-‘1215, 1219-1221 
speed adjustment, by armature-reeist- 
ancD control, 1210, 1211 
by firid-excltation eontrol, 1211-1213 
torque characteristics of and speed ad¬ 
justments for, 1209-1215 
fire hasards and prevention, 228, 229 
inspection for, 22B, 229 
power factor improvement, by induction type 
of, 911 

by synchronous type of, 912, 913 
short-circuit-current contribution of, 
slip-ring starters for synchronous type oi, 
1132. 1133 

sr>aed adjustment and control by centrifugal 
governor for universal type of, 1235, 1236 
hydraulic. 1293-1297 

speed control of, 1295, 1296 
torque control of, 1296 
types of, 1296, 1297 
and machines, vibration in, 1807 
causes of, 1807 

prevention of, by resilient suspension, 1807, 
1808 

"transmiBsibility ratio," 1807, 1808 
Mot-o-trol electronic dnve, 1249-1253 
MR-resins, 1924 
Multilayer welding, 833 
Multiman charts, 49 
MunU metal, 1578 

N 

Needle roller bearings, 1183, 1184 
Neoprene development and apidiceti&ns, 166, 167 
Network of scales, graphical mathematics, 1748 
Neutral »one, defined, inatrpmentation apd Con¬ 
trol, 768 

Neutron, 1681 " 

Nickel, pro]K!rticB off 1580 
silvcr-braxing, aoidering, and welding^ cif> 

Nincd prism, 1651 

Nitric acid recovery from plant^ wastes, 1504 
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Ifdaft «i>al^ lor w«tdrHM>oUa$ tbivierfi. 563, 564 
K0te» fiiewiuifns«iit luid redue^on (im Koise 
Vlbr»tioii) 

iroti« mduftrial, 1863-1868 

■tt-bChni 9 noise, 1861, 1862 
Qontvol of, 1861, 1862 
noise ira&BiniMilon thzDU^ ventilating 
esrstems, 1881, 1862 

diBiriimgni’transinitted sounds, 1862, 1863 
faotcm influenoing emount of, 1862 
struetural-borne noise, 1862-1867 
floor and ceiling etructuree, 1864, 1886, 
1867 

design of, 1866 

machine-vibration transmission, 1864, 
1866 

nieehanJcal vibration, 1862 

vibration isolation for control of, 1862 
wbH structures, 1863-1865 
design of, fundamental principles influ- 
mcing, 1863 

insulatian-value improvement methods, 
1863, 1804 

theory, general, 1858-1861 
noise levels in buildings, table of, 1866 
sound, characteristicB of, 1858-1860 
Nomographic charts (ttee Graphical mathematics) 
Nonferrous allays, ozygen-cutting’-pcwder-cut- 
ting pjOcess for, 846 

Nonferrous metals, welding of, 837 

NonunUorm scale, graphical mathematics, 1694 
Nuclear fission, 1683 
Nylon, 1929 

0 

OAloe methods (mc Supervision, tools of) 

Offset, instrumentation and control, 701 
Ohmmeters, static-ground testing by, 238 
Oil, fur generators, 228 

for hydraulic transmissiona, 1287-1290 
head loss in pipes, 1288 

equivalent lengths of fittings, 1280 
maintenance of properties of, 1288-1290 
for transformers, 227, 22B 
(iSse also Lubrication) 

Oil-burnsr explosion hazards, 210 
03 coolers and filters for circulating oiling sys¬ 
tems, 1316 

Oil grooving for bearings, 1313-1315 
Oil-lantem piston-rod lubrication. 1335 
Oil motors, packings for, 1368 
03 separator for refrigerating comprcsanre, 1334, 
1335 

OQing systems, circulating (ses Luhricatinn, circu¬ 
lating oiling systems) 

Oily waste, fire hazards of, 231 
storage of, 231 

Open-kettle temperature control (i«e IWsoss con¬ 
trol, automatic, applications of) 

OpeiMnouth bags (nee Bags) 

Operating perfomianee, incentive wage methods, 
61 

Opmation charts, work simplificaiion, 49 
Orjj^ic ae^ reeovsiy from plant waates, 1594 
Organic acids in plant irast<», neutralization of, 
1597 

Olganic matter wastes, vrater ccmtamlnation by, 
1589, 1590 

OrgantZaUoA Supervision, elements of) 
supervisory oitd wage-roll (ms Maintenance 
fttadamoatals) 


Oadflatora, se^, 1678,1670 
Otto cycle, temperature in air nMlire, aqualiun 
in determinant foran for, 1775^ 1776 
Ov^, fire extinguishment for, 235 
fixeproof oonstruetion of, 234, 286 
grounding of, 235 
Oxidation, defined, 190 

Oxyacetylene torch for silver-allc^ braslng. 828 
Oxyaostylene welding (se« Welding, oxyacetylene) 
Oxygen cutting, 837-847 
blowpipes for, 840, 841 
cutting nozzles for, 841 
premixing type of, 840, 841 
tip-mixing typo of, 840 
cutting machines for, 841-843 
stationaiy shape-cutting type Of, 841, 843 
magnetic ternplet far, 843 
strip tenijuet for, 842 
cutting speed ranges for, table of, 840 
equipment required fOr, 840-843 
ferrous metals, adaptable to usual methods of, 
table of, 

and nonferrous metals outtzbie by special 
tecliniqiies of, table of, 839 
gouging by, 847 

high-carbon and alloy steels. 847 
heat-treatment far, 847 
flame softening as, 847 
machine cutting, 844-846 
low-carbon steel, 845, 846 
circle cutting, 845 
multiface cutting, 846 
multiple-blowpipe cutting, 845 
plate-edge preparation, ^6 
stack cutting, 845, 846 
maehimng by, 847 
manual cutting, 843, 844 
Circles and irregular shapes, 844 
hole piercing, 844 
metal preparation for, 843 
operations possible in, 839 
oxygen lance for, 843 
quality of cut made by, 846 
*'drag,'’ defined, 840 
Special techniques of, 846, 647 

cash-iron cutting, manual, 846, 847 
flux cutting, 846 

torches for (see blowpipes for, above) 

Oxygen gas in tanks, 216 

Oxygen-gas torch for silver-alloy braxing, 823 

Oxygen gouging, 847 

Oxygen lance, 843 

Oxygen machining, 847 


Packagprl-materials handling (ms Materials han^ 
dling) 

Packaging eqtdpment, industrial, 1867-1901 
bagging equipment, 1890 -1 ^4 
Dontainor bag packer, 1898 
open-immth liags, 1890-1892 
auger paekem for dusty materig|b, 1861« 
1892 

bag holder and scale for manual filling 
of, 1891 

bagpng rates. 1690 

haimak machine for weighing, fillmg, and 
dosing, 1890,1891 

vdve-bag packer wei^d^t adiustmedt, 1894 
valve-bag packers, types of, 1892-1#6)4 
rase packers for candid and bottled goods^ 
1896-1898 

closing and sealing equipment. I898-1^i 
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«aulpm«ati fibeilKiiird boxes, 1900, 

mt ,. 

1699-1^0 

ffi]lif|gfo«ituii»mft«ii^ lfl»i, X«B9, im^tm 
IHIW, 181^, 1889 

ilinitti-fiUmilt ei^aiptoestf .188^1896 

8«y iiMteti#l»/~d«aentl;ietLi^ 1894. 

^888 

niAtertiils, eontrols lor, 1898,1896 
^uipmeiit, lS8flr«1880 
gItMB ireighiiifc, 1^0 
net ivelgbing, 1889, 1890 
leed controls, 1890 
PAckim^ 1848-1400 

deanitiooB of, ASTM Standard. 1348, 1849 
fabrination of, 1351^ 1354. 1355 
inaterUls tisod lor, 1349-1356 
testing and evaluation of, 1396-1400 
bimOh teeta, 1397-1399 
Aeld tests, 1390. 1397 
laboratory tests, 1400 

types and appliOations of. diaphragm alaasLfi- 
oation table, 1394 
diaphragms, 1393-1390 
l^DWB, metal. 1394 
bellows expansion joint, 1396 
diaphragm pump. 1394-1396 
iloat valve, (£aphragm>paeked. 1396 
Heiuid piston diaphragm pump, 1395 
molded diaphragms, 1395 
Saunders valve, diaphragm-packed, 1395, 
1396 

valve stems, diaphragm-paekcd, 1396 
expaniuon iointe, 1373 
gaskets, 1356-1359, 1374-1379 
flange gasket olassiflcation, table of, 1374, 
137S 

flange joints, 1356-1359 
functions of flange-joint bolts, 1356, 1357 
gaaket teoonimondations, chemical service, 
table 1377-1379 

utilities aud general i^rviee, table of, 

1376 

hydraulic cylinder, 1294 
hydraulic turbines, 1371 
radial seals for, 1371 
niaUst ball joint, 1373 
spherical packing for, 1373 
piston, 1368, 1366, 1360-1393 
ehemical serviees recommendations, table 
of, 1391-1393 

conventional tyiies, table of, 1390 
utflities and general services reoommendar 
tions, table of, 1391 
pumps, 547 

radial-seal-type sliding contact packing. 
1363 

radiskl teals for bearings imd gear rases, 1372 
rod, plunger, and ram, 1366-1368 

and abaft, eheinical Bcrvioes recommenda¬ 
tions, table of, 1386-1380 
dsaBifiGatiOn tables, 1380-1385 
utilities and general service recoianmoda- 
tions, table of, 1385 
rotaiy iliaft, 1309-1372 
motors, 1371 

air compreaeors, recipro¬ 

cating. 1371, 1372 
centrifugal pumps, 1369, 1376 
flilll drivee and lu'akeS, J37l 
h^dnaultc tiirhlurs, 1371 
intenuil oowibustion en«in««,. reciprocating, 
071 


and applioaticitC ofi^JUbsty 
propenn shafts, 1871 ' 
rotary displaeament ^;pumpa, 070 
rotary gas oompfaBsors, lOtl 
rotary shock a^orbers, 1871 
steam turbinesi 7369 
swivel joints, 1371 
turbo pumps, 1376, 1371 
seals, 1369-1372 
axial. 1370 

ceiOrilugal pumps, 1370 
labyrinth, 1390, 1370 
stea^m turbines. 1369, 1870 
radial, 1363, 1371. 1372 
bearings, 1372 
gear castsa, 1372 
hydraulic tnibines, 1371 
water, 1369 ' 

steam turbines, 1369 
sUding-fiontact, general, 1361-1866 
crevice corrosion of, 1364-1360 
leakage of, 1363 
typ« of, 1363 

valve disks and seats, 1359-1361 
valve stems, 1372, 1373 
sealing methods for, 1372 
Pallets for materials handling, 1418 
Panel boxes, Are protection and pre'^^tion through 
insintenanoe of, 229 

Paper, and albed producta, basic industrial costs 
of, 10, 11 

ooordinatp (see Coordinate paper) 

Paper bags, multiwall (see Containers, bags) 

Pap€}r packings, 1356 
Pambula, 1690. 1691, 1796 
tangent to, at point P on, construction of, 1691 
from any external point P, onnstruBtiDn of, 
1691 

Parabolic and/or hyperbolic curv’^es, 1796 
Parametric representation of curve, 1765, 1766 
ParanoL, 1924 
Paraplex, 1924 

Paishall water-flow measuring flume, 1591 
Partitions, Are, 261 
Poseal's theorem, 1285 
Patents. 1941-1051 
applicant for, 1042 
definition of, 1942 

inventor, sole or joint, defined, 1942 
patentee, joint, defined, 1042 
application for, 1942-1946 
abandonment of, 1945. 1046 

reviving abandoned appUention, 1945,1946 
allowanoB of, 1946 
notice of, 1940 
amendment of, 1944 
claim or claiius, 1943 

division, two or more inventions claimed in 
application, 1944 
appeal to Board of Appeals, 1944 
rieotion of spedea, 1944. X945 
drawings, 1943 
filing fee. 1043 

interferenoes, detearmining pri^mfey gl in^mpr 
tion, 1946 

petition, 1942, 1943 
procedure in^ 1944-1946 
rejuetiop of, 1945 
appe^ to Board of Appeal, 1945 
relat^ ^appUtation, oontinumtion m 
1946 

specification, 1948 
afidgnment of, 195(^ 1951 
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exteb^on of, lOSl 

lofreiga.^ 194B 

tr. fi. imtent aiipUo^tkm, tilufi Umit lor filing, 

infrislgexDent of, lfi£l 
ibventkm, 1949, 19S0 
abandonment of, 1949 
date of. 1940, 1950 
iikteiferences, 1049, 1950 
reduotion to practice, actual and construc¬ 
tive, 1950 

Value of invention-development record, 
1050 

secret practice of, 1949 
ownership of, 1950, 1951 
patentable inventione, 1046-1948 
elaasee of, 1945, 1947 
art, proceaa, or method, 1046, 1947 
oompoeition ol matter, 1947 
composition or mixture of two or more 
substancBB, 1947 
design, 1947 
machine, 1947 

manufacture or article of manufacture, 
1947 

plant, vegetable. 1947 
requirementB for, 1947. 1946 
novelty, 1947. 1948 

knowledge and use, 1047, 1948 
patented and described, 1948 
Utilitarian, 1048 
tests for determining, 1948 
critical proportions, 1948 
design invention, 1948 
prior art, 1948 
reisBue of, 1951 
term of, 1942 

design-patent term, 1942 
Pay performance, 61, 63, 65 
Pebble miUs, 1551-1553 
Fenacnlite, 1924 

Pendulum systems, vibration, 1802 
Penetration measure of grease, 1312 
Pentalyn, 1924 

Periodic motion, vibration, 1841 
Permanent magnets, 1661, 1662 
Perpendicular, construction of. 1688 
Perpendicular scales. 1608 
Petrex, 1924 

Petroleum crude o3 hydrocarbon classification, 
1304, 1305 

Petroleum gases, liquid, in tanks, 216 
Petroleum products, basic indxiBtrial coete of, 14 
Petroleum refining, areas of, 351 
refining procedure for, 1306, 1306 
pH measurement, electrometric, 688 
pH value, effect of water pollution on, 1589 
Phase angles for forced vibration, 1806 
Phenac, 1924 

Phenol-furfural resins. 1923 
Phenolic-base compounds, cast and laminated 
(ass Plastics materials) 

Phenolic sisal resin, 1924 

Fhotofdieniical prooess, ultraviolet light for, 1642- 
1644 

Photoelectriic cell, 1672-1674 
Phthalic aikyd resins, 1924 

Physics in Industries {see Pllectronios; Infrared 
rays; Maguetisni; Polariaed light; Kadio- 
activity; Seiiaratton, cpTitrlfugal and gravity; 
Sonics and ultrasonics; lUtravioJet light; 
Vibration, mechanical; X rays) 

Pickling. ailvTO-alloy brasing, 825 


Pifikling tanks, rubber-lined. 783 
Picte and wharves, fire proteottofi lor, 208 
Pissoelectrio aound generator, 1678 
PileB and piling, 102 
(ormulaa for driving. 111, 112 
Pipe, 727-737 

dimensions and weights of. fables of, TSl-^TS? 
brass and copper. 73G, 737 
welded and seamLess steel, 734, 735 
wrought etecl, 731-733 
expansion of, 737 
linear, table of, 737 
fluid friction loss in. 530, 1287 
pressure ratings of steel pipe, 737 
Pipe fittings, 745-747 
fianged, 749 

areas of and equivalent pipe lengths, table of. 
749 ^ 

types of, 747 

Pipe insulation (see Insulation, pipe) 

Pipe materials, 728-737 
alloy steel, 730, 734 
ASTM Bpecifications, 720, 730 
brass, 736, 737 
carbon steel, 728-730 
copper, 736, 737 

copper-bearing steel, Toncan iron, 736 
wrought iron, genuine, 735 
Pi|>e welding by electric arc, 814—816 
Pipes, and fittings, rubber lining of, 778, 770, 784 
installation details for, 787-701 
flow of steam through, equation in determinant 
form for, 1771 

freezing of water in, data on, tables of, 769, 776 
head loss in, for oil, 1288 

equivalent len^h of pipe fittings, 1289 
heat transfer into cold, 770, 772 
heating, as cause of fire, 241, 242 
Piping, for dust control systems, friction resist- 
anre ill, 1525 

general specifications for, 1517-1519 
pressure drop in, 1526 

or network for automatic sprinkler systems, 
254 

sweating and frosting prevention by insulation 
of, 770 

Piston packings, 1368, 1369 

conventional types ol, table of, 1390 
recommendations for, chemical services, table 
of, 1391-13D3 

utilities and general services, table of. 1391 
Piston-valve packings, 1369 
Pitch roofs, 157 

Pitot tube for air-velocity meosarement, 1467, 
1470 

Pitting, metal, 1574 
Ply variable-speed unit, 1083-1085 
Pivoted motor-base drives, 1026-1046 
advantages of. 1046 

American and Hockwood bases for, 1026-1029 
American base, application rangei 1027, 
1028 

ceilmg, floor, wall, 1027, 1028 
coniiteuctioa of, 

dimenuons of, table of, 1040, 1041 
Bclcction of, table for. 1034 
bearing pressures for. solution of, 1036, 1038, 
1042 

belting for, 1030 

^iongatton of, 1029, 1030 
length, width, thickness fur, solutinn for, 
10^7 

llockwogtl base, applkration range. 1027 
ceiling, floor. v\^l, vertioal. 1027 
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Vt b 4 «lotor<4>«i^ WmI 1to«k- 

wood bpCMf inT, BYtokWOTxl llftHC, «Dtl- 
vtniei^on 

ilisQir typci, dtkn^iottf tdf table of, 1436, 
4436 , ma 

ifdt0otii>&< of, iablofor, 1633 
diOieultiea of, ovDtiKrjtuiiij^ of, IMS 
efBoieneiee of, 1031 
inatollatlitm of, 10^45 
motor float or vihiNdikm of, 1030 
motor-rotor float of, 104S, 1046 
pivotKsenter dutaante, graphioal method for 
determiiuiig, 1031, 1043 
^ pulley oeoterB for, 1030 
pulley diameteTB for, nunimom, table of, 1031 
Planetorque reducen (tee Gear-taduction uniis) 
Ploakon, 1925 
Plaapre^, 1923 

Plastic floQTB, TBsUl type of, 132 
Plastic packings, 1352, 1353 
PUshcB, 1919-1940 
olassiflcatiohs of, 1920, 1921 
by behavior, 1920 
thermoplasties, 1920 
theriTiosettinR, 1920 
by ohemioai oomposition, 1920, 1921 
oellulosibs. 1921 
naturals, 1921 
thornioplastie resins, 1921 
thermosetting resins, 1921 
comparisan of, 1921, 1922 
vs. inetala, 1937-1940 

comparison of, by weight, table of, 1938 
compressive strength-weight values of, table 
of, 1940 

distinctions of, 1938 

moduli of elasticity in tension and specihu 
gravities, table of, 1940 
selection of, engineering factors for, 1936 1939 
strength-weight properties of, comparison of, 
table of, 1939 

natural, oasein cold-molded, lignin, shellac. 
1921, l^j 2 

(,9ss (dao llubber, natural and synthetic) 
Plastics manufacture, fire and exploaion hazards 
of, 224, 225 

flammahUity of, 224, 225 
Plastlca nutcrials, 1922-1937 

benzyl eellulose (trade name: Hercules benzyl 
cellulose), 1935 

casein (trade names: Ameroid, Galoin), 1930 
cellulose acetate butyrate, 1934 
chemical effects on, table of, 1934 
cellulose acetates, molded (trade names: Am- 
pftcst, Fibestos, Koppers, Lumarith, Nixon 
a.A.. PlastocolB, Tsnite I), 1932-1934 
cellulose acetates molded, high-aoetyl acetate, 

1934 

cellulose nitrate, 1935 

cellulose propionate (trade name; Fortied), 

1935 

oold-molded compounds, 1937 
types of, 1937 

bitumen, eement, and resin binders, 1937 
ethyl cellulose. 1935 
industrial resins, 1923-1925 
aikyd resinS. maleio, (trade names: Amberol, 
Arbchem, Beckasite, C-0, Carbao, Dulux, 
DymsI, Ziewisol, Paranol, Pentalyn, 
Petrex, Teglac), 1924 
phtholie, (trade names: Amberiac, Aroplas, 
l^cko^, iPulux, Duraplex, Dyal, Es- 
twol, Fslkyd, Glyptal, Miraaol, Rezyl, 
Syntex), 1934 


PSaatmi mAtarisIs, mdagtina ves^> a%d vpidm , 
Bisbade (trade name: I9S^ v 

aniline-lonnaldehyde msitia, 1928, 1924 
furan resms (trade namea; Burakm, Fafo- 
tone, Plaspreg, Hesln X compqunds), 11^ 
phcuoNurfural resins, 1923 
])lienolio sisal, 1924 

polyester resins (trade names: Bakidii« 
polyester rosma, Kristen, Imininac, |fl8t- 
reeins. Paraplex, Baakon, Seleetron, Thslidr 
Vibrio), 1924, 1925 

reBorcinoUfoTmaldehyde resins (trade namea: 
Araberlite, Bakeltte resorcmol^ormsilde- 
hyd^t Casoophen, Durez, Duiite. Laupdte, 
Penacolite, Phenac, Plyophen, Taeealin), 
1924 

lignin-base compounds, 1936, 1987 
melamine-base compounds, .molded, 1927 
methyl eeUuIose (trade name: Metfaocel), 193S, 
1936 

methyl-methaCT>late resins (trade names: 
Lucitc, Plexiglas). 1926, 1929 
chemical Tesistanee of, 1929 
slow solvents for, 1929 
phenolic-base compounds, 1922, 1923 
cast, 1025, 1926 

chemical reaction ('’cure") rate, 1923 
cloBsificatian of, by flUer, 1923 
effect of acids, alkalis, heat, sunlight, and 
organic solvents on, 1923 
“heat reversibility" of, 1922 
postforming of, 1925 
laminated, 1925 

NEMA nomendaturc for, 1925 
polyamides, nylon, 1929 
polyethylene, polythene, 1929, 1930 
polyisobutylene (trade name: Vistanex), 1936 
polytetrafluoretliylenc (trade name: Teflon), 
1936 

shellac (trade name: Complae), 1937 
slyrenoB, 1927, 1928 

chemical resistance of, 1928 
cross-linked styrene copylymem, |926 
modified polystyrene, 1928 
polydiehloretyrene, 1928 
styrene elastomer, 1926 
styrene variations, 1928 
ureD^baac compounds, molded, 1926, 1927 
colors of, 1926 
heat on, effect of, 1927 
Under writers' Laboratories, Ino., approval of, 
1927 

water alworption. of, 1926 
vinyl polymers and copolymers, 1930->932 
polyvinyl acetal, 1932 

polyvinyl acetate (trade names: Elvaeet, 
Gelva, Vinylite, Vinysewl), 1931 
polyvinyl alcohol (trade names; Elvanolt 
Resistoflex Compars), 1931 
polyvinyl butyral (trade names: ButIUsite, 
Butvar, Horco X, Monsanto polyvinyl 
butyral, Saflex, Vmylite), 1932 
polyvinyl chloride (trade nmnns: Chemskoo, 
Geon, Marvinol, Tygon, Viaylit©)^ 1991 
polyvinyl ohloride-acetate (trade naiafn,: 

Chetnaeo, Tygon, Vinylite^, 1931 
polyvinyl formal (trade names: Fonnme mag¬ 
net wire, Formvar), 1931,1932 
vinyl chloride, vinylidene ehloride eC|mly- 
mers (trade ngmes; Oeon, Glif^ex>| 1932 
vinyl]dene chloride, Baran, 1930 
Plastooele, 1834 , 

Plate glass, tempered, 1914 
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lMiMV64h|ittDkiA£diuMifi«a1ioii^ table of, ld80*'1385 

I’lSFiradd boxet, 1866 

fiyWoQ4 drums, 1878 
PiiSiiintttk boat unSuaderB, 1407 
Pnevoalao ear unloodere, 1400, 1400 
J^iUsMCinyoa f^ujoip for, 1406 
FnoiiiWMic CQCLTeTbBg, 160O-1M0 
pnenaisctlc sonveyoni, types nof, 1510*>1516 
hiflb’^relooity air oonv^on, 1514, 1515 
dry-bulk materials bandlinfi; f514 
low-velocity air oonveyorB, 
air reqiisremeats for, 1512, 1518 
tdow-^nmgh pressure feeder system, 
1512 

blov-ldirough system, 1511 
diaw-tfareugb. systom, 1511 
mjector sjiatem, 1512 
aogdvorkilU! plant appUoataon of, 1513, 
1014 

jmeumatio-tube ooziveyon, 1610 
l^Bumatle^oyllnder pacldtig, 1367 
Pneumatic ^tem of ash bsiidliiis, 610, 613^ 614 
Pneumatic time-temperature oontrul, 714 
Pneumatic tranamiseion of moaeureiDents, 717 
Pneumatic-tube convey on, 1516 
Foisson'a ratio rangee lor f^aea, 1806 
Polanmeten, 1653 

Polarity of riectrio-arc-welding current, 6Q0 
P(darlKed light, 1650-1655 
applications of, 1552-1655 
gunslKbts, 1653 
polaiimeten, 1653 
polarising screens, 1053 
stress analysiB, photoelastic, 1653-1656 
nature of, 1 650-1652 

mechanism of liglit and its polarisation, 1650 
Iceland-Bpar polariser, 1651 
Polariser, Iceland-apar, 1651 
Pdarizing screens, 1653 
Polarograph, 682, 690 
Pollution, water, 1589, IJjOO 
acid and sllmli wastes, 1589 
floating matter, 1589 
orgazuc matter, 1589 
suspended solids, 1580 
taste and odor prodiicere, 1590 
toxic materials, 1690 
PcdyamideB, 1920 
Palydichlorstyrene, 1928 
Polsrester resine, 1024, 1025 
PoLyetkylene, polythene, 19ZB, 1930 
Polyieobutylene, 1936 
Polystyrene, modifled, 1928 
Polytetn^uorethylene (Teflon), 1936 
Polyvinyl anstal, 1932 
Polyvinyl acetate, 1931 
Polyvinyl alcohol, 1931 
Polynrinyl bu^ral, 1932 
Polyviiqd chloride, 1931 
Fdyvinyl eldoride-aoetate, 1031 
Pdyvinyl formal, 193l, 1932 
Paeitionihg oantroh photoclectiic, 1074 
Posittyo-dtiplacemeiit hydraulic transmissions 
(see fFismsmissions, hydraulio) 
Positivw'^Splacement rotary motors, 1295, 1296 
PbsitiveH^placemeut-type pumps. 1290-1293 
^Ptnattohikg^, eketrio-power measurement by, 
413, 414 

<5es aUo Instruments, electricidjly aotu- 


Pottap^Buehy4ii>lih*4gia, I#!. 

Pour test for lubricatiDg ml, Im 
Power, atomic, future of, 1688' 
d6fliiedv332 

units of, horBepowa* and kiktsatt, 332 

Power belting (see Belting, power) 

Power oycia, defined, 332 
Power diatributiott, eleetrle, SflMlS 
costa bf, faetors hifluencing, 804-856 
demand factom for, deterdrinatum el, 891 
electrical equipment used in industrial plantH, 
854 

electrical system, 859, 851 

design factors for, table ol, 851 
unit functioning d, 850 ^ * 

fault currents, electrical fatdts, short circuibi, 
B81-BB1 

alterns^ng-current circuits, 889, 890 
cascading of breakers, 890 
determination 882-891 
primary power sources, 885, 886 
three-phase transformen, 8M 
direct-current eystema, B8S, 889 
fuses for protection againsty 891 
motors contributing tp short-circuit cur¬ 
rent, B85-888 

protective equipment for, 881, 882 
grounding of rieotrical syskm, B95-900 
accidental ground hasards, 8% 
equipment grounds, 896 
high-voltage systems, 890, 900 
purpoeee of, 896 

secondary a-c systems, 690 volts and 
below, 897, B98 
system grounds, 896 

hazardous iDcations, equipment and wiring 
for, 880, 861 

imiKirtauce of electric power tu industry, 850 
interior wiring systeuis, 876-869 
conductnm fur, standard, 902 
metering and instrumentation for, 881 
selection of, 876« 877 
type comparison, 877-880 
voltage fur, 876 

lightning protection for dectrioal equipment 
801-895 

efTectiveness of, evaluation of, 805 
lightning arresters, 892 
miscellaneous equipment, 895 
transfunucT, 895 

low-voltage distribution, 869, 870 
methods used in, 869, 870 
power and ligliting, 899, 870 
supply method comparison, 869, 870 
power-rfartur improvement 909-915 
capacitor units fur, 913 
induction-motor selection, 911 
investment justification., 914, 91^5 
synchronous condenseis fpr, 914 
synchronous motors for, 912, 913 
primary-feeder Installations, 875, ^6 
priinaty feeders for, 875, 876 
underground cables for, 875, 8? 6 
purohas^ iw. loesdly generated power, 903- 
909 

locally generated power, 003-005 
by-product power generation, 
desirability ^ using, factors determinint, 
903-909 

savint^ possible in, 866-856 
service distribution methods, 870-4174 
overhead cables tfanders), 870-874 
adHAntages and disadvantages ol^ 870 , 
871 
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«ai«fyio^ (tfni^TB ), ap- 

eP#4i»^ ittiolAmantleii fmr, «7l, gT^I 
, oi^ S7i 

, type of, ^73 

«v. vai&mecouBii^ tKUkUve coat If^iton of, 

W 

voltage 4rop for, $73 
, waii^«ip^)«oof t5ii^ of, S73 
1!tiidarsr(aii^iaed» $70-374 

Advaatages a&d dteadvantagea of, ^1 
appUcatfom feconnoonded for, 871, 873 
qs^teifw of, 8l|i$-863 

eoinparaUve peifomu^^ of, Uble of, 863 
oompaiayve peifomka&oe oi eoaventional 
««. imit'type oubstatioii, table of, B5B 
oonveatipAal, 858, 856 
pdmaiy roltafle, 860, 861 
eaaondaiy voltage, 861-803 
uiiit-type auheiationa, iiutallai^it and 
operation featorea of, 850. 800 
voltage of pximaiy ayatem of, 803-86S 
ch^ce of, facton governing, 864, 865 
voitagfa seleetioii, 865, 866 
nquipm^i-uti^atton voltages, table of, 
866 

voltage eomparison, fable of, 867 
voltage variation, 867-860 
Voltage>4rpp liiuita, 868, 860 
voltage standardization, 867 
Wiree and cables for, 900-003 

analysis of types of oables, table of, 904 
initial coat ooimideraiiona, (i63 
loW'- and inecUum-voltage arc circuits, 
voltage drop for, 903 
seleotion factors, 901 
wiring system, 851-858 
design factois for, 851, 854 
Power drives, vibration control by maintaining 
alignment of, 1813 

CiSTse also TransmisBiun, electronic, by- 
drauhe, mechauicaljl 
Power eqaipm<«t, hydraulic, 1290-1301 
aBeuinulatii^A, 1300, 1301 
intensifiers, 1300, 1301 
iDotoiB, 1293-1297 
ptimiie, 1290-1293 
valves. 1297-1300 

Power factor, justifiable investment l«r improve¬ 
ment of, 914, 915 
measurement of, 418-420 

thermal converter for, 418-430 

(Sea al3o Power distribution, eleotriuj 
Power meeauremaiit, papfaic, 411-431 
aPplioationB for, 411-413 
cbemicsl industry, 413 
electnc power plants, 411 

tele metering in, advantages and uses, 412 
iadustrial^plant oiwratiun, 412, 413 

eJectric rates for, demand and energy 
charges) 412 

plant elitctno-laad record, 413 
li^oweivfactor record, 413 
instromenta, 411 
grapihic meters, 411 

primary^leinent connection in, 41<5-420 
jglteniatipg^uiTe&t jjAaasyrement, 420 
aftemating-voltage measurement, 420 
jwlyphase altematinig'CurpBnt power meas¬ 
urement, 415 

BlondoK principle of, 415-417 
totaHsing-curreni 'trattsfwrniep*. 4X6 
poljrphase atternaiing-^^ncrant watts, 415- 
417 


metfflfs for, 418 

ihemud otiihverteis for, 418* 48$ . 
reactive volt^ampere maasdreinniriL 417 
etosB-phasing, 417 
primary elemnntfi for, 41>-415 
alternating currant, 414^415 
thermal wg^tmeter ofre^vettar, 4H, 41S 
direct cutreift and voltage, 418 
d* Aisonval measuring element, 413 
direct-currant watte. 413, 414 
j^lectrodynamometer method of measur¬ 
ing. 413 

poteDtioxneier prinCiide of m^uring, 
413. 414 

telemetering, 420-431 
definition of, 411 ^ 

graphic meter records* 428-430 
automatic integrarion of, 428H30 
interconnected-oystem applicatimi, 480, 
431 

telemetering channels, 427, 428 
direct-current, 427 
nnpulss, 428 

teJameteniig systems, 420-428 
diraot-Gurrent. 420^22 
diract-curreut-voltage, 422 
frequency, 420, 427 
high-rate impulse, 425, 426 
impulse, slow-rate, tune duration of, 422- 
424 

iuipulsB-matchinR, 424, 425 
selectiDii factors, 42B 

channels, equipment costs, feliability, 
428 

totalizing of electric-power measuriBinerat, 
defined, 411 

Power-plant cycles, 344-350 
industrial, 347-350 
llankm, 344-347 

Power-plant theruiodynamios (ses Tliermody- 
namics) 

Pomcr plants, elcotric, graphic power measura- 
nient m, 411 
telemetering in, 412 

Power totalizing, graphic (see Power inesaure- 
iiient, graphic) 

Power trailsluissions (see PHectronic drive; Trans- 
nusaions, hydraulic, mechanical) 

Pow'er unit, €99 

Preheaters, liBat-iecovery application of, 4ti2, 403 
PreHura, boiler, 384-388, 390-392 

definitions of various pressures, abwdiute, 331, 
1458 

atmospheric. 1457 
barometric, 1457 
gauge, 331, 1458 
vaeuum. 1458 
vapor, 14G1, 1463 

explosion, gasoline vapor apd air, 210 
measurement of, 331 

Pressure-actuated iustrumenta (4es Inatrumenta, 
pressure-actuated) 

Pressure control, 716 
Preesure head, defined, 1284, 1265 
Pressure lubrication of refrigeniitiag comprsBaaiB^ 
1333 

pumps for, 1334 
Pressure oiling by gravity, 1316 
Pnissuro ranges of steam turbiiaes. 430 
Pressure releases for fbaiiimabLe gases, 214 
Pressure^ratief dam p amdor 1496 
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veAfit Are vnA^&ag 81 ^ 

___: .287-289 

for, 287, 288 

■|*riiii«iixy E6e«fol« (4«e Po^cr distribution, eiuotric) 
|*ii|iia^^volta8& oontrcil, aditietment of s-o 
induction niOt^m by, 1224-1220 
Piimary^Toltage ^ybteniB, 860, 861 
ProcM* control, automatic, 604-712 
actfoOB of, 703-712 
av^r^lS^posiltion, 706 
ootreotlvB, 712 
dodivativB, 712 
difforetttial gap, 703 
floating, 712 

floating avcrage-poQitioA, 706, 707 
Hooting rate, 7Q7, 700 
floating apeed, 703, 704 
integral, 712 
multiple, 712 
mnltipoBitipu, 703. 704 
mtfltiapeeil floating, 70S, 704, 706 
neutral zone, 703, 704 
positioning, 712 
proportion^ band, 706 
proportionabplus-derivative, 700 
pfoportional-plus-flciating, 712 
pro pc rti 0 n al'-pl us -fl o atin g>p1 us*d eri vati ve, 
712 

proportional-plus-reset, 700 
proportion^-phis-reset-plus-ratB, 709, 711, 
712 

proportional-position, 706 
proportional-speed floating, 7U7, 708 
rate, 709 

rate time, 709, 711 
reset rate. 709, 710 
single-speed floating, 703, 704 
tm>-po8iiion, 7l2 

two>iiu8ition djirercntial-gap, 703, 704 
two-position single-point, 703 
applications of, 712-723 
centrifugal puntp, vaciiutn control, 717 
closed vessel, 716-718 
differential-pressure liquid-level control, 
718 

pressure control, 710 
temperature control with presBure re¬ 
corded, 716 

distillatiun equipment, 721, 722 
Dowtherin vaporizers, 719 
photoelectric flame detector and pres¬ 
sure 8 wi tehee, 710 
pressure oontroller, 719 
drying kilns, temperature control, 719. 720 
electrical transimssicm, 717, 718 

differential-pressure control, 717, 718 
fraotionatuig column, 722, 723 
heat exchangers, temperature control, 71!) 
humidity control, 721 
open-kettle temperature control, 712-716 
«dec tri c-pn eu mati c ti ine-teni peratu re oon- 
tiol. 713, 714 

heating and cooling control of process- 
control agent, 7l5 

heating and cooling in one-contrul sys¬ 
tem. 714 

on-off temperature control, nlecirio 
immersiDn heater, 713 
pnenznatic time-temperature control, 
714 

rnpid heating, 713 

aatitrable-reaetor-type electric heatf^r, 
716 

thjma^way diverting valve. 713 


Proce«ip apntroli aatomatlc, i^tjpiicatfo&s o(f« pneu¬ 
matic transmlBsion, of tnoaaurementa 
for pressure control, 717 
in ratio flow-control syfttcm, 718 
shutdown systemB, 721 
steam-cjoctor-vacuum control, 7l7 
lomperaturo-differeuce ineaHurcmcmt, 718, 
719 

automatic controllers, characteristics of (re¬ 
lay-operated controllear, relay-opi^ated 
controlling means, relay-operated meas¬ 
uring means, self-operated roatroller, 
self-operated oontrolling means, self- 
operated measuring means), 690, 700 
elements of (controlling means, final oon- 
trol slemcmi. flow nozzle, measuring 
means, power unit, primary element, 
Totan^ter), 698, 699 

eharacteristicB of (control point, cycling, 
desired value, deviation, erroT, offset, set 
point), 701-703 

elements of (automatic controller, control 
agent, controlled medium., controlled and 
manipulated variablca, process). 695, B9(i 
industifol prooessea. basic eharacteristics of 
(capacitance, capacity, dead-time, rc- 
sistanoc, self-regulatUm), 606-698 
Process tanks, rubber-lined, 762, 783 
Process-variable measurement (see Instrumenta¬ 
tion and control) 

Produrt-anal 5 ''BiB process chart, 49 
Product-quality control and testmg, 677, 678 
Productive efficiency, 61 
Pro|)ellpr pumps, 541, 542 
Proi>eJlcr shaft packings, 1371 
Pru[>r)rtiunal band, automatic process contrrd, 
706 

Proton, 1681 

Psyclirunicter, sling, 1460, 1461 
Psyehrometric charts, 8turtevant and 'Westing- 
house, 1465, 1467 
Psycbronietric table, 560 

i*Bychroiiictry (see Air Oonditioning, industrial 
proressj 

Pulleys, flat-belt. 987-989 

diameters and revolutions, formulas for, 
987, 988 

selection factors for, 98B 
specifications for, 988 
speed capacities of, 988, 089 
types of, 988 
PuJsD generator, 1079 
J’ulverizing, Coal, 1504 

Pump control for hydraulic transmissions, 1297 
Pump-controlled vaiiable-sjieed fluid drives, 
1260-1271 

Pump diaphragms, 1394-1396 
Pump discharge linea, water-hammer protection 
for, 553-558 
Pumps, 534-552 
efficiency measurement of, 552 
for fire protection and prevention, 250, 251 
fem hydraulic transmissions, 1290-129$ 
axial-piston rotary-plunger type, 121® 
crank and piston type, 1290, 1291 
gear type, 1291 

radial-piston rotary-plunger type, 1291, 1292 
vane type, 1292. 1293 
packing for, 547, 1367, 1869-1871 
seals ior, 447-540, 1370 
shaft seals, 547-549 
fieleotion of, 542 
suction liudtatioos on^ WS% 
terms used m pumping, 550, 551 
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puMpt, 1:^ of, 

airimnifo (Au^lift, ^lupHusenieiit, jei), 510. 
617 

«ei^ii^u£iil, 634^0 

o 1 uim&fi 9 n 0 Ui» of, SSl'-SBO 
multutage, 640 
Bbo» pftOkii^ for. 1369, 1370 
ftxial «ea1fl for, 1370 
dbiglo-BiRgO, ^6-540 
dooenjoupled, 637, 638 
oooUot piiintiB, 640 
«tedle^inoui»ted, 636 
doublo-euctioa, 537 
spodol appliftAtioQB, 63$, 630 
sump pomps, 540 
IKTopoHer, 641, 342 
redpToeatiag, 642-545 
paskingB for, 1367-1369 
piston pftckitt 0 i, 1366, 1369 
seieotiaa facton, 545 

types of (duplex; double-acting, simplex; 
double-aoting, Mplex, singlo- and double- 
Bctuig), 544, 545 
rotary, 545. 546 
packing for, 1370 

rotary-displacement, shaft packings for, 
1370, 1371 

turbo, shaft packings for, 1S70, 1371 
work required of, determining, 551, 552 

Purge systems for ocntriiugal refrigeration nia- 
chines, 644 

Push-bar oonveyora, 1417 

Pyrex-brand glass and piping (tee Glass spe¬ 
cialties) 

Pyrometer, 1074 
radiation, 687 


Quadratic equations, 1709, 1710 
Quality control methods (see Buperv'inion, tools of) 
Quantity and ra'^' (process) variable (see In¬ 
strumentation and control) 

Quarter-turn belt drives, flat, 987 
V-ljelt drives, 1009 

R 

Radial-piston rotary-plunger pumps for hydraulic 
transmissiona, 1291, 1292 
Radiation, definition of, 190, 1606 
fiSse alto Heat transfer) 

Radio-frequency indiiotion heating, 1667, 1668 
Radioactive materials, protection from injury by, 
1634, 1635 

Radioactivity, 1681-1683 

atomic power, future of, 1683 
Guiie unit of measure of, 1682 
discovery mid advances in, 1681 
isotopes, radioactive, 1682 
applications of, 1682 
Oelger-Mueller counter, 1682 
nistallurgioal proeeBses, 1682 
radioactive tracers in, 1682 
nuclear fissioa, 1883 

persoxuiel safety in radioactive work, 1683 
structure of matter, 1681 

fundamental particles of, 1681 
Bfeetron, neutron, proton, 1681 
uraniupi pile, 1681, 1^2 

Radius of gyration of circular cylinder, equation 
in datermittant form for, 1772 
RailtDad^ar unkmders (sss Materials handling, 
buHit materials) 


Rampa, Are prqtactioii .Ihr, 203 
Rankin cycle for power plants, 344‘-347 
Rato time, automatic ptotoss eontool, 706,711 
Ratio, extramo and meatt^ division of line in^ 1688 
Rayleiilh'B solution cd vibration pr^ema, 18^ 
Rayon packings, 1354 
Rays, focused, as cause of fire, 194 
Reactive volt-ami) ere inBssurement, 417 
Reciprocating-eompresBion refrigeration systems 
(sM Refrigeration syetemsi reciprocatii^- 
cempraeston type) 

ReciproDating engines, external lubrication of, 
table uf^ 1328 

and maohines, vibration contrid for, 1852-1854 
spring-isolated concrete foundation mount¬ 
ing for, 1854. 1856 
vibration control in, 1809, 181Q 
Lanehester balancer for, 1810 
Reciprocating pumps (s 4 Be Pumps) 

Reciprocating steam engines, torsional vibration 
in, 1825, 1826 

methods for overcoming, 1825, 1826 
Lanehester dstnper, 1325, 1826 
Recorders, grapliic power meaMurement, 411 
Records, office (ate Supervision, tools of) 
Rectangular channel with unifoHu flow, equation 
in determinant form for energy oemtent for, 
1774, 1775 

Rectifiers for X-ray tubes, 1629-1631 
"Red circle” rates (««e Job-evaluation plans, 
adiuinistration of) 

Reducmg-valve turbines, 692, 693 
Reduction to practice of patents, 1950 
Reduction units (see Gear-red notion units) 
Reflectors, infrared. 1646, 1647 
Refraction, light, defined, 917 
Refrigerant-teak detection, 620 
Refrigerant-plpc-line insulation, 768-775 
RsfrlgerantSp 616-639 

antifreeze in refrigeration sj’xlem, 627 
characteristics of, 61&~(i2.3 
fxjrrosiveness, 618, 619 
critical temperatures and pressures, 622 
density, 621, 622 ^ 
liquid, 622 
vapor, 621, G22 
effect of, on materials, 620 
explosibility, 619 
flaniruabihty, 618 
freesing points, 622, 623 
inertneBs, 019, U 20 
leak detection, 620 

halide torch for Freon leak detection, 020 
rate of, 621 
miscibility, 623 
odore, 617 
stabihty, 619 

surface-wetting ability, 621 
toxicity, 017, 018 

compiessors for varioua types o|, 624-626 
pressures, 625, 620 
condensing and Bvaporatov, 625, 
operating head, 620 
vapor dispUcem^t of, 025 
definition of, 010 
early, hasM'ds of, @17 
handling of, 827-629 
first aid for tniury due to, 028 
eye^frigeraut eontact, 02i8 
fume exposure, 028 
noBCHt throat-f^rigerant oontsiet, 62$ 
skin-refrigerant contact, 038 
satoty in, 627, 62S 


1908 



mmsx 


heaii xA, )024» ^25 
Wcw^wer ptit tost €2^^ «»7 
*h]|ltoicMtio?i of vefrigemiit 6i28, €24 

wedMoA^ of direct a^d mt&nwt^ €1€ 

imettre o&d oompremioa rai^ of. €20 
|i]rO|>ertiecr of.’029-€89 
ammonia. €86 
CX)s. €35 
S'moa XI. 6^ 

FiBon 12. 030 
Fmon 21. cai 
Freon 22 , G32 
Freon 113. 033 
Fceon 114, €34 
iaObutane, 638 
methyl chloride, 637 
methyl formate, 638 
methyLene chloride, 639 
euifur dioxide. 638 
reqnirenienta for, 016 
eeleetion basis for, 027 
fluperheat values of, 626 

for uae with rociprocating-oompreBaion ayatema, 
650 

uthity versus cost of, 627 
wanaiofl affenta in, use of, 627 
water removal from refrigeratina ayatem, G27 
Refrigerating-eompreasor lubncatiou. 1331-1337 
chart for, 1336 

Befrigemtion cyclea, centrifugal-refrigeration ma- 
chinefl, 642, 043 

reelprocating-comprcBaion Syateme, 651, 652 
Refrigeration-machinery lubrication {see Lubri¬ 
cation) 

Refrlgedhatloa macdiineB, centrifugal, 640-049 
Bpplioatious of, 048, 648 
brine cool era for, 643 
enntrifugal compreBBora for, 64(Mi42, 644 
capacity of, 644-047 
control of, 644-646 
range of, 646, 647 
operating principle of, 640 
surging of, Control of, 646 
Bondenaers for, 643 
diffusers for, 040 
evaporators for, 043 
history of, 640 
inspection of, 648 
maintenance of, 647, 648 
operation of, 647 
shutdown, 647 
etarting, 647 
purge systema (or, 644 
refrigeration cycle, 642, 643 
single-stage, 642 
steam-turbine drive for, 649 
Refrigaration ayatema, 650-058 
ammonia-abeorption type, €55-658 
abaorber preaaurea, 658 
cooling-watet rates , 658 
steam rates, 658 
ammonia-water aolutiona, 656 
thermal properties of, 655 
applmation of, 658 
capaorty of, 658 
lonaea in, causes of, 658 
equipmeiet for, 657 
opeintioii of, ^6, 657 
primary requisite in, 657 
steps in, 056 

rseiprweafing^mpreBBlon type, ^50-654 

candeaners for, 652 

atE-codied, evaporative, water-eooled.^ €52 


Re^rlg 

evapega^urs ior, f%2, 653 
plantHopcratitm requirements, 654 
reciprocating compressom for, thSO 
caparity ol^ 658 
capacity control, 653 
horimntal and vertical types of, 650 
refrigerants for use with, ^6^ 
refrigeration cycle, 051, 052 
Refuse-handling systems (ses Ash hsodibg) 
Register control, photoelecisic, 1674, 1675 
Rehlmck fonnula, rectangidm^Uppressed weir, 
1760, 1751 

Reinforced ooacret&fise Concrete, reinforced) 
Relative humidity constant, psychrometric 
phenomenon of, 1490 
Remainder force, vibration, 1823 
Repair and ttiaintenance of buildings (see Ton- 
Btnictinn, materials of) 

Repair-order control. 276 
Re^rvoin, impounding, 300 
Reset rate, automatic process contrid, 709, 710 
Resilient suspension of maohinery (sse Vibrntion) 
Resin X compounds, 1823 
Resins, industrial (see Plastics) 

Resistance welding. 704, 785 
electronic control of, 1670, 1671 
Resistoflex Compare, 1031 
Resonance, vibration, 1804, 1866, 1843 
above and below, 1806 
RRsoreinol-forroaldehyde resins, 1924 
Retaining walls (see Concrete, reinforced) 
Reynolds number, 1287 
Reayl, 1924 

King roll mills, 1542, 1543 
Risers for automatic sprinkler system, 254, 255 
Rivets, shear strength of, equation in determinant 
fpm lor, 1771 

Rocking-chair system, vibration, 1802 
Hockwood motor bases (see Pivoted motor-bane 
drives) 

Rod mills, 1564^1556 

Rod, plunger or ram, packings (see Packings, 
types and applications of) 

Rods for Dxyacetylene welding, 831, 8,32 
Roll rrusher, 1538, 1538 

Roller bearings (see Bearinfi^, ontifrictlon, types 
of) 

Roller chain, hnished-steel (tee Chain driving, 
chains for) 

Roller mills, 1544, 1545 
Rolls for crushing, 15S6-1538 
Roofing (see Construction, materials of) 

Roofs, fun-resistive, 188, 233 
Rotameter, 089 
Rotary pumps (see Pumps) 

Rotating equipiueni. Vibration control in, i854 
Rotors, critical speed for latersd vibration of, 1828 
unbalance in, 1805 

Rotoreeals for Airflex clutchefi, 1115-1119 
Rototrol regulators and unite for d-d motors, 
1244-1246 

Rowan eanung ourvt, 66 
Rubber, GR-8 (see Rubber linings) 
uatund and gynthstio, 165-171 
basic industriaL ooate of, 14 
natural rubber, X03.164 
eompetition with syntherio rubber. 16^ 
price variatiem, 103 
proeessing, chemiinil, 164 
vulcanising, 164 
{0ee alee Rubb«nr Jinlagg) 
plastisa-rubber oomparisott, i64, l65 
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MMmw- **«* pa^l4«B-rubber 

, pUs- 

^ m. I6B 

i^rw^ iB^i iftS 
tliftrtii0gxUi^tlfi-tyfMi paKstitaf, 164 
l>rDpen|<N» of, m» 16fi 

fili^a^otlo-rubbet ioaterialfl, 

tu,m 

(Sm dsQ ll'lwtioe) 

pi^pearties of mbbor, boaic, 163 

eoxnbmod, 103 
phyfiioat, 167,17D, 171 
“brittte point/’ 170 
jpwolliifigf in vaHoitt liftiiiiiB, 171 
tensile etieneth, 107 

properties of synthetie rtibker, pliysinsl, 
Ifi7~l7l 
dsnaity, 1^ 
eiectricsl, 168, 103 
Olongation at break, 168 

effect df tempcsrature on tensile strength 
and elongation at break, 168 
low-temperature properties, 169, 170 
brittle point/' 170 
solvent rasistanee, 170, 171 
tensile strength, 167, 168 
suniinaiy of properties of natural and syn¬ 
thetic rubbers, table of, 170 
synthetic rubber, 164-171 

competition with natural rubber, 164 
development of, 164 

types off principal (buna-N, buna-S 
(GR-iS)j butyl rubber, neufireue, eilisone, 
thiokol), 166-167 

Rubber belting {see Belting, power, tyfies of) 

Rubber flours, 152 

RuUMT-lined procees equipment, 776-791 
biick liouigs izif 781 
care and maintenance of, 761 
engineering considerations for, 787-791 
metal pi^ of, 777-779 
BpecifioatimL«x fur, 777-779 
pipe and httmgs, 778, 779 
w^od steel tanks or other welded parts, 
777, 778 

pipes and fittmgs, lining installation in, 788-791 
engineenng consideraiions fur, expansion 
and contraction allowances, 789 
{niessure drop, 789 
pressure limitationa, 788 
section length speoificatioxiB, 789 
Strain relief, 790 

stTBSses, soft- and hard-rubber linings, 
789, 790 

supports and anchors, 791 
vacuum service, 788 

tanka, lining installation of, engineering eon- 
eiderationa for, brick-lined, 787 
IttesBure, 787 
TBCuum, 787 
types of, 782-786 
bleach tanks, 783 

ODitaalve-h'quid bulk transportation, 786, 766 

exystatiising tanks, 764 

evaporatora rntd crystiriligers, 763, 784 

ioil^’ilxtetchangS tanks, 763 

mixliig tanks, 784 

pfoom tanka; 782,783 
aeanbhiiig toavers, 784 
spacinl aQuipmeht, 783 
ate drums, im 
^theagetsnka, 7S2 


BiAberJ-779-780, 

dotaffael, 17B-781 
equipment neoessai^r 780^ 731 
Rubbtt Mqgi, 773, 777 
Batumi mbbw and 773. 777 ' , 

abrasion resiatanee of, 777 
cheuucal resistanee of, 776 
Contamination preventimi 777 
dieiectne properties of, 777 . 

physical properties of, 776, 777 
temperature resistance of, 776 
repairs to, 7S1 s 

synthetic, 777 

thickne^ of lining for general roquirements, 766 
Rubber packings. 1349-1362 
natural, 1349-1361 
reoiauned, 1362 
synthetic, 1361, 1352 

Rubber products, basic imluetrud costa of, 14 
Ruggles-Coles driers, 1571 


BAE Bpecifications for steel shafting, 993 
Safiex, 1932 

Salt-bath heatmg for silver-alloy brasiug, 624 
Bait-spray tests, 1577 

Baponification number for lubricating oils,. 1310 
Bamn, 1930 

Saturated air, properties of, 1461, 1468 
Saturated steam, 394, 395, 1460 
properties of, 394 

Saturation, fundamental law of, 1406, 1489 
Saunders valve, 1365, 1396 
Scale, graphical, 1093 

representation of function by, 1693, 1694 
equation of the scale, 1693, 1694 
logarithmic scale, 1694 
range of values, 1694 
scale equation, 1694 
nonunifoTm scale, 1694 
scale modulus, 1693 
umform scale, 1694 
Scale deposits, 1617 
Scale factors, introduction of, 1708 
Stales, graphical, control of distances between, 
1768 

network of, 1748 
perpendicular, 1698 
stationary, 1694-1698 
Boarf joints in silver-alloy braaiqg, 820 
Scheduling rack, maintenance, 279, 280 
Scroeiis, polarizing, 1053 
Screw ooH'veyors, 1413, 1414 
Scrubbing towers, rubber-lined, 784 
Scuppers, 204 

Seals, hall and roller bearing, 1320, 1821 

shaft (axial, labyrinth, piaton-ring, mdial, 
Bpht-radial. water), 1309-1371 t 
Sebacic alkyd resins, 1924 

Secundary-resiBtancti control, speed adlustment 
of wound-rotor iaductiou itontore by. 1232^ 
1234 

Secnndary-voltagB gystem of electric power ^s- 
tribution, 861-^3 

Sedimentation and sedimentatinn-baftin deriKn 
(see Water punfleation and tineatineiMr) 
Belectron, 1925 

Ball-aligning ball beatings {•«« IMirinjEs. bnH:) 
Sensible heat, defins4< 

Sepanilen, eentrilhflpJ. nltrapenkrifttget 0if»d- 

burg.), 1080, l0g| 

gravit^gonsiml priMpkn e| 2iree eet«iini^.'|ff?!8. 
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' SvfiKramm. iBaciwtic‘(m Maiiwtuiii) 
firf latuMla^khaa, 1D4 
a(M»iinieali 803-30fi 
flettUnie bftBiiui, 3o0 

iftxiks for drciilaittie oUins 

1317 

IScwoni (tnd munliulitfi, dani;crouB in, tatile 

of,2ld 

filiaft defieclaon, flexible, ISflfl 
vHsratiOii ae e*uae of, IflOS 
iBlwft paekinsB, olwwifltjetioii of, teble of, 1380- 
138S 

rotaryHB^kaft packing, 1300-1372 
Bbaft seals for pomps, 347—349 
Bfudtliig. 089-993 

elongation and reduction of, 990 
fatluree of, 990, 991 
git)up-drive, 991-993 
ideotifleation of, 991, 902 
head shafts, 992 

jack and counter Bhafis, 992, 993 
line shafts, 992 
moduluB of elasticity of, 990 
BAE specification numbers, 993 
sise determination of, 991 
primary factora for, 991 
tensile strength of, 990 
torsional vibration of, 1824-1826 
types of. 989-991 
aUay steel, 990 
cold-Anished steel, 989, 990 
physical prafierties of, 990 
llAE numbers, 990 
hoWolled steel, 9B9-991 
physical properties of, 991 
SAE mimbPis, 991 
yield point of, OUO 

Sliear strength of rivets, equation in determinant 
form lor, 1771 

fibsaves for V-belt drivcR, 1004, 1005 
Sheet-metal welding by eloctrio arc, 810-812 
SbeUac, 1937 

Shielded are welding, 795, 796 
Shock absorbers, <louble-actmg type of, vibration 
control by, 1809 

shaft packings for rotary type of, 1371 
Short circiiita (see I’ower distribution, electric, 
fault currents] 

Shutdown systems, 721 

Silent chuns (see Chain driving, chain tyjies) 
Silica-gel equipment (or air oonditiuning, 070-072 
KUcate glass (mc OIbbs) 

, Silicon iron, Duriron or Corrasiron, properties of, 
1579 

SUicons rubber, 167 
Silicones ($ee Lubricants] 

Silver, properties of, 16^ 
welding of, 1580 

Silver-alloy brazing and silver alloys for brazing 
(«se Brazing, Bilver<«,11ny) 

Silver solder, pro|)«rties of, 1580, 1581 
^ropson's rule, 1787, 1788 

Skids (zee Materials handling, packaged materials] 
Skip hoista, 1407, 1406 

Blabs, conerete (see Concrete, retnforcpd, Iveanis 
and slabs] 

Slack banelB. 1678. 1679 
Slat Conveyors, 1417 

Bleeve-tsrpe bearings for eleciris motors, 1138, 
1139, 1147-1140 

Dfl-sealing,methods tor, 1317, 1318 
l^eeve-valve packing, 1368 
Slidlng-eoffl^toel pack^s (ms Packings, tyfm and 
applicfidicoia of] 

Sling psyebtometer, J4fl0, 1461 


SSp-ringataitei, 1121-1133 
application eisbaraeteristics of, ll$3 
{unctions of, 1121-1133 
overload release, 1123 
torque contrul, 1121-1133 
gradual acceleration by, 1124 
horsepower capacities of, table of, 112G 
relation of horsepower to eoclficient of friction, 
1123 

theory of, 1121, 1122 
types and applications of, 

coupling type, one direction and rcvemiblp, 
1126, 1127 

diiiiensions of, table of, 1128 
integral type, gear, pullry, sheave, sprocket, 
1127-1129 

dimensions of, table of, 1128 
synchronotMP^motor application of, 1132, 1133 
typical insUUations of, 1130, llBl 
Stops angle of belt conveyors, 1434 
Slump test for concrete, IIG. 117 
Bmokeproof tower, 203 
Sodium atom, Bohr's model of, 1640 
Soil (see Foundations) 

Solar-heat transmission, 1483 
Solder, procedure for using, 1581 
properties of, 1561 
Solenoids, IGGO, IfiGl 

Solid-wtjven cotton lietting (see Belting, power, 
typps of) 

Solvent recovery, nkethods of and equipn^ent for, 

211, 212 

explosion hazards of, 211 
Solveiitn, cKplosion hazards of, 210 
Sonics and ultrasonics, 1G78, 1679 
oscillators, sonic, compensator tyi>e of, 1678, 
1C70 

sonic vibrations, 1678, 1679 
sound generators, types of, 1678 
upinpressed air, 1678 
magnetostrirtion, 1678 
piezoelectric, 1678 
ultrasonic vibrations, 1679 
applications of, 1679 
nondestructive testing, 1679 
pulse generator, 1679 
Sound, charact-eristics of, 1858, 1859 
frequency of, 1858, 1859 
intensity of, 1658, 1859 

loudness of cummon sounds, table of, 1814 
loiidness-uniWQcU>el curve, physiological re¬ 
action of human ear, 1860 
masking cfTect. on, IBOO 
ineoHurentcnt of, table of, 1860 
Sound analyzers, 1813 

Sound gcncratorH {gee Sonics and ultroacuicM) 
Bound-level meters, 1813 
Sparks, electric, as cause of Gre, 193 
SpedGc heat, defined, 1459 

Bijectrometcrs, ultraviolet and X-r«y diffraction. 
692, 693 

8|iertmphoU)meter, 1673, 1674 
Spectrum, electromagnetic, 1625 
noise, 1814. 1815 
Specular sniface, defined. 917 
Speed contrni, eleetricsdi 1204-1262 

B-c motor drives-a-D power source, 1221'-«]1234- 
motors for, types of (a^, equirrsl-eajce 
induction, synohronous, v^ound-^rotor in¬ 
duction), 1221^1234 

Brc motor drives-anB power spuree awd fl6n- 
verSion equipmenti 1253-1262 
adiustoblc-freqoenqy driven, 1254^1262 
induction-generator mta» 1256-1262 
mutoT-generator seta, 1254-1256 
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4At»» 1260, 1261 

«diiSuitft|Ew oi, 1204 

(i’^ xvwtor dciveft'-^-e povfW *ouroe mul con- 
. irettoion 1230-1263 

ll»a electf&nk jidiuri^^le xnolor driven, 

1240-1233 

Mt>i-o-tt<d dJnxe. 1240-1253 
0-1] B«lf-«xidte4 fihmit adjuatablervolUee 
OrivOB, 1240-1242 

(i-« lwparat«ly excited dhtmt adiaetable- 
roUage drives, 1242-1244 
fctatrol regulators, 1244-1249 
series adjustable-voltage drives, 1237- 
1230 ^ 

rototrol unita, operating princUiles of, 
1245-1240 

d-e motor drives, advantages of, 1236 
d-c motor drivee-d-c power source. 1207-1221 
d-e sbunt-wound motor drives, applica¬ 
tions of, 1210-1321 

graphlDal analysis for selection of, table 
of, 1223 

motor characteristics, 1219 
oomparisun of, 1221 

motors for, tyres of (eonipound-wound, 
series-waund, shunt-wound), 1207-1219 
electrical drives, 1204-1207 
olassifieaiion of, 1205-1207 

constant horsepower and torque, 1205 
constant torque-oonatant horsepower, 
1205, 1206 

variable torque, 1206 
motore for, 1207 

NEMA speed classlhcatiun of, 1207 
torque-horee|>ower-output-Bpeed relation¬ 
ship, 1204 

selection factors for, 1204 
universal motor drivas, a-c and d-c, a-c or 
d-B power source, 1234—1236 
chgcactpristicB of, 1^4 
universal Motors, 1235, 1236 

speed a(.<jjstjneiit and control by cen¬ 
trifugal governor, 1233, 1236 
of hydraulic motors, 1203, 1296 
f^peed regulation by electronics, 1G72 
Bphcrangular roller bearings, 1198 
Hpherieed mller bearings, 1109 
Bpiral-bevel gear reducers, 1006, 1007 
Spiral chutes, materials handling, 1417 
Spiral element, 681 

Splash-oiling lubrioatinn for refrigerating com¬ 
pressors, 1332, 1333 
Spontaneoua ignition. 188, 192 
causes of, 230, 231 
substances liable to, 231 

tendencies of oils and liquids to, iodine absorp¬ 
tion, 232 

Spray-booth fire and explosion hosards, 212 
Spray ponds and towers, 566, 567 
Spring automatic motor-baso drivea, 1046-1048 
dUnensiona of, 1043 
installation of, 1043 
ratings of, tablo of, 1047 
selection of, 1046 

Spring constants, hnear and torsional, 1835, 1836 
Spring mounting for vibntioin contcol, drop¬ 
forging hammers. 181L, 1812 
motossand maehmes, 1B07, 1808 
reeipmoating engines and machines, 4852-1354 
Spring stispensions, 1807, 1303 
Sprinffit Qod, longitudinal vibrations in, 1626-1828 
Sprinkl^ protection, autoinatie (nee Fire protec- 
tieSi and prevention, automatie sprinkler 
^tenis) 


fipiricichnts,^ 6nishnd4tMl roUsv tdinin, lOfiL hOSg 
silent ehiun, 1056» 1067 , **5^. 

Stability ol nafrigerants, 619 

8tajxdeiwj|]loya,prf^ifiir^ l&pi. ifigg* , ' 

austenitic, 1681.15ijg6 
complex, 1531, 
ferritic, 1531, 1536 

Stainless lf‘6na, commeroiaL, aiudysea, properties 
and charaDteristioB (d, table (d, 1532-16^ 
Stainless steels, commercial, analyses, properties 
and eharacteristies of, tablaof, 15Bi^l585 
oxygen cutting of, 846 

pow^ar-cuttiag proeess for, B46 
Stairways, fire protection for, 203 
Standpipes for fire pioteBtion and prevention, 
247, 248 

Starters, arc multUpeed squirrel-cage induction 
motors, 1229 « 

slip-ring (see Slip-ring starters) 

Static conditions, 1842 
Static defioction, 1844-1847 
Static electricity, detection of, 237, 238 
electrostatic voltmeter, 237, 238 
neon-tube tasten, 238 
fires caused by, 194. 195, 237 
neutralising of, 237 

statiB-ground testing by ohmmeters, 238, 239 
Voltage measurement by gold-leaf electro¬ 
scope, 238 

Stationary scales, graphical inatbomatiDS, 1604- 
1698 

adjacent, logarithmic, natural, 1695 
Steady state, vibration, 1842 
Steam, chnracterietics of, 332-339 
distribution of lubricanta (atomization) by, 
1325-1328 
oil for, 1327. 1328 
dry, 332 

fiow through pipes of, equation in determinant 
form for, 1771 

heat content at different pressures and tem¬ 
peratures, 394 
saturated, 332, 1460 
superheated, 332, 1460 
total heat of, 1460 

Steam-cylinder lubrication (see Lubrication) 
Steam-engine packings, 1356 
piston packings, 1363 
Steam-g«nerating units, 384-410 
capacity of, 384 
equipment for, boilers, 384-392 
auxiliaries for, 394-403 
desuperheaters, 396, 397 
superheatera, 394-398 
heat-recovery equipment for, 307—403 
air heaters, 399-403 

oconoiuizeiB in feed-water heating^ 397- 
399 

types of, 384-802 
furnaces, 403-410 

liquid- and gaseous-fuel burning, 408-410 
heat-liberation rates tA, 409 
pulverized-coal burning, 408 
bottom water screen for, 408 
ContinuouB-slag'tap ash removal and 
drainage, 408 
design factors for, 408 
furnace volume for. 4C^ 
heat-libernilm rate4« of, 408 
hopper bottom for, <^8 
etokeni, for multiple-retort, heat^hbera* 
tion rate of, 404 

lor single^tort, heat-lilwration ririw of, 
403, 404 
epTCrader. 404 
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'N itokersv find dbatn-gmto, 4(^ 

m 

iraU-idootiitir vudace DdnlitruoiiDa 409, 
41U 

bwre-tube type of, 409 
downooiaer tubee, 409 
i$mr l!ut)ea^ 409 

idB^-|U« 80 urfi AtMun ceneraton, 393-S94 

oapaeity, 9H 

pfCOBure ohweiljoationfl for, 892 
sdoction of, 410 

luel-bumin^ and eieam-isenoratinK aquip- 
znent Dombmations, 410 
rating of, 384 

Steam gsneratOTB, higb-presflure, 392, 394 
Steam rate, ddOned, 332 
Steam tables, Liehty, 334-338 
Steam'tuibine evpanaioii lineis, MoUier chart 
showtng, 342 

Steam-turbine ganeraton («ee Oeneratoni, eteam- 
turbine) 

Steam-turbine packing, labyrinth, I3G9, 1370 
ehafi, 1389 
water seal, 1360 

Steam tuibinee (fe« Turbinea, steam) 

Steel produota, hailo industrial cnete of, 16 
Stitcli^ ootton-diiek belting (sec Belting, power, 
types of) 

Staiohiometry of oombuntion, noniographic chart 
for, 1758 

Stokers (see Steam-generating units, equipment, 
furnaces) 

Stop-watch time study {see Work enmpliOcation, 
time study) 

Storage tanka, rubber-lined, 782 
Straddle trucks, 1419 

Strapping, steel, for wood-box reinforoeineiit, 
table of, 1885 

StreBinline flow, heat transfer, 1615 

Strip templet for oxygon-cutting marhiurs. 842 

Stroboscope, 1843 

Structural welding by electric arc, 812-814 
Structure of matter, 1G81 

Struetures, subatructuree, and superatmeturfsH, 
94 

Styrenes (see Plastics inaterialB) 

Bulistanoe property variables (see Tnstnimenta- 
tion and control) 

Substation, unit type, for electric power distribu¬ 
tion, 8S9, 860 
advantages of, 859 
Suction head, defined, 1285 
Sulfur content of lubricating oil, 1310 
Sulfur dust, fire and explosion hazards, 224 
Sulfuric acid, neutralization of alkalis in plant 
WBstee by, 1595 

in plant wastes, neutralization of, 1596 
recovery of, from plant wastes, 1593, 1694 
Sump pumps, 540 
Superheat data on refrigerants, 626 
Superheated steam, 1460 

Supetheaiets (see Steam-generating units, equip- 
meni lor, boiler auxiliaries) 

Superfifliun, 26-47 
elemmito ot 20-37 
oommittM management, 33, 34 
ceordkatien, 32 
V funetitmaltzHtion, 32, 33 
line organization, 33 
line-aitd-stafF nrganizatio!il, B3 
1 organization, 29, 30 
supervisor, 26-82 
authority of, 26 


SuperwiiliMh dieinante rif, moierrisbr. duiiteaed;^2ft» 

leadership, 31 ' 

mteeptkm principle, 31 
reepmisibility, 28, 26-82 
creation od, 28, 29 
Taylor functional rnaimgBcnmit, 33 
tools of. 37-47 

cost-control methods, 40, 41, 73 
cost control, defined, 41 
cost records, defined, 41 
prime coat, defined, 41 
types of costa (capital, labm, material, 
overhead, soles), 41 
office methods, 38-40 
data claosification, 38, 39 
form, 38^ 
proQ^ure, 38 
recoitb, 38-40 

dynamics of recording, 39, 40 
symbols used in, 38 
types of, 39 
system, 38 

quality control methods, 41-46 
inspection, 42 

moasurement of quality variations, 42 
sources and tyj:}es of and detection of 
variations, 42-46 
mistakes avoidable through, 46 
quality control, defined, 42 
quality control foundation, 42 
Super^dsor (eee Supervision, elements of) 

Burfaca dehunudifier for air-conditioning systems, 
1505 

Surface finishing by infrared heat, 1649 
Surface temperature calculation, 1610 
Suspended-solids waste, removal of, from plaut 
effluent watent, 1594, 1505 
water contamination by, 1589 
Switch boxes and switches, electric, fire protec¬ 
tion and prevention through maintenance of, 
229 

Swivel-joint packings, 1371 
Symons cone crusher, 1536, 1537 
Hyntex, 1924 

Ssmthetic rubber (eee Rubber, natural and 
synthetic) 


Taooalia, 1924 

Tachometer, Frohins type, 1843 
Take-ups for belt conveyors, 1431, 1432 
Tangent, to circle, construction of, 1680 

of radius Ai with center at 0 and temgent U) 
fixed straight line, construction of circle 
of radius B, l6#9, 1690 

to each of three lines no two of which are 
parallel, drawing of circle, 1689 
to each of two fixed circles of mdii Hi and As. 

coBStruction of rirole of vadtus A, 1690 ^ 
to each of two fixed lines, consteiiBtiim of 
circle of radius H* 1689 
to ellipse, conetruction of, 1002 
to given line, passing of rirris throdgh two 
fixed points, 1689 ^ 

to paralmU, 1691 

at point 7* on hyperiiola, construction oif, 1893 
to two gi''^en circles, rknetruction of common, 
1689 

to two inside circles cl Vadit Hi and Be, 4m»u- 
stntc^n of Hrrie irf tadius Ht 1890 
Tank atmosphere indicatpim, 215 

im 



imMX 


MNio lit 

Tubb)^lb^^ T7T, 77i 
ot t691 

weia^i^* isai 

Tftpeii^ (fM ^pered 

rbM 

Taste- iM odpr^WSiieiftl WtatM^ ^tor eo&- 
tandnatioxi Isgr, 1590 
Taylor ^nctipnal umpacamettC. ft$ 

TefloJi, 1090 

pftcfciOjfiS of, l$0i^ 

Tpglar, 1924 

Telemetering, t^eiaetering ebatoele and ayatema 
(»ee Potrar meOaurameni, grapluo) 
Temperature, abaplute, defia^, 331. 145S 
mean, tluemal eo:i^duotivity affected by. 1013 
wet-bulb. 1400, 1404 

Temperature-air miktuFe otto cycle, eauatmii in 
determiiuat form for. 1775. 1776 
Temperature ooiitrol. alectrome. 1071 

(dba clw Prooesa control, automatic, 
aiiplmatioiia of) 

Temperatures of 48 statea. derngn dry- and wet- 
bulb, table of, 1477, 1478 
Temto I, 1934 
Tension aoatrolj 1134, 1135 
xnerhanioal device tor, 1134 
theory of. 1135 

winding and imwindmg operationa of, 1134 
Teon belliing. 076-978 
Termitee, proteetion agaanst. 201 
Textile 1875 

Textile null products, basic mduatnal costa of. 
10 

Tfaalid, 1924 
Therblig aymbola. 55 

Thermal eenductivity of imooellaneouB materials, 
table of, lOlO 1620 

(i8ee also Heat-tranefor proiiertics of 
materials 

Thermal Oouvortem for power-factor measure- 
msnt. 418-420 

Tbermal^ttiAg renn plnsttoa and rubber oom- 
panaon, 164, 105 

Thermal wattmeter or oonverter, 414, 415 
The'-moeouple, 686, 687 
Ttaennodynanuca, power-plant. 331-350 
eyde affieiency. defin^, 333 
definition of) 331 
energy, defined. 331 
enthalpy, defined, 332 
smaanrement of, 332 
entropy, defined 332 
oonstant-eatroi^ prooeas, 833 
beat, measurement of, 331 
apodlfio, defined, 332 
laws ofi 339-344 

first of, therm odynami 08 , 339-343 
egamptos of. 339-349 
heat-transfer devices and, 340, 341 
**l4aal*' eteam rats. 842, 343 
fsentropie expansion of steam, 342, 343 
Irteam expansion m turbrnes and engines 
and, 341-343 
lidtdher chart for, 841'-343 
thmttbfUg processes and, 348 
pOi^, defiuUiOQ of. 332 
saeond la# of. i^ermodl^mles, 343, 344 
splits of, bOiaepowet and kilowatt, 332 
power oydo, defined, aS2 


^^•wnedynaaddi, POWtr-plagt^ poWei^l^mt 
eydesr heat esjeoted to waate m atmos- 
phem Off eoofilng Water for vanous pownr^ 
tsHe of, 344 
indUainal, 347-3^ 

Kankm, 344-84^ 
flow diagnuA of, 344 
steam rate and toyole effie^Oy, 345.846 
presBuro, defined. 331 
absolute, defined, 33l 
gauge, defined, 331 
steam rate, defined. 332 
temperature, S3l 
absolute, 331 
absolute sero, 331 

water and steam oharaotensties, 332-339 
steam, dry. 332 

enthalpy-entropy ohaH. Mollier, 339 
eatmatod, 332 
superheated, 332 
wet, 332, 333 

steam tables, liehty. 334-338 
explanation of, 333, 339 
water, eompressed, 333 
saturation temperature, 332 
work, defined, 332 
Thermometer bulbs, 683 
Thermometers, rcsuitance, 687 
Tfaermopne in radiation pyrometers, 687 
Thennoplastic resins. 1921, 1922 
Thermoplastics and rubber ooinpanson, 164 
Themiosottmg resins, 1021, 1922 
Thmkol, 167 

Thrust ball bearings, 1202 
Thrust bearmss, sphencal-roller, 1199 
Tight Imrrels, 1879. 1880 
Tile walls. 158-160 

Time, autonuatic process oontrol, dead, 696 
Tims study Uee Incentive wage methixfa, Wmk 
Bimpkfi cation) 

Timmg, sleotronic, 1671 

Tobacco maDufarture, bssic Industrial eosts of, 9 
Toncan-iron pipe, 736 
Toncan-iron prupertiee, 1579 
lools of supervision (see Supervision tools of) 
Torches, for ox>ai etylene weldmg, 883, 834 
for oxygen cutting. 840 841 
Torque amplification, 1135-1137 
mechamca) amplifier for, 1136. 1137 
Torque control, 1120-1134 

design information required for, 1120, 1121 
horsepower, maximum, 1121 
overload torque, 1120, 1121 
running torque 1120, 1121 
starting torque, 1120, 1121 
of hydraulic motors, 1296 
lumt-torque oauplmg for, 1133 
operation and charaotetisties of. 1133, 1134 
slip-iing starter for, 1121-1133 

application tdiaraotenstics of, 1123-1125 
applioations, typioal, 1129-1183 
Komepower capaeitiim oi, table of. 1126 
relative ratings of, and motors, table of, 1126 
theory of. 1121, 1123 
typos of, 1126-1129 

Torsional 'pendulum, iSoadng ooi^ntemhalt, 1826 
Toisiunal spring constant, 1834, 1886 
Torsional vibration, 1824-1826 
Totalising, iwwpr-measuTeiwent (see Tqwstf teega* 
urenmnt, gmphm) 

TotaliBing'turtunt transformei*8, 415 
Toxic fixmm. maximum >allowRbi|« oornwntmtiioii 
of, tabid nf, 1435 


im 



imm 


' mut^ water aontaniioatil^ by, 

im 

Ttaotioir4y|»e elevator macliine, 1442-1144 
'Tiwde^toMlto diflpoaal («» Waete diepoeal) 
Transfortner fives, 227, 22S 
Xraneieiit itate, vibratioa, 1842 
Tnneitioii vone, beat trazwfer, 160$ 
Tranamwbility for damped eyetem, 1849 
ratio of, 18Q7, 1809 

Transttis^ita. hydrauUe pooidveHliaiaafienieiit 
1284-1802 

aoeumulatorB, hydrauUi:, 1800 
eirouite, hydraulic, 1801, 13'02 
appliqations of, 1302 
4cmgn and ev^uation check liai, 1301, 
1902 

control devices, hydraulic, 1207-1300 
pumps, 1207 
valysB, 1207-1300 
intoaaifierB. hydraulic, 1300, 1301 

multiple mtensiilor, impeller. 1301 
moton, l^draulic, 1293-1207 
apidieationa of, 1295 
hs^raulic cylinden as, 1293-1295 
Speed control of, 1295, 1296 
torque eoDtrol of, 1296 
types of, 1293, 1295-1297 
oil for, 12S7-1290 

maintenance of propertiee of, 12B8-12DO 
operation principle of, 1284 
putape (PDT), desirable perfornittnce char- 
acterietics of, 1290 
types of, 1290-1203 

conatant-displaoemeni, 1290-1293 
variable-displacement, 1291, 1292 
water and water emulsions for, 1287 

(iSee also Fluid drives; Hydrodynamirs; 
Hydrostatics) 

niechanioal (see Bdfinj;, power; rifain driving; 
Gear-reduction units; Pivoted iiiotor-baw 
drives; Spring automatic motor’base 
drives; V-belt drives; Variable-Sliced 
mechaaisins) 

Transportation, of flammaVile liquids and ga.Mes, 
212, 213 

and tran^ortation equipment (except auto¬ 
mobiles), basic indnstnal costs of, 18, 10 
Triangles, solution of, by law of tangents, 1720, 
1723 

Trickling filters for industrial-waste treatment, 
1901-U903 

Trippers for belt conveyors, 1436, 1437 
Tumbling mills, 1545, 1547 
Tungsten electrode for X-ray tubes, 1628 
Tnrbinei^ gae, 466-51B 

applications of, 46S> 499-518 
aircraft, 515-518 

jet-propulsion units, 51(^518 
turboBiiperchargem, 515, 516 
load, 499-502 

blast-furnace blowers, 501, 502 
electrir-power generation, 500 
oil refineries, Hoodry process, 468, 490, 
600 

rail, 506-515 
marine, 502-506 

construetion materials for, 490-499 
nUoya, 491-495 

comparison of forged and fiaoi, 494, 495 
hli^-tomperatuTe, 491, 492 
ceramics, 491 

dtoifm conaiderations, 407-4.')9 
gaa*!turbiae holtmg, 498 
pbyi4caf characteristioa of, 493, 494 


Tnrbineft gas, exmetruetaon materials for, pbyrioat 
chwracteriatice of, iireeip JSitea, 494 
preeiaiem-oaating prooeM, *'leet*wax** itruo- 
esa, 406, 497 
testo for, 403, 404 
atress-rupture, 493, 404 
control BOfuipment for, 467 
Byole Qompaiison, Carnot ^ele, 476, 477 
cycle-thennal elficienoieB, 472-477 
cycles for, 472-485 
basic, 472 
closed, 481-485 

advantages and disadvantages of, 462, 
483 

control of, 481, 482 
Eacber-Wyss. 481, 482 
8ulaer Bros, modified, 484, 485 
Weetiti^house modified, 483, 484 
regenerative, 473-476 
with intercooUng, 475 
with reheating, 474, 475 
and interoooling, 475, 476 
design features of, 468-472 
combustion chamber, 470, 471 
compressor, 470 

gas tiirbins-axial-compressor unit, 467, 468 
historical data on, 466 
maintenance of, ^7-490 
availability degree, 489, 490 
failure typtss, 488, 489 
reliability degree, 489, 490 
shutdown causes, 488 
operating principles of, 46&-458 

combustion gas turbines, open-cycle ty;ie 
of, 466, 467 

Holswarth turbine, 456 
operating procedure for, 485-487 
coiupreasor stability, 486, 487 

"pumping," unstable operation, 485, 487 
TQgulaticiu, 487 
starting, 485. 486 

performance characteristics of, 472-481 
ambient temperature effect, 479 
fuel Consumption, specific, 477 
fuel costs, 477, 478 
partial-load performance, 479, 481 
pressure ratio, optimum, 478 
h3'draulic, 578-590 
cavitation, 584, 585 
definition of, 584 

effect of, on turbine ojieration, 584, 585 
devriopment progress of, 578, 579 
field-unit operation of, 588 
inspertion of, 588-590 
lubrication of, 588-590 
performance tests of, 585-568 
runner-location, ealciilatioiis of, 584, 585 
shaft packings for, 1371 
specific speed of, 579-581 
testing of, 583-588 
field. 585-588 

efficiency c^culationB, 585, 586 
labctratoiy, 583, 584 
efficiency exfiected, Moody formula, 583, 
584 

speed factor calculation, 563, 584 
tyiies of, 579 583 
imp<i|sf\ 579 
579 

reaction, 579 

Francis turbine, 579, i>81r 582 
Kaplan turbine, 67«, 583 
propdllcr turbine, 582, 5B3 
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1aio^r4oe({*-piikBLp diivfii^r fKkO, 6Clt 
(tOoixifugal'^mprettsiHr 60^ 404 

ditfd^ve-<«idctrie-niuk»r i!Kimbiiiik.tion, 604 
<|«crtric-ifee]i9tatordriv9Br 602 
driveei au«iUaryi 6G2 
lAfXOT-iBftabio^ driv«ft, 602, 603 
polveiuec dnYtt» 602 
defiigiL factors of. fiOl, 502 
iiutaUatl<^ of, 604^7 
atisnmeitt. 604. 605 
foundations, 604 
ikliMug, 005, 607 
asltauet, 605 
small auicUiaiy. 605,607 
steam, 665 
opevalmti of, @07-606 
cfficieimy in* 60$ 
finrlHniA<«taTting, 6Q7 
goan, Bpced-tediidng, 605, 600 
lowopo^rer causes, 608 
lubrieaticu, 607 
regular operation, 607, 608 
vslves, hand, 608 
vibration causes, G05 

(5lee ofao Vibration; Vibration control) 
operation principle of, 52t 
p^onnanoe of, 597. 598 
eahauHt steam, beat in and temperature of, 
597 

tbtfmal efliciency, 597 
water rate, 597, 598 
partial oad, 597 
rated-load. 597 
theoretical, 597 

pressure and temperature conditions, maxi¬ 
mum, 596, 597 
selection of, 698 

heat balance governing, 508 
starting or x'morgency service, 598 
speeds, operat.iig, 598 

governor rontrul of, 598-600 
types of (back-pressure, bleeder, condensing, 
low-pressure, inixod-pressure, reducing- 
valve-hack-prcssure), 502-590 
steam, 433-463 

controls for, 439-445 

feedwater heating by steam extraction from, 

437 

lud saving effected by, 438, 439 
steam extraction flow rates, 438 
governing, 439-445 

speed and pressure combined, 442, 445 
governor regulation, 441 
pressure and speed, 441 
maintenance of (bearing liiiinga, casing 
erosion, governor and v^vo gear, lubrica¬ 
tion system, rotors, shaft packing, shafts, 
stoam-patb parts, thrust bearings, wheels), 
45»»463 

pccssufe -ranges of. 436 
redpclimi gears for, 452 
aooesiiories lor, 452 
Fteam rate of, 486, 437 
temperatnre ranges of, 436 
types of, automatie-extraction, 451, 458 
aeoesBories for, 461 
operation df, 458 
(tondensing, 43% 
aeaesBoriss ter, 449-451 
shutdown procedure {«’, 468 
Starting pxnoedure ter, 456*458 


TwUaegt steam, tyites bf, extiAetloa« 433-m ^ 
automatic, 43$, 435 
nonautematift, 433-436 ^ > 

low*pressute. ^2 * , 

aooesaories lor, 453 
mixed-pressuiie, 452 
aeeessoriSB for. 452 
noneondensing, 433 
aecessorieg for, 446-451 
operation of, 4^ 

Turboblowers and turljoBompressnxs (am Air 
compressoTa) 

Turbulent Sow, heat transfer, 16M, 1615 
Tygon, 1931 

IT 

Ultraoentrifuge, Svedberg, 1680, 1681 
Ultrasonic vibratious (aec ]9onict and ultrasoidos) 
Ultraviolet Ught. 1688-1644 
hydrogen atom, 1639, 1040 
Bohr's model cj, 1639 
changes of, in energy state and spectral 
emisriOn, 1640 

hydrogen-spectrum line arrangenrant, 1630 
photochemical processes using, 1643—1644 
biological applications of, 1643, 1644 
sodium atom, Bohr’s model of, 1640 
sources of, 1G40-1642 
carbon arcs, 1640-1642 
electric sparks, 1640, 1641 
mercury-vaper arc, 1642 
therapeutic applications of, 1644 
therapeutic wave lengths of, 1642 
Uniform scale, graphic mathematics, 1694 
Union-management agreement and union par¬ 
ticipation (see Job-evaluation plans, admin¬ 
istration of) 

Unitaire-type air-conditioning system, 1505 
Unitary system of air oonditionmg, 1495 
UmversBl-motor drives, a-c and d-c (we Bpeed 
control, electrical) 

Uranium pile, 1681, 1682 

Urea-base compounds, moldod (wps riastios 
materials) 

Utilities, basic industrial costs of, 20, 21 

and general services, gasket Fecominendations 
for, table of, 1376 

rod-packing rocummendationa, table of, 1385 

V 

Y-belt diivefl» multiple, 996-1005 
adiustment of, 996 
alignment of, 996 
center distance formula for, 999 
operation of, 996 
selection of. 997, 1E104 
servute factors fur, 1003 
sheaves for, 1004, 1005 
dimensions of, tables of, 1011-1016 
face width of, table of, 1005 
flywheel effect (WH?) of, 1000, 1030 
groove diraensions of, table of, 1004 
outside diameters of, 1005 
V-belts for. 996-1004 
dressings tor, 096 
horsepower formula for, 1002 
horsepower ratings for, tables of, 997-1001 
length formula ter, 998 
quarter-turn, 1009 

replacement ol, 996 ^ 

standard, 100% 
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V^tdiiv««, 1007 - 

«qmq(ioii liMton ioT, 1008 
W^ution of. 1009 
vfUxa^U»-«i>eed, 1006. 1007 
huMqtaver rfetjnsa oi «fide ranee for, 

teble of, 1006 
ntetioiinf, 1^7 

yaiiabb-piiDh ehanyee ftn*, lableii of. 1008. 
1017-1024 

V-6at diivee («o« V-boIt drived) 

Vaouuia. defined, 1458 
V«cuuin central, 717 

Vidve-bae paekere (tee Paohaemg equipment. 
bag^K equipment) 

Valve ocrntrol for hydraulic traneiuiasioiu, 1207-> 
1300 

Valve diijcs, 1359-1361 
Valve eperation by itear redueen. 1106. 1106 
Valve seats, 1359-1361 
V^ve atenw. packing for, 1372, 1373 
diaphragms as packings. 1396 
sealmg moans for, 1372, 1873 
Valves, 4fy, 267 

or heads for automatic sprinkler systems, 253, 
254 

magneliioally <q9^ted, 1660 
materials damification of, 737, 738 
brass, oast iron, cast and forged steel, 738 
silicone lubricant for pressure lubrioat^n of. 
1345 

spring4oaded valves, flov of gas or liquids 
through, vibration, 1630 
three-way diverting type for temperature oon- 
trol, 713 

type classification of, 738-745 
check valves, 745 
gate valves, 742-745 
dnks for, 744, 745 
operation methods, 742, 743 
globe. 739-742 
installation of, 741, 742 
operatioii methode, 739, 740 
seata and disks for, 740, 741 
Van de Qraafi d-c generators for X-ray practice, 
1631 

Vine pumps for hydraulic transtuiaaioaB, 1292, 
1203 

Vapor pressure, 1461, 1463 
specificatiOttR for, ^d's, 213 
Vari-speed pulley. 1080, 1(181 
Variable auxiliary, graphical mathematics, 1729, 
1746 

sinido, solution of equations containing, 1713, 
1714 

Variable-speed fluid drives (tee Fluid drives] 
Varialde-speed machinery, vibration control in 
(ate Vibration control) 

Vsfinble-ipeed mechanismB, 1077-1088 
manufacturerB of, 1068 

speed variation, by, infimte or stopUias. 1077 
types of. 1077-1088 
A4tW6|kblc-cone-puUey, 1082, 1083 
'Cpg^und^adjustabie-pulley, 1086 
Wemntial geaJr systems, 1086-1088 
flat-bdt, 1077, 1078 
fnetiOfQ^ak or cone, 1078, 1079 
interlocking-dual-puiley, lOSl, 1062 
FlV, 1083-1085 

ratchet or interrupted-inorion, 1079, 1080 
ateel-ring drive, lOgS. 1086 - 
vari^peed pull^ 1080, 1081 
VHP, 1084-1086 


Vai'iaUe^cipiBpd V'Mt drives. ^ 

Variafa^torqufi eleotrieal 1206 

Variable^iorque, lavep^oontrc^pd. ■variable^pesd 
fluid drivoB, 1267 

Varuiblce, graphical msdhematicB, ^gcapblMI 
method for chartbasg rahriom^p be¬ 
tween, baric: form of, 1781-1787 
logarithmic scales. 1705 
representation of relation between rimes 
VartableB, 1703-1TO8 
uniform soales, 1704 

instrumentation and eontral, eowgy^ 678 
process, 678-681 
quantity and rate. 679 
substance property, 670-681 
process control, automarie. contnriled: and 
manipulated, 695 

Vsliioles, automobils-body morions of, 1818 
centers-of-rotation loeatisn for, 1818 
shock absorbers for vibratioit control ha, 1800 
Velocity-head formula, hydimb'^namics, 121^ 
Velocity-squared damping, 1799, 1800 
Yentiia ting-shaft firs proteotion, 203 
Ventilating systems, noise traii^iiwian through, 
1861, 1862 

Ventilation, of buildings, air movement lor. 1487, 
1488 

supply-outlet vrioeiriea for, table of, 1467 
fresh-air requiremmitB for, 14M. 1485 
maximum rilowable ooncentrarion of toxia 
fumes, table of, 1485 
of flammable liquids and gases, 207 
pressure-relief-dampers for, 14W 
Venting, incidosion, dust-explorion prevenrion tiy, 
230 

explosion pressurea, 210 
Ventun, 683 

Ventun effect, 1286, 1287 
Vibrating conveyors, 1413-1415 
Vibratmg screens, 1560, 1561 
Vibration, 1797-1838 
balancing maebines for measuring, 1805 
“cliattering" of brakes and cutting tools, 
1829 

cyhnder-in-riourii system. 1802 
definition of, 1841 

dyuaiuio vil>ration absorber, 1819, 1820 
enericy method, Rayleigh, for solving proldems 
in, 1828 

flow of gas or Uquids throuf^ spring-loaded 
valves, 1830 

"fluttering'’ of airidaiie wings and tails, 1830 
forced, without damping, 1802^ 18(15 
dynamic unbaUnce, 1803 
magnification factor for, 1804. 1805 
resonance, 1804 

rotating or reriprocating unbalanced musd 
Ob cause of, 1803, 18U4 
flexible shaft deflecrion^ 1803 
vibrating foundations as cause of, 1803 
with viaeous damping, 1805, 1806 
amplitudes of, 1806 

disturbing force and vibration. 180 deg 
(mt of phone, above resonanee. 1806 
in phase, beloVr resonance, 1806 
phase angles fur, 1606 
free, without dampings 1798, 1799 
frequencies, natural, of riastib bdiliea, 1831* 
18»5 

cl am or cord suspended by one end, 1837 
oiTcular ring, 1833 

lateral vibration of f00orm.imrB, 1832 
lungttndiiial vibeaflimiH in unifcinn b#i» o^ 
gas ocAmttut, 1831/4882 
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ttmteil vibim^tt trf ttstforsa htam, 1S32 
1B8^ 

iiictiniuj-^CMN^ el^eot, lT9»-*iS0« 
ii^a)!t|i^ propcwiii^nftt to vieloaityt X’S^O. ItiDl 
em&B^ 1^ 

le«l-«iwii-e]4^0^ tm 
moi9*-tiuixi^ti«al, ISOi 
dxyliid^* 17Qd 

HhdieotuijC tfuitruiii^ts, jooirrpcit dfttnp^ of, 
1801,1802 

vclodty^iiaanBd dampinfs, 1700, 1800 
“htuiting" or flnotUAtioii ol Automatio otmtral 
By«tonia. 18^ 

latenO, of Totorft, ori^al »peo4 far, 1829 
laiigitiidiiMd, 1821, 1822. 1828-1828 
ban, me, 1827 
coil spiings, 1^5—1828 
netmat frequoiunea for, 1898 
ooliuxi&B, i$a» or liqidd. m7 
tnua* of 4:ara, 1821, 1^2 
toeafluroment of. 1808 
ifiatfumepita for, 1805 

“ and njMao m powor-dTiveo equlptnmt, caiwea 

of. 1807 

retiiliont auapaoinon. spnag luountJAK, for 
prevoDtion of, 1607, 1808 
noiae, mefifluramiBDi of, 1813, 1814 
inatrumeota lor. 1813 
dei^bel eoaie, 1813 

Boutnd analysara and aound-level nietcrfi, 
1813 

loudnaqa of eommon eouoda, dacilfols, table 
Qf,'t8U 

Webor^pachner law of aenaatioii, 1813 
noiae radootion in xnaohiacnry. 1814, 1815 
icenaral piiaoipi«B of, 1814, 1815 
tOfwhaniDal ^tcra, 1814 
aoiaa apertrum, 1814, 1813 
nomeiM^turB of, 1830, 1^1 
uonliiteasr ayetema. 1830 

peiiduluRL aysteina, ooinpoiipd pendulum, 1802 
Rayleifl^'e method lor aolviag vibratiou prob- 
lama, 1828 

reaUient auapenaiona, apiing mounting, 1077, 
1878. 1807-1815 
doaiffo difiiculUea, 1809-1815 

Donflictins rupdity requirementa, 1811 
frequency diainrbanoea, 1812 
apfingdemim and materiala, 1810, 1811 
drop-forging hammera, 1811, 1812 
riaatae mounting of, 1811, 1812 
moidone poaeible, degreoa of freedom, 1812 
moton and maohinoB, 1807^ 1808 
power driraa, maintainine aUgnmeat of, 1813 
vibration-tranaxnhndanaltai^lavepatha, 1813 

rockhag-chair ayatexn of, 1802 
aelf-iiidnoed, 1829, 1830 

'"ehatteriag” of brakea and cutting tools, 

1899 

effect of dty friction and Inbrioation on, 1829 
Horn of gaa or liquid througili apnog'-loaded 
VilVea. 1S3Q 

'"'ffutteifiig" of Upland winga hud taik, 1830 
or Buotuat^ng of outoniatic- 
enitrol eyeteioa, 1880 

ibigleHpyflndar inec^aniama nr recdprbcating 
adeiEo^^d, 1809, 1810 

^ lor aiMk»^iidbr ia«ehaiu«^ or 

v. ieei|«oflht£agangiiiea, iffOO. 18le 


Vfbcaffmt^ ibMjde^yllBd^ meohcailM er 

©ating etuKium aa oauae Ukneere far 
Binglofoyliiider iQ^t^aS^aatiama ^ raeiprochilng 
engiiioiiy UntAfifthr balance^ 1810 
apring cobctanta. 1885, 1836 
Uuear and toniiiEmat, 1835.1889 
apnng mountmg for protection fmwi. 1808,18Q9 
delicate inatruma^, 1808, 18£^ 
fxanmmasibiltty ratnn, 1808, 1809 
motora and machinNk. 1807, ^808 
apnngaiiRpeikaioiia, 1807. 1808 
effect of damping in, 1807, 1808 
tranamkeibiUty ratio. 1807, 1808 
ayatema of several de^eas of ^nedom, 1820- 
1826 

longitudinal motiona of nominiform maMea 
arid aprmgB in straight line, 1822, 1823 
remainder force, 1823 
BtatiDnary pctin^ “node,** 1823 
mure oompUcated eases of, 1829 
ayatema with uniform parts, 1620-1822 
longitudinal vibrationa in trahut ol ea^. 

1821, 1822 
analyaia of, 1821 
tomgnal vibrations, 1824-1626 
Lanchester damper for eltmmation of, 1:825 
torsional pendulum, ffoatmg counter- 
w^ht, for ehnunation of, 1826 
systenis with two degroea of freedom, two 
natural frequencies of vibration, 1815-1820 
boat frequency and beating, 1817 
dynamic vibration absorber, dampers, 1819, 
1820 

time-variahls syatems, 1830 
torsional, 1824-1826 

inteTnal-comlmBtion or diesel and steam 
engines, 1825, 1626 

Lanobaster dnniper for vibration elimina¬ 
tion, 1825, 1826 
rotating shafts, 1824 

untudance in rotors, dynamic and static, 11^5 
correctioti of, 1805 
vehicle Buspeusion design, 1809 

shork absorbers, douide-arting type, 1809 
vehicle spnngs, 1809 

vibration trauamiSRion by power-driven ma¬ 
chinery, alternative paths for, 1813 
vibrations of bodies with distributed maae and 
elaetioity, 1826-1829 

^‘cntioal speed" for lateral vibration pf 
rotors, computation for, 1829 
dynaixueally equivatent aystema, 1829 
energy method for aolving inubletes of, 
Kayletgh'a method, 1828 
longitudinal, in bars, coil apiinga, and gas or 
liquid eoluimu. 1826-18^ 

Vibration control, 1839-1858 
applications of, practical, 1852-{864 

reciiirocating engines and machines^ 4852-^ 
1854 

spring-isolated honerote foundation fm 
mounting of, 1854, 1855 
type irf unbidanse from, 1858 
rotating equipment, 1854 
benehta of, 1841 

coniitantHspeed machinea, 1847-1860 

ciomptim effect, on relative mapuffoatiun 
faeter for various irequen^ tatioa, 1847 
on relative trauamiBsibUity for .vmious 
frequency ratios. 1849 /s 

undampad systems. 1847-1919 ’ 

visooits dbsniiiitff 184^18^ < ^ 

tmnsteiswbiiity for damped Mhean^^WV 
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imuMoefy, 18$4-3.S5& 

IlN&tiiiK for, efftowncy 18fi7 

j^imiig^aoMkied han^iQQt fou&d«ti0a» IBM 
uuMtruiaQnts uaed in aotviajE vibration luobleiinn, 

' lera 

^fteo6leratiton'>m«a6yrii]tg, iHS, 1844 
aocclemiitoteni, 1844 
fregtienoy-^ieasuriiig, 1843 
stFoboso^pe, 1843 
taohonutier, Frabnu typ«. 1843 
vibratina-menBuiiBg, 1843 
"seismic''vibroxiieier, 1843 ^ 

vibrogFaith, 184B 
laboratory e(|tiipniBiLt, 1858 
mschine tools, 1858 

meehaniofU vibration, nobe duo to, 1862, 1884, 
1868 

UMdstion for nantrol of, 1862, 1866 
"floatlAg'^ bases, 18^ 
nomendature of, 1840 

temunology in common use, definitions of, 
1841, 1842 

vaiiableHSpeed machinery, 1850-1852 
damped Hystem. 1851, 1852 
dampiiig effect, on absolute mangification 
laotof fur varioiiB frequency ratios, 1651 
on absolute transmissibility lor various 
frequency rati os, 1852 
undamp^ system, 1861, 1852 
Vibrationijontrol theory, 1844-1847 
frequencies, 1844-1847 
disturbing and natural, 1844 

etatio-defiection, natural-frequency rein* 
rion. 1844-1847 

isolation efficiencies, 1844-1847 
un>damped systems, 1844-1840 
deflection-frequency relationship for, 1845 
vibratlonHSolatlon elfieiencies for various 
natural and disturbing frequencies ui. 1846 
visoeus damping, 1844, 1845 
Vibrations, sonic and ultrasonic, 1678, 1679 
Vibrin, 1925 

Vibrograpb and vibroincter, 1843 
Vinyl chloride-vmyhdcne chloride copolymers, 
1032 

Vinyl polymers and copolymeni (gee Plastim 
materials) 

Viuytidene chloride. Saran, 1930 
VinyUte, 1931, 1932 
VinjrsesJ, 1931 

Viscwrity of lubricating oil, 1306-1308 
Idending chart of, 1308 
index table uf, 1307 

Viscous damping, 1844, 1846, 1848-1850 
trahsmiaslbility for damped system, 1849 

(See alec Vibration, forced, with visuous 
damping) 

Viatanex. 1936 

Voltage, control of, by electronics, 1672 
demand of, for X-ray tubes, 1628, 1620 
drops in, 868, 869, 903 
low- and medium-voltage an; circuits, 903 
equipment-utilisation, table of. B66 
interior-wiring systems, industrial-plant, 876 
low-voltage distribution methods, 869, 870 
lueasjuFcmont of, 413 i 

primary systeiUr olectrio-power distribution, 
863-865 

BtandardizatiDn of, 867 
variation in, 887-866 

VHD^ype variable-speed uidt. 1085. 1085 
Videaniaing of natural rubber, titeory of, 164 


W 

'Wage grievances. 87, 88 

Wag^ Inceiitive {see Incentive nmtheds) 

Wage-rate surveys, 83, 84 

Wall structures, sound tznaisniission tbrongfa 
1863-1865 
types of. 1864 
"floating” wall. 1864 
Walls (gee ConstruBtion, materials of) 

Waste disposal, 1587-1604 
pollution, defined, 1568 
receiiving waters, 1589, 1590 

BOD (biochemical oxygen demand> measup 
ment for, 1589, 1590 
efiects of wastes on, 1589, 1590 
arids and alkalis, 1589 
^odting matter, 1589 
organic matter, 1589,1600 
suspended solids, 1580 
taste and odor produfjers, 1600 
toxic materials. 1500 
pH value of, 1589 
eileot of pollution on, 1389 
waste recovery and utilization, 1593, 1504 
acid reooveiy, 1593, 1.594 ^ < 

hydrochloric, nitric, and organic acii 
1594 

sulfuric acid, 1593, 1504 
acid cuficentratoni for, 15R3 
waste-treatment methods, 1594—1604 
acid neutralization, 1595-1590 
ground Umestone for, 1597 

limestone-Teaction rates of, 1597 
hydrated limes and qtiiefclincs for, 15' 
1599 

neutrslising values of, table of, 159' 
quicklime installation-layout for, 1 
reaction rates of hydrated Umea, 159. 
hydrofluuric-acid neutralization, 1506 
limsstnne beds for, 1595, 1506 
r>erforiuan(:c chart of, 1596 
limestones for, 1595 

analyses nf high-calctiuni and doloini 
table of, 1595 

organir-acid neutraliaation, 1597 
alkali noutrriization, 1595 
sulfuric acid for, ’ 595 
cyanide-wastes disposal, 1603, 1604 
organic matter BOD reduetion, 1601-160' 
BOD of pure oompounds, table of, 1601 
trickling filters and biofilters for, 1601-16 
functions of, 1603 
plant-effluent waters, 1509, 1600 
Dolor improvement of, 1599 
floating oils in, 1599, 1600 

API oi) separator deisign factors for, 16 
sutfarie acid neutralization, X5o6 
Busponded-solids removal, 1594, 1695 
equipment for, 1594. 1505 
water-borne wastes, 1590-1.593 
plant survey of. 1500-1593 
contaminating effluent^ 1500, 1591 
importance of volume measuTem 
1590 

flow-measuring device. 1500, 1691 ,, 

Parshall measuring flum«, 1591, 159 ^ 
weir boxesi 1591 ^ 

plant-waste discharge analyaes, 1502, 
aampUug, 1591, 1592 
WatoTt carbon diori^ removal ficom, 318 
chidnpteruitics of, "382-330 
compressed, 333 , 





IgUr^p^BB 

I^t «ili«Biit, ctffloi* iuptovttto«ikt 9f, 1590 
i«iii0ir»l ftPWf IS99« 1900 

irea, 1594« 1505 

feinemd erf. t*om jc^fneeraifam ayBtemiB« 927 
nturiMiioB tempeiAtium of, 032 
BpiinhW^ffsTstem reqolremoiilH of, 251, 252 
Bupply of. for 5x9 proteetiop aiid prevention, 
nservoixe, giavity aiMl pnoeaure ttubka, 24B, 
250 

taate and odetr naduefloA in, 518 
and wntor emidflioniB for hydiAulio trananiiE- 
. idooe. L2B7 

nater- and eeveoiMnalyew oaetiiodi. etiuidard, 
1593 

ater-borne wastes (see Waste disposal) 
Bternddlling unit for air-conditiouliia systems, 
1604 1505 

ater-coodne ayatatta, industrial, 559-577 
oftoulating wat^ for, 553 
{dpe Msee for, 563 

wood delignification as result of, preven¬ 
tion of, 564, 565 

{See aleo Water purifio&iian and treat¬ 
ment) 

design and application enicineering, 560-566 
air, properties of, psydhrometric table of, 
560 

total heat of, 500 
design wet bulbs. 560, 563 
design wet-bulb temperatures, 561, 562 
dry-bulb temperature, defined, 560 
noise contra}, 563, 564 
psychrometrio table, 560 
relative huneadity, defined, 560 
steam condensers, 505, 566 
wet-bulb temperature, defined, 560 
oaintonance of, 572-574 
meohanical-draft equipment, 573, 574 
fans and gearboxes, 573 
strooiural, ^72. 573 
iperatiun of, 71. 572 
algae formoucui and removal, 571 
drift loss, 571 
evaporative loss, 571 
make-up water, 57l 
scale formation and removal, 571 

(iSise also Water purification and treat¬ 
ment) 

starting, 571 
water-flow checking, 572 
water-solids concentration control, 571, 
572 

(See also Water purification and treat¬ 
ment) 

specifications, general, for purchasing, 573, 
576 

typeo of. 566-571 

crossflow water-'cooling towers, 670, 571 
dsdk tower, atmospherio, 507, 568 
meehanical-draft towers, 569 
dntaUed specifications for, 575 
8p«ay ponds, 566, 567 
oooUng efficiency of, 566 
spray tower, atmospheric, 567 
watei-cnoling-tower evaltlation, ntniotural 
theory of, 674, 575 
‘^ntftr^perafiof) of, 574 
>;r-deixdaeraUsing process (see Water purifiesr 
"Upn and treatment, softening) 
jBir‘'flntr measurement, hydraulic turbines, 586- 

m 

^iSonnaectliod, 587, 588 
s^veloQxty mstbod. 586. 587 


ipWy forjOiA 1720 

533-55$ |i«w$fll$«aa*«e*tW4 

fprmiOiti used in water-hamnMc px^fisdns. 563. 

554 

methods for obtaining, 554-55$ 
air asjdiatiott, 555, 55fl 
air injection. 556 
air vahrss, 556 
slow-oloBing oheetai, S57, 55$ 

Water hMnmer, defined, 553 
Water-motor packings. 1367, 1368 
Water pnrl^catioii and treatment, industrial. 297- 
325 

aerators and deganfiers, 317-325 
aeration, air introduced into water, 318, 
819 

water introduced into air, 319-321 
oorraeion, 321, 322 
factors governing, 321, 322 
prateotioo against, 32^324 
purposes of, 317 
carbon dioxide removal, 318 
hydrogen sulfide removal, 318 
iron uxidation, 318 

manganous manganese oxidation, 318 
taste and odor reduction. 31S 
cooUng-water supplies, B24 

corrosive and scale-forming, 324 
Dorrosiun prevention, 324, 325 
chemical treatment for. 324, 32o 
calcium hydrate or eodiuui silioaie. 324 
chromate cempound, 324, 325 
filtration, 305-308 

backwashing of filters, 306, 307 
coagulation and sedimentation with, 305, 
306 

filters, 307, 3DS 
capacity of, 308 

odor and taste removal by aetivated- 
carbon filters. 308 
tj-pes of, 307, 308 
sedimentation, 29S-305 

chocnioal coagulation with, 800, 301 
alum or aluminum sulfate. 301 
chemical control of coagulants. 302, 303 
color removal, 301, 302 
coagulants for, 301, 302 
iron removal, 302 

aeration, sedimentation, filtration earn* 
fained, 302 

meohaaical settling, rapid sedunentatiiffli, 
preoipitation, 303-305 
BodimentatiDn-basin desiipi, 301 
settling basins far use in, 30Q 
impounding TeservaiiB as pieUndnsacy, 
800 

softening, 308-317 

boiler feed water, 310-316 
Bztornal treatment for, 311-318 
internal treatment for, 311 
softener selection baasd on iBW’WBtasx 
oomdituentB, 314 

oarbonaoeoue seolites far, 314,315 
oooling-water supi^iee, 310 
condenser ooaUng water, 3in 
seoUte softener for 3}0 
demineralising process, 316, 317 
anatysw of domiuenilised wgtefs, 317 
ooet of operation of, 3l7 
dksBolved-sfdldji redudiDfi bSf 316,3l4 
affluent eompoidtian. 317 
ion flxehangefs, 316,317' 
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Wttssr itolflcaliQii iad iaditiatdia, 

> - > ptaet/aA, 

redtietlon by distl&atifm, 

m 

itestile-mill aofferal^ Bystem, 30B 
joolite Bolteaeirj 
fiippliisstioQS of, 310 

hypgthefaoal roaotiomi of seDUto Boften- 
Uig, dl3, SIS 

tegenBratioa of BeoUte and salt leqairo- 
mootBi^SOO, 310 
^ioate fov, 306 

Molxte exelkange traluSB, 308, 300 
water, natural watem asd their impuritica 
208. 300 

Beide^orining waters, 324 
water fer industiy, ohjeetionable Bub- 
Btauces iu, 208 
useB of, 200 

Water softening (aae Water potiiieation and treat¬ 
ment, softening) 

Water-spray-fog Bystem of fire extinguiahmg, 238, 
2fi0 

Watt, defined, 917 
Wave lengths of light, 017-010 
W'ax Soe, refrigeratiDii-machiiMiTy oils. 1333, 1336 
Weber-Fschner law of Benaation, 1813 
Weighing eampment, net and groBa (ne* Packaging 
equipment) 

Weights, unit, of rarious ntAterialii, 1435 
Weir, eontracted, FranoiB formula for, 173S, 1736 
oquatian in determinant form for, 1772 
TBOtangular-Buppreased, Rehbock formula and 
nomographic chart for, 17S1 
Weir boxes for water-flow measiureinent, 1501 
Welded joints (nee Welding, electne) 

Welded and Beamlesa steel-pipe dimeneiona and 
wmghta, table of, 734, 735 
Weldil^ electric arc, 794-817 
diatoHdon contibl m, 803-806 
electrode selection for, 798-800 
American Welding Society speciheations 
for, 709, 800 
equipment for, 796 
joints possible by, 797, 708 
metal surfacing by, 807-810 
economy of, 800 

factora governing sucoesa of, 808, 800 
dimensions of parts, 808 
finish required, 800 
matenaht, 608 
servioe oonditions, 809 
heat capacity, 808 
luetboda of, 795. 796 
atomre-hydrogen arc welding, 795 
carbon arc welding, 705 
inert-gas arc weldmg (helium, argon), 795 
metalhc arc welding. 705, 706 
flfainlded arc welding and welds, 705, 706 
piping, welded, 814-816 
advantages of, 814 

field installation of welded-plping sys¬ 
tem, 816 

high-pressure and high-temperatufe ser¬ 
vice, 810 

preesure vesa^, 816 

jirpeedure in. factors gotvrning 800-S06 
arc, 800-803 

direct and alternating current, 800 
distortion control. S£^-d06 
weld locaiion. 802, 808 
npftin laoilliated by, 816, 817 


Wading;, ^Mne W<tb lasiatnm waldhig;' 701. 

705 

apidiflations 704, 705 
butt, fiaah. «eam. and S{jrot w«l6£tM|»704, 
705 

Bheet*metal welding. 810-612 
am Vplts ifW, mhiiiniun, iaide of, 811 
sleetrode sites for, Mle id* 811 
welding currents for, 81 1 
etruciural wdtdmg. 812-814 
economy of, 812, 813 
fillet length for repdocement of rivets, 
of. 812 

rigid frame atructures, 814 
tanks, 816 ^ 

weldabih|y of metsla, factors governing, 80t^ 
807 ^ ' 

gas (sea Wslding, oxyapetylens, below) 
oxyacetylene, 830-837 
appbcations of, 836, 837 
ircm and steel welding. 880, 837 
maintenance, 837 
nonferrouB-metal welding. §37 
repairs, 837 

surfacing operatiuus, 837 
base-metal preparation fox, 832, 833 
bronBe weldmg, 833 
rod fur, 833 

equipment required for, 833-836 
blowpipes for, 833, 834 
ipw- or medium-pressure. Injector ty, 
833 

medium-premurc, 834 
ferrous-metal welding data, 831 
flame adjustment for, 830, 831 
flames used m, 830, 831 
fluxes for, 832 
gas supply for, 834, 835 
acetylene cylinders, 834, 835 
aoetylenc generators, 825 
manifolds and pipe lines, 835, 836 
safety equipment fox, 636 
oxygen rybndexs, 835 
machine-weliliqg equipment, 834 
multilayer welding, 833 
nonferrous-metal welding data. 832 
rods for. 831, 832 

torches for (see blowpipes fpir, above) 
resistance, eleetronio control of, 1670, 1871 
Weldmg and rutting operations as cause of fir 
235. 236 

Welds, X-ray examination of, 1536 
Wenneilund earmng curve, 66 
Wet-bulb temperature, 1460, 1464 
definition of, 560 
Wet grinding, 1541 
Windows, double-glazed, 1914 
Wing waUs, 202 

Wires and cables for eletJtrie power dist^lbutioi 
(see l^wer distribution, cleotric) 

Wiring, flre^reventive installation ol, 229 
Wirmg systems. Interior, for induatr^ jdlM^ta 
Power distribution, electric) 

Wood boxas (see Coptamen. boxes) 

Wood floon. blook. 146, 147 
laminated, 147, 148 
Wool or fedt paekingSi 1330 
Werk. defined. 332 
Work simpliflcttioii, 48^50 
check lists for, 57-dR| 
operation charts^ W, BO 
proPSSB charts, product* and maa-«mMst 
57.68 
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wotk ii»~BS 

mkh? Mid mmifhUiw ilmiti ^mbob, 54 
iiA)(iaiiik.Ql(BHliyiiibf^ M 

liiAaneiw 59[ 

liquet Mttd mnaoL wujyi^, 5ft 
il«fii^i>a md ts^bplv. 5ft 
4I(> 50 

nUNn,«ful zoiijpl]^ cWtB, 4tt 
rnkomnuktion 4ft, ^ 

muilitaaii chftftB, 4ft 
^op^tion chMlsl» 49 
^o4«tia ck«rt«^ man atmlj^ris, 49 
pSodunt analynlR, 48 
•ynatnjDiiente for iat in. 4ft 
logioal jpTDcedure in, 48 
motion study, 4ft, 40 
poasiblo olasBOS ol diang^ thrauidii, 4ft, 49 
clBBO-Qf-ehange functions, 49 
mnn^nfdysi^ taehniquos, 49, 52 
pl««duct^aiialy6is technique, 49 
frroocftuina in, stop-bynatcp, 56, 57 

pfbcess charin, man and product analysis, 
56 

ritfht- and laft-hand operation charts, 50, 

67 

time study, stop-watch, 50-52 
components of, 50 
definition of, 50 
method record for, 50, 61 
objective, 50 
timing, 51, 52 
uses of, 50 
uses of, 4B 

porkers, direct, indirect, and clerical C««s Ineen- 
tiva wage methods) 

ftTorm-i^ar reducers (sec Gear-red uution units, 
types of) 

Wrouf^t-iron pipe, 735 

Wrous^t-etoel pipe dimousions and weights 
taldea of, 7,^11 -733 

X 

X-radiation, elementary characteristics of, 1631 

Z-caj therapy, 1635 
gamma Toys for, 1035 
radioactive isotopes, 1635 


Z^4Wt6h«i» 1627-lt^ 
catimdeeiay-foeuaSpgdMiKnp^^ pj^Mlcarh 

tiypa of, 1627 
eooUbf of, 1628 

full-wave bridge-type reetifieatien, 1630 
full-wave vacuum-tube raorifieeritm. 1630 
heating of, 1627, 161^ 

Benson focus for epntrol of, I6ft7, 1^13 
tungsten electrode for eou^pl (d, 163ft 
target or anode rotarion, IftSft 
hii^--vaeuum or Coohdce type k, 1627 
mdtipbsae recrificra, 1030 
problenn» in mantria^re of, 1628 
self-Tectifieatiou, 1830, 1631 
vacuum-tube rectillee. 1629 
voltage demand for, 162ft, 162ft 
X-rays, 1624-1638 
abmirption of. 1631, 1632 
applications of, indnatrial, 1635. 1936 
fnbncated-artioles inspection, 1636 
food inspection, 1636 
weld examination, 1636 
diflraction patterns of, 1037, 1638 
Laue pattern. 1637 

t8s« oIm Instruments, eleotrioally actu¬ 
ated, electric changes) 
discovery of, by Roentgen, 1024 
generation of, 1627, 1628 
hardness or quality of, 1633 
injuiy' from, 1634, 1635 
protection from, 1634, 1635 
ionisation produced by, muasureinent of 1632 
medical uses of, 1633, 1634 
diagnoetie opaquee, 1633 
photographing on snuill film, 1633 
properties of, general, 1624, 1625 
scattering or diffusion of. 1632-1634 
intensifying screens, 1633, 1634 
Potter-Buoky diaphragm, 1634 

Y 

Young’s modulus of elasticity for glaan, 190C 
Z 

Zeolite water softeners (see Water purification and 
treatment, softening) 

Zero, absolute, defined, 33J 
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